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Abstract

Muscarinic acetylcholine receptors are G protein—coupled receptors that respond to acetylcholine
and play important signaling roles in the nervous system. There are five muscarinic receptor
subtypes (M1R to M5R), which, despite sharing a high degree of sequence identity in the
transmembrane region, couple to different heterotrimeric GTP-binding proteins (G proteins) to
transmit signals. M1R, M3R, and M5R couple to the Gg/11 family, whereas M2R and M4R couple
to the Gj/, family. Here, we present and compare the cryo—electron microscopy structures of M1R
in complex with G171 and M2R in complex with Goa. The M1R-G11 complex exhibits distinct
features, including an extended transmembrane helix 5 and carboxyl-terminal receptor tail that
interacts with G protein. Detailed analysis of these structures provides a framework for
understanding the molecular determinants of G-protein coupling selectivity.

Muscarinic acetylcholine receptors (mMAChRs) are family A G protein—coupled receptors
(GPCRs) activated by the neurotransmitter acetylcholine. Members of this family play key
roles in a variety of physiological functions, including regulation of heart rate, smooth

The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim to original
U.S. Government Works
TCorresponding author. yiorgo@stanford.edu (G.S.); kobilka@stanford.edu (B.K.K.).
Author contributions: S.M. cloned, and purified each protein, made M1R/G11jN/scFv16 and M2R/GgAiiN/scFv16 complexes, and
performed radioligand-binding assay and GTP turnover assay. Q.Q. prepared cryo-EM grids, collected images, analyzed and processed
the data, and reconstructed the final map. S.M. built and refined the model with input from Q.Q. M.J.R. performed molecular docking
studies. S.M. and Q.Q. analyzed the structures and prepared the draft manuscript and figures. G.S. and B.K.K. further wrote the
Qwanuscript. G.S. and B.K.K. supervised the project.

These authors contributed equally to this work.
Competing interests: B.K.K. is a cofounder of and consultant for ConfometRx. The remaining authors declare no competing
interests.

Data and materials availability: The atomic coordinates for M1R/G11jN/scFv16 and M2R/GgaiN/scFv16 have been deposited in
the Protein Data Bank with the accession codes 601J and 601K, respectively. The EM maps for M1R/G11jN/scFv16 and M2R/
GoAiN/scFv16 have been deposited in EMDB with the codes EMD-20078 and EMD-20079, respectively.

SUPPLEMENTARY MATERIALS
science.sciencemag.org/content/364/6440/552/suppl/DC1
Materials and Methods

Figs. S1 to S16

Tables S1 to S3

References (57-69)


http://science.sciencemag.org/content/364/6440/552/suppl/DC1

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Maeda et al.

Page 2

muscle contraction, glandular secretion, and memory formation (1). The mAChR family
consists of five highly conserved subtypes (M1R to M5R) that share 64 to 82% sequence
identity and 82 to 92% sequence similarity in the transmembrane region. However, mMAChR
subtypes differ in their tissue distribution and the type of heterotrimeric GTP-binding protein
(G protein) that they engage to instigate signaling. Heterotrimeric G proteins consist of Ga.,
Gp, and Gy subunits and are classified by the a subunit, which determines GPCR coupling
specificity. mAChR subtypes M2R and M4R preferentially signal through Gj, proteins. The
Giso-protein family includes Gj1, Gjz, Gi3, Goa, and Ggg. Activation of Gj,, proteins inhibit
adenylyl cyclase and decrease intracellular concentrations of adenosine 3”,5”-cyclic
monophosphate (¢AMP). By contrast, M1R, M3R, and M5R predominantly couple to Gg/11
proteins (Gq and Gy1), leading to the activation of phospholipase C and the increase of
cytosolic Ca2* (Fig. 1A) (2). None of the muscarinic receptors couple efficiently to G
proteins that activate adenylyl cyclase. M1R is abundantly expressed in the central nervous
system (CNS), whereas M2R is more abundant in the peripheral tissues, including heart and
colon (3). Studies of knockout mice show that the M1R plays a role in memory formation,
whereas the M2R regulates heart rate (2, 4). The M2R is also a presynaptic autoreceptor in
the peripheral parasympathetic nervous system and therefore influences responses of other
muscarinic receptor subtypes.

