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Materials and methods

Protein expression and purification

Wild type human M1R was modified to contain N-terminal FLAG-tag and C-terminal
histidine-tag. N2Q and N12Q mutations were introduced to remove glycosylation sites.
The construct contains an unintentional mutation N110Q; however, this mutation has no
significant effect in the receptor function(7). Residues 233-344 of ICL3 were removed.
The M1R gene was cloned into pFastBacl vector and expressed in Sf9 insect cells using
baculovirus infection system. Human M2R gene containing N-terminal FLAG-tag and C-
terminal EGFP-histidine-tag following to the HRV-3C cleavage site was also cloned into
pFastBacl vector. Residues 233-359 of ICL3 were removed in M2R. Cells were
solubilized in 1% DDM, 0.2% CHS in the presence of 10uM atropine and 0.05%LMNG,
and the soluble fraction was purified by Ni-chelating sepharose chromatography. The
eluted protein was supplemented with 2mM CaCl2, loaded onto M1 anti-FLAG
immunoaffinity column and detergent exchanged to 0.01%MNG with the buffer
containing an agonist iperoxo. Receptor was eluted in a buffer consisting of 100mM NaCl,
20mM Hepes pH 7.5, 0.01% LMNG, 0.001% CHS with 10uM iperoxo, and further
purified by SEC on a superdex 200 10/300 column in a buffer containing 10uM iperoxo.
Monomeric fractions were pooled and flash frozen for the complex formation. Receptor
mutants were generated using PCR-based mutagenesis with the wild type receptors as
template and all the mutations were confirmed by DNA sequencing. A schematic diagram

of the receptor constructs used in this study is provided (Fig S16).

Heterotrimeric G-proteins were expressed and purified as follows: For the expression
of Goa protein series, Trichoplusia ni (Hi5) insect cells were coinfected with viruses
encoding the wild type Gaoa or Gaoain, and the wild-type human G1y2 subunits. Goain
was made by introducing mutations of E9D, R10K, L13V, and A13M. For the expression
of Gi1 protein series, three viruses were coinfected encoding the wild-type human Gau
or Gaiiin chimera(/9), the wild-type human Gf1y2 subunits, and Ric8A. We provide a
schematic figure of the design of the chimeric G-proteins for clarity (Fig. S1). In order to
facilitate the purification, His-tag with HRV-3C protease cleavable site is attached at the
amino terminus of the G subunit. Cells were harvested 48 hours post infection, lysed in

hypotonic buffer and lipid-modified heterotrimeric G-protein was extracted in a buffer



containing 1% sodium cholate and 0.05% DDM. The soluble fraction was purified using
Ni-chelating sepharose chromatography, and the detergent was exchanged from
cholate/DDM mixture to DDM alone. After elution, lambda protein phosphatase, calf
intestine phosphatase, Antarctic phosphatase, and HRV-3C protease was added and the
protein was dialyzed against a buffer consisting of 20mM Hepes pH 7.5, 100mM NaCl,
ImM MgCI2, I1mM MnCI2, 0.05% DDM, 100uM TCEP, 10uM GDP. Cleaved
heterotrimeric G-protein was further purified by reloading over Ni-sepharose resin. For
the functional assay, the protein was further purified by ion-exchange chromatography

using a MonoQ 10/100 column to remove excess Gf1y2 subunits.

ScFv16 were expressed from Trichoplusia ni Hi5 insect cells as a secreted protein using
the baculovirus infection system. The media was harvested 96h post infection and the
protein was purified by Ni-sepharose chromatography as described previously. Briefly,
the media from baculovirus infected cells was pH balanced by addition of 50mM Tris pH
7.5 and chelating agents were quenched by addition of 1 mM nickel chloride and 5 mM
calcium chloride and incubation for 1 hr at 25 °C with constant stirring. Resulting
precipitates were removed by centrifugation and the supernatant was loaded over Ni-
sepharose chromatography column. The column was washed with a high salt buffer (20
mM Hepes pH 7.5, 500 mM NaCl, and 20 mM imidazole) followed by a low salt buffer
(20 mM Hepes pH 7.5, 100 mM NacCl, and 20 mM imidazole). The protein was eluted
with the elution buffer (20 mM Hepes pH 7.5, 100 mM NaCl, and 250 mM imidazole)
and the carboxy-terminal his-tag was cleaved by incubation with HRV-3C protease
during dialysis against a buffer consisting of 20 mM Hepes pH 7.5 and 100 mM NaCl.
Cleaved protein was further purified by reloading over Ni-NTA resin. The flow through
was collected and purified over a size exclusion chromatography using a Hiload superdex
200 16/600 pg column. ScFv16 peak fractions were pooled, concentrated, and flash

frozen in liquid nitrogen until use.