Owing to the high sequence homology, yet distinct G-protein preferences, the mAChR
subfamily has been used as a model system to study the G-protein selectivity of GPCRs. So
far, highresolution structural information on mAChRs has mostly been limited to antagonist-
bound inactive states with the exception of an activestate M2R structure stabilized by a G-
protein mimetic nanobody bound to a high-affinity agonist and a positive allosteric
modulator (PAM) (5-8). The structure of rhodopsin bound to the transducin peptide first
revealed interactions between the a5 helix of a G protein and an active GPCR (9). The first
intact GPCR-G-protein structure to be reported was that of the fo-adrenergic receptor
(B2AR)-Gg complex, determined by x-ray crystallography (10). The structure of the A2A
receptor in complex with a modified G4 protein (mini-Gg) was more recently also
determined by x-ray crystallography (11). Efforts to understand subtype selectivity on the
basis of these structures did not reveal a clear consensus sequence on receptors that
recognize the same G protein but concluded that receptors from different subfamilies
evolved different mechanisms to activate the same G protein (12). Recently, several family B
and family A GPCR structures in complex with either G4 or Gj/, proteins have been
determined by single-particle cryo—electron microscopy (cryo-EM). These structures
provided further structural insights into G-protein activation and have revealed that the
transmembrane helix 6 (TM6) in GPCR-G4 complexes generally undergo a larger outward
displacement than in GPCR-Gj,, complexes, resulting in a wider G-protein binding pocket
that can accommodate the bulkier C terminus of G4 (13-18). To extend our understanding of
coupling specificity to GPCR-Gg11 complexes, we used single-particle cryo-EM to obtain
the structures of active M1R and M2R engaged with heterotrimeric G11 and Gga proteins,
two distinct G proteins belonging to the G/11 and Gjjo family, respectively. Comparison of
these complexes provides structural insights into the activation of the Gq/11 family of G
proteins and the basis for the distinct coupling preference of mAChRs for Gg/11 and Giyo.
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Sample preparation and cryo-EM

For this work, we used G11jn and Goajn, Which are modified forms of G11 and Gga,
respectively. Gy is a chimeric G141 in which most of the aN helix is replaced with the
equivalent region of Gj; to impart the ability to bind to scFv16 and stabilize the nucleotide-
free GPCR-G protein complex (19) (fig. S1). Ggain is @ modified Gyp that has four
mutations in the region of the aN helix that binds scFv16 to make this homologous stretch
identical to that of Gj; (fig. S1). We made these mutations in G, because scFv16 was
originally developed against G, even though wild-type Gga also binds scFv16 (19).
Hereafter, we refer to them as G11 and Gyp, because these modifications do not affect
interactions with their respective receptors. M1R-G11-scFv16 and M2R-Gga-scFv16
complexes were formed from purified components and stabilized by the addition of apyrase
to remove residual guanosine 5’-diphosphate (GDP). The final size-exclusion
chromatography profiles and the SDS—polyacrylamide gel electrophoresis show pure and
monodisperse samples before being loaded onto grids, blotted, and frozen (figs. S2, A to E,
and S3, A to E). The M2R-G,a-scFv16 complex showed severe dissociation upon cryo-EM
grid preparation, resulting in 3 to 6% complex particles out of all autopicked projections,
compared with ~10% for the M1R-G11-scFv16 complex. Addition of the nonionic detergent
octyl B-p-glucopyranoside (B-OG) at a concentration of 0.05% (~0.1 critical micelle
concentration) to the M2R-G,a-scFv16 sample before grid application resulted in a modest
increase in the number of vitrified intact complexes (7.5~11%) (fig. S3E). Single-particle
cryo-EM analysis of these samples enabled us to obtain maps at nominal resolutions of 3.3
and 3.6 A for M1R-G11-scFv16 and M2R-Gya-ScFv16, respectively (Fig. 1, B and C; figs.
S2 to S4; and table S1).

Comparison of overall structures

The higher resolution attained for the M1R-Gq1-scFv16 complex may be the result of more-
extensive interactions between M1R and Gy, including those involving intracellular loop 2
(ICL2) and ICL3 and the C terminus of M1R, as discussed later. The overall structure of the
active M1R is similar to that of the active conformation of M2R (fig. S5A), with root mean
square deviation (RMSD) values of 1.55 A for the whole complex, 0.94 A when comparing
receptors alone, and 0.84 A when comparing G proteins alone. The conformations of critical
residues for the receptor activation such as D3-49R3:50y3.51 N7.49p7.50yxy7.53 and p5-50y/
\V3-40F6.44 motifs [super-scripts indicate Ballesteros-Weinstein numbering for GPCRs (20)]
are also similar between active conformations of M1R and M2R (fig. S5B), suggesting that
the activation mechanism is shared between these muscarinic receptors that prefer different
G-protein partners. When comparing inactive (7) and active states of M1R, we observe the
outward displacement of TM6 that is characteristic of receptor activation. The TM6
movement is accompanied by a small rotation of the helix, as well as a tilt of TM5 toward
TM6. These structural changes allow the C-terminal helix of the a subunit of the G protein to
engage the receptor core (Fig. 2).

On the extracellular side of the M1R, the extracellular loop 2 (ECL2), TM5, and TM6
reorganize, with TM6 coming closer to ECL2 by 3.9 A (Tyr179-Ser388) and causing a
contraction of the extracellular vestibule (Fig. 2B). The same reorganization takes place in
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M2R, as seen previously in the nanobody-stabilized active state (5, 8), although it was not
observed in active B2AR or p-opioid receptor (UOR) (10, 15). The extracellular vestibule in
muscarinic receptors is a well-documented binding site for allosteric modulators (21, 22),
and its contraction may be a key feature for cooperativity with PAMs (23). Indeed,
LY2119620, a positive allosteric modulator for M2R, was found to bind to this contracted
vestibule (8). Our M2R-GoA-scFv16 cryo-EM map shows a distinct density corresponding
to LY 2119620 (figs. S4D and S5C). Although we included VU0357017, a PAM for M1R
(24), in the M1R-G11-scFv16 sample for cryo-EM, no obvious density corresponding to this
PAM was observed at the common allosteric vestibule or other regions of the receptor.

Comparison of the iperoxo binding pocket in M1R and M2R

Even though iperoxo is a highly efficacious agonist for both M1R and M2R, its affinity for
M2R is 10- to 100-fold higher than for M1R, depending on how it is measured (25).
Although the amino acids that form the iperoxo binding pocket are well resolved in the M1R
cryo-EM map (fig. S6A), the density for the ligand does not allow for its unambiguous
docking into the binding pocket. This suggests some degree of flexibility in the ligand or
more than one binding pose. Our computational docking studies identified a range of closely
related poses that both fit well to the experimental map and also received the highest
docking scores (fig. S6B). Every pose formed the strong cation—m interactions observed in
the crystal structure of M2R; however, there were a range of rotations around the alkyne axis
and several positions for the heterocyclic group. Notably, the heterocyclic group is unable to
occupy a geometry that makes ideal hydrogen bonds to the protein, which is likely a major
contributing factor to the range of docked structures with similar scores. While there may be
additional reasons for the poorly resolved density for the ligand in the experimental map,
these docking results are consistent with a flexible and dynamic ligand. Although the
residues coordinating iperoxo are identical and the side-chain conformations between M1R
and M2R are similar (8) (fig. S6C), the surface-accessible volume of the orthosteric binding
pocket in M1R is significantly larger than that of the M2R, with 73.7 A3 in the M1R and
55.0 A3 in the M2R [calculated by CASTp server (26)] (table S2). This might contribute to
the lower affinity of iperoxo for M1R as compared to M2R (25). In addition, our M1R
construct has an ICL3 truncation and an unintentional N110Q mutation, but these
modifications do not affect the binding affinity of iperoxo (table S3).

Structure of the nucleotide-free G4

Nucleotide-free G171 in M1R-G;1 shares common structural changes with other nucleotide-
free G-protein subtypes characteristic of the nucleotide-free GPCR-engaged state (10, 15),
including separation of the a-helical domain (AHD) from the Ras-like domain (23, 27, 28)
(fig. STA).

As observed for other GPCR-engaged G proteins, the a5 helix of Ga11 undergoes rotational
and translational movement upon GDP release, as highlighted by the conserved side-chain
positions of Phe341, Phe336, and Phe376 in Gag11, Gajyjoa, and Gas, respectively (Fig. 3).
This conformational change accompanies the reorganization of the p6-a.5 loop, the p1-a.l
loop (P-loop), and the al helix (Fig. 3). The displacement of the al helix toward the GDP

Science. Author manuscript; available in PMC 2020 February 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Maeda et al.

Page 5

binding site and the p6-a.5 loop away from the pocket likely contributes to GDP
dissociation. The side chain of GIn58 in the a1 helix forms a hydrogen bond with the
backbone carbonyl of Ala331 in the B6-a5 loop (fig. S7B). The interaction between the a1
helix and the B6-a.5 loop is retained in both GDP-bound and GDP/AIF4-bound states of G
(29, 30); thus, it is likely that the conformational changes of these elements and the a5 helix
take place in a concerted manner. The importance of this interaction is revealed in a
mutational study of Gj;, where alanine substitution of the equivalent residue showed a high
basal nucleotide exchange (31).

Comparison of the receptor G-protein binding interfaces of the M1R-G44

and M2R-G,, complexes

Although the overall structure of M1R-Gq; is similar to those of M2R-G, and other GPCR-
G-protein complexes, we observe several distinct features. Comparison of the structures of
M1R-G11 and M2R-Gg shows a clear difference in the orientation of G171 and Ggp relative
to the receptor (Fig. 4A). The a5 helix and Ras domain of Gy, are rotated ~15° away from
receptor TM5 compared to those of Gya. Other GPCR-G;/, complexes have a similar
rotational placement to Ggp in M2R-Ggp (fig. S8). This rotational shift of the a5 helix in
M1R-G1; may be due to more-extensive interactions between the ICL2 of M1R and Gy
com pared with the ICL2 of M2R and G, (and other GPCR-G;j/, complexes) (Fig. 4B).

In the M1R-Gy; structure, Arg13434-54 in ICL2 interacts with Arg37 located at the junction
between helix aN and strand a1 of Gq1 (Fig. 4B). The side chain of Arg13434-54in ICL2
forms a hydrogen bond with the backbone carbonyl of Arg37 in the aN-f1 junction,
whereas the side chain of Arg37 forms a hydrogen bond with the backbone carbonyl of
Arg134345%in ICL2. Arg1343454 in ICL2 is conserved among Gg11-coupling muscarinic
receptors and has been shown to contribute to the G4/11 coupling (32). The equivalent
position is proline in Gjj,-coupling muscarinic receptors (fig. S9). In the chimeric Gq1in
used in this study, the junction is made between Lys29 of Ga;; and Ala36 of Ga.q1, So that
observed interactions are between the M1R and G117 amino acids, and not Gaj; amino acids.

Leul31 in ICL2 of M1R is buried in a hydrophobic groove formed by the aN-p1 junction,
the B2-p3 loop, and the a5 helix of Ga1; (Fig. 4B). The same hydrophobic interaction is
conserved in other GPCR/G-protein complexes and has been reported to be crucial for the
efficient nucleotide exchange reaction in multiple GPCRs, including M1R, M3R, and p2AR
(33, 34). Leul31 is buried in this hydrophobic pocket of G11 as deeply as Phe139 of B2AR
is buried in a similar pocket in Gg. Reflecting its importance, mutation of L131 in M1R to
Ala, Asn, or Asp leads a loss of G coupling, whereas coupling is preserved in L131M and
L131F mutations (34). This interaction does not appear to be as important for Gj;, coupling.
The CB1, which has Leu at the homologous position, couples promiscuously to Gj;, and Gq.
Mutation of this Leu to Ala leads to loss of coupling to G, but not to G; (35). Consistent
with these studies, the homologous L129 in the M2R forms only weak hydrophobic
interactions with L195 in the p2-p3 loop and T340 in the a5 helix of Gya. Indeed, mutation
of L131A in M1R reduces coupling with G141 to 17% of wild type, whereas the equivalent
mutant L129A in M2R reduces coupling to Gy to 49% of wild type (fig. S10).
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Recent structural studies have revealed that the outward displacement of TM6 is generally
smaller in Gj;o-coupled GPCRs (e.g., rhodopsin, HOR) (15, 16) than in Gg-coupled GPCRs
(e.9., B2AR, GLP1R) (10, 13, 14). The C terminus of the a5 helix of Gag has larger side
chains compared to Gjj,, and the large displacement of TM6 may be required to
accommodate these side chains. This suggests that the extent of TM6 displacement is one of
the determinants of G protein coupling preference (36). When compared to the B2AR-Gg
complex, the a5 helix of Ga1; adopts a straight conformation similar to that of Gas (Fig. 3),
but is translationally shifted ~3 A closer to TM1-TM2. As a result, the entire G4 protein is
shifted in the same direction (Fig. 4C). Like Gas, Ga11 harbors bulky side chains at the
terminal residues. The translational shift, however, enables M1R to accommodate Ga.q;
despite the smaller outward displacement of TM6 relative to Gs-coupled GPCRs.

One of the most distinct features of the M1R-G11 complex is the additional 2.5 helical turns
of TM5 extending inward toward the 6 strand and the a4 helix of Ga.11 (Fig. 4D and fig.
S5A). This helical extension is not observed in the M2R-G, complex, even though the M2R
construct used in this study has a longer ICL3, and has also not been observed in other
GPCR-Gj;, complexes reported to date. An extended TM5 has been observed in the p2AR-
G complex, where it runs in a straight conformation and makes mostly polar contacts with
Gs (10) (fig. S11A). By contrast, interactions between the TM5 extension of M1R and Gq;
are largely formed by hydrophobic interactions made between the inner surface of the TM5
and a hydrophobic patch in Gaq1, but includea salt-bridge (Fig. 4D). The equivalent region
in Gg and Gjy, is either modestly or highly negatively charged (fig. S11B), and these charged
or polar properties in Gg or Gj;o would disfavor the interaction with hydrophobic residues in
the TM5 extension of M1R.

Although this extended TM5 cannot be formed in all Gg/11-coupled receptors owing to
shorter ICL3s (37), it is notable that an extended TM5 is also found in the structure of squid
rhodopsin in its ground state. Unlike vertebrate rhodopsins that couple with transducin, a
Gijo-family member, invertebrate rhodopsins predominantly couple with Gg/11-type G
protein to transduce the photosensing signal (38). Those invertebrate rhodopsins have a
longer ICL3 compared to their vertebrate counterparts. The crystal structure of a squid
rhodopsin shows an extended TM5 that bends inward (39), and structural superposition with
the active M1R shows similarity between these two Gq/11-coupling GPCRs (fig. S11C). The
inward bend begins at the same position and the inward surface of the extended TM5 shares
hydro- phobic properties similar to those of the extended TM5 in the M1R-G11 complex.

Interactions between the M1R C terminus and Gy,

In the M1R-G11 complex, we observe 11 residues of the C terminus of M1R after H8 that
extend into a groove formed by the Ras domain and the Gp. A similar C-terminal extension
has not been observed in other GPCR-G protein complexes reported thus far. Although the
density for the extension is weaker than for other regions of the complex, a continuous
backbone density runs from H8 helix along the G subunit at the Ga/Gp interface,
suggesting the presence of a weak interaction between the C terminus of M1R and the G
subunit (Fig. 5A). It has been shown that in cells, M3R forms a precoupling assembly
specifically with Gg11, and this complex formation is independent of the ligand but
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dependent on the polybasic cluster at the C terminus of M3R (40). This polybasic cluster is
conserved among Gg11-coupling muscarinic receptors (fig. S12A). Although the GB
interface with the Ga subunit is negatively charged across all G-protein subtypes, the Ga
subunit of Gg and Gj; subtypes have a highly positively charged interface, whereas the
Gagyyy surface is neutral (fig. S12B). This characteristic surface property may enable
GPCRs that have a polybasic C-terminal cluster to engage Gg/11-type G proteins more
efficiently (fig. S12B). Consistent with a functional role for this interaction, a mutant M1R
in which most of the polybasic residues in the C-tail were replaced with alanines showed
lower affinity for G141 (Fig. 5B). In this assay, G1; coupling to wild-type and mutant M1R
was monitored by observing the ability of Gy4 to enhance the affinity of the M1R for the
agonist iperoxo, which then displaces the antagonist A-methyl scopolamine (NMS) from the
M1R (Fig. 5B). A C-terminal polybasic sequence is widely found among Gg11-coupling
GPCRs, as previously reported (40) and illustrated in fig. S13, suggesting that this
mechanism is conserved in Gq/11-type GPCRs and might contribute to coupling specificity.

Contributions of receptor TM5-TM6 and the Ga. helix a5 to G protein—

coupling selectivity

Muscarinic receptors have been used as a model system to study the structural basis of
GPCRI/G protein coupling selectivity because they share high sequence similarity in the
transmembrane region but still show distinct preference for their G-protein signaling
pathway. Our structures reveal substantial differences in the interactions between receptors
and their cognate G protein for M1R-G11 and M2R-G, complexes. Moreover, of the 19
amino acids involved in interactions between M1R and Gq1, only 12 are conserved in M2R
(fig. S9); however, the structures do not reveal which of these interactions are the most
important for coupling specificity. The G-protein preference for muscarinic receptors has
been extensively studied by using chimeric receptors and site-directed mutagenesis (32, 41—
53). Although most of these comparisons have been made with M2R and M3R, of the 19
amino acids involved in interactions between M1R and Gq1, 18 are identical in the M3R
((fig. S9). Notably, many of these studies used chimeric G proteins to facilitate signaling
studies. For example, it has previously been shown that the last five amino acids of G-
protein a subunits are the major determinants of coupling specificity for some GPCRs (51,
54, 55). Thus, replacing the last five amino acids of Gy with the last five amino acids of G,
Giso-coupled M2R receptor could stimulate inositol phosphate turnover (48, 52), which is a
more robust assay than inhibition of adenylyl cyclase by Gjy,.

Chimeric receptors studies showed that the major determinants of Gjo and G117 coupling
specificity were found in ICL3 (41, 42, 44, 49), but ICL3 chimeras that included ICL2 from
M3R could enhance coupling of M2R to Gg/11 (32). Through more refined chimeric and
site-directed mutagenesis, it was possible to identify specific residues in ICL2, TM5, and
TMB6 that were important for M3R coupling to G4 (shown with an asterisk in fig. S9) (46—
48, 51). These residues are identical in M1R (fig. S9). Among them, Tyr255°62 in M3R
(equivalent to Tyr212°62 in M1R) has been identified as a critical residue for efficient Gg/11
coupling (46). Mutagenesis of this position to alanine abolishes Gq/11 coupling, whereas
substitution to other aromatic residue shows efficient signaling indistinguishable from that of
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the wild-type (46, 47). Site-directed mutagenesis showed that A8-33A6-34xx| 6.3756.37 gre
also critical determinants for Gg11 coupling to M3R, whereas \/6-33T6-34xx|6.371 6:37 gre
important for coupling of M2R to Gj/, (X denotes any amino acid residue) (figs. S9 and S14)
(32, 48).

Unexpectedly, of the five residues in TM5 and TM6 identified as being critical for Gg/11
coupling, only two interact directly with G11: A%33 and L8-37 form van der Waals
interactions with the highly conserved L(-2) (a5 helix numbering starts with —1 from the
terminal residue) of G1q. Tyr212562 does not interact with G411, but rather with Ala8-33 and
Ala®34 (Fig. 6). This interaction likely stabilizes TM6 at a position that is optimal for
engaging G11 (Fig. 6 and fig. S14). In M2R, S°62 forms van der Waals interactions with
T6:34 and 1637, whereas only \V/6-33 forms interactions with the highly conserved L(-2) and
L(=7) of Gya (Fig. 6 and fig. S14). Thus, among the five residues shown by mutagenesis
studies to be important for coupling specificity, most of the interactions occur between TM5
and TM6 and may be critical for stabilizing these TM segments for optimal interactions with
the C terminus of the G protein (Fig. 6 and fig. S14).

The interactions between M2R and Gy and between M1R and G141 provide insights into the
coupling specificity in muscarinic receptors. Although the M1R amino acids that interact
with Gy, are conserved in M3R and M5R, they are not conserved in other Gg11 coupled
receptors (fig. S15). Similarly, M2R amino acids that interact with Gy are conserved in
MA4R but not in other GPCR-G;;, complexes (fig. S15). These observations suggest a
possible intermediate complex that might play a more important role in G-protein coupling
specificity. Evidence for such an intermediate state has been observed in single-molecule
studies for the B2AR-G4 complex (56). A transient intermediate complex will be difficult to
capture by crystallography or cryo-EM and may require the creative application of other
biophysical methods. Furthermore, the G proteins used in our study are chimeric proteins,
and although these chimeric junctions are not involved in interactions with the receptor, we
cannot exclude the possibility that these protein modifications could have a functional or
structural impact.

Conclusions

Here, we report the structures of M1R-G11 and M2R-Gga complexes obtained by cryo-EM.
Although the overall architecture is similar between M1R-G11 and M2R-Gga, the
orientation of the G protein relative to the receptor is distinct for these complexes. Notable
features in the M1R-G11 complex are an extended helix from TM5 that makes more
extensive interactions with the G protein, and a polybasic cluster in the C terminus of M1R
that interacts with Ga/Gp subunit interface. This C-terminal interaction is likely involved in
preassembly of the complex prior to agonist binding for G¢11-coupled receptors. These
structures highlight the importance of the local organization of the TM5/TM6/a5 interface
in G-protein selectivity determination in mMAChRs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A M1R M2R
M3R V
M5R

A
ML)

Acetylcholine

=0

Fig. 1. Overall architectures of M 1R-G11jN-ScFV16 and M 2R-GgaiN-ScFV16 complexes.
(A) Signaling selectivity among muscarinic receptors. M1R, M3R, and M5R predominantly

signal through Gg11-type G protein, whereas M2R and M4R couple to Gjjo (B and C). Cryo-
EM structures of M1R-G1;jN-SCFV16 and M2R-Ggajn-SCFv16 complex. Color code for the
proteins is as follows: M1R (green), M2R (orange), Ga11jn (gold), Gagain (blue), GB1
(cyan), Gg, (magenta), scFv16 (pink).
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N\ . view

intracellular
view

extension

Fig. 2. Comparison between inactive and active M 1R.
(A) Comparison of M1R between inactive (PDB code 5CXV) and active form viewed from

the side. (B) Extracellular view (top), and intracellular view (bottom) of superposed M1Rs.
Active and inactive M1R are colored in green and gray, respectively. Conformational
changes are shown with blue arrows.
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Fig. 3. Structural comparison of G proteins.

GoA
from
M2R-GoA
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cC)

Gs
from
B2AR-Gs

y |
Gas(nucleotide-f‘ree)
Gas(GDP-bound)

Structural changes upon receptor engagement and nucleotide release in Gag11, Gaijy, and
Gag. The GDP-bound structure is superimposed onto the nucleotide-free state for each
family member. Rotation and translation of the a5 helix is shown in the upper panels, and al
helix and p6-a5 loop displacements are shown in the lower panels. The PDB code for each
structure is as follows: GDP-bound Gaq (3AH8), GDP-bound Gaj; (1GP2), nucleotide-free

Gaj, (6DDE), GDP-bound G4 (6EG8), nucleotide-free G5 (3SN6).
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Crws ¢ (Ve

Fig. 4. Comparison of the structures of M1R-G11 and M2R-Gga.
(A) Superposition of M1R-G; and M2R-Gya complexes with the alignment based on the

receptor. Rotational shift from G, to G11 is depicted with curved arrows. Enlarged area in
the panel (B) is shown as a broken rectangle. (B) View of ICL2 interface between the G
protein on M1R-G11 (left) and M2R-Gga (right). (C) Superposition of f2AR-Gg and M1R-
G11 complexes with the alignment based on the receptor. A translational shift is shown by
straight arrows. (D) The extended helical structure from TM5 interacts with G14; interface
residues are depicted as sticks.
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Fig. 5. Interaction of the M 1R C terminus with G-protein a/p interface.
(A) Density of the C terminus of M1R positioned at the interface between Ga11 and G

subunit. (B) Titration of Gy, in the competition ligand-binding assay using iperoxo and
[BH]NMS as probes. Coupling of M1R to G4 increases the affinity for iperoxo, which
displaces [BH]NMS. G4 couples to the poly(A) mutant of the C-terminal basic region of
M1R with lower affinity. Data points represent the mean = SEM of three experiments

performed in triplicate.
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Fig. 6. Comparison of a5/TM5/TM6 interactionsin M1R-G11 and M2R-Gga complexes.
The right panels show a rotated view of the a5/TM5/TM6 interface for M1R-G;1 and M2R-

Goa complexes indicated in the red box on the left panel. Residues in M1R and M2R that
have been indicated by mutagenesis to be important for G-protein coupling specificity are
shown as sticks on the receptor structure and are highlighted in blue in the sequence
alignments of TM5 and TM6 (lower left).
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