Complex formation of M1R-Gi11in-scFv16 and M2R-Goain-scFv16

The M1R-Giiin-scFv16 and M2R-Goain-scFv16 complexes were formed essentially in
the same way as described previously(/0, 19). Briefly, purified receptors and excess
molar ratio of G-protein were mixed together in the buffer consisting of 20mM Hepes

pH7.5, 100mM NaCl, 1% LMNG, 100uM TCEP, 200uM iperoxo. In the case of M2R,



purified HRV-3C protease (in-house prepared) was included to cleave off the C-terminal
EGFP. The protein was incubated at room temperature for 1h then added with apyrase to
enzymatically remove GDP from G-protein. The protein was further incubated for at least
3h on ice, diluted with 10 fold more volume of the buffer consisting of 20mM Hepes
pH7.5, 100mM NaCl, 0.01% LMNG, 0.03%GDN, 10uM iperoxo, then loaded over
FLAG immunoaffinity column. The detergent concentration was lowered during the wash
to the mixture of 0.00075% LMNG and 0.00025% GDN. The complex was eluted with
the elution buffer followed by incubation with purified scFv16 for 2h on ice. The scFv16-
bound complex was further purified by a size exclusion chromatography on a superdex
200 Increase 10/300 column to remove uncoupled receptor and excess scFv16. The
monomeric complex peak was collected, supplemented with 400uM iperoxo and 400uM
VU0357017 for MIR-G11in-scFv16 or 400uM LY2119620 for M2R-Goain-scFv16, and

concentrated over 30mg/ml for making the cryo grid.

Cryo-EM sample preparation and image acquisition

The homogeneity of purified M1R-G11in-scFv16 complex was evaluated by negative stain
EM(57). For cryo-EM, 3.5 uL sample was directly applied to glow-discharged 200 mesh
gold grids (Quantifoil R1.2/1.3) and vitrified using a FEI Vitrobot Mark IV (Thermo
Fisher Scientific). Image were collected on a Titan Krios (SLAC/Stanford) operated at
300 keV at a nominal magnification of 130,000X using a Gatan K2 Summit direct
electron detector in counted mode, corresponding to a pixel size of 1.06A (Supplementary
Figures 2,3). Movie stacks were obtained with a defocus range of -1.0 to -2.0 um, using
SerialEM(58) with a set of customized scripts enabling automated low-dose image
acquisition. Each movie stack was recorded for a total of 8 seconds with 0.2s exposure
per frame and exposure dose set to 7 electrons per pixel per second. The M2R-Goain-
scFv16 complex was purified and imaged with the same parameters as the M1R-G11in-
scFv16 sample. The only difference in the case of M2R-Goain-scFv16 is that data were
collected both in the absence or presence of B-OG, which was added right before grid
preparation in an effort to rescue more complex from damage during cryo-EM specimen
preparation. We note that the addition of B-OG resulted in a modest increase in intact

M2R-Goain-scFv16 complexes from 3%~6% to 7.5%-11% of all autopicked particles.

Cryo-EM data processing



For M1R-Giiin-scFv16 complex, a total 5090 image stacks were collected and subjected
to beam-induced motion correction using MotionCor2(59). Contrast transfer function
parameters for each micrograph were estimated from the exposure-weighted averages of
all frames by Getf v1.06(60), implemented in RELION2.1(617). Particles were autopicked,
extracted with a box size of 220 pixels, and subjected to 2D classification, 3D
classification and initial refinement using RELION2.1 (Supplementary Figure 2). The
cryo-EM map of pOR-Gi-scFv16 complex(/5) was low-pass filtered to 60A and used as
initial reference model for 3D classification. A dataset of 277,988 particles were subjected
to 3D auto-refinement, resulting in an initial 3.5A density map. Further Bayesian
polishing of these particle projections was performed in RELION3.0, followed by another
round of auto-refinement, which generated a final 3.3A map determined by gold standard
Fourier shell correlation using the 0.143 criterion. Local resolution estimation was

performed with the Bsoft package(62) using the two unfiltered half maps .

For the M2R-Goain-scFv16 complex, a total of five datasets (>20,000 images) were
collected (three datasets without B-OG and two with B-OG; Supplementary Figure 3).
Each dataset was individually subjected to motion correction, CTF estimation,
autopicking, 2D classification and 3D classification in RELION2.1. After 3D
classification, the stable classes with well-defined density features were combined into
two separate subsets, with or without B-OG. The two subsets (249,929 particles without
B-OG and 278,258 particles with B-OG) were both auto-refined to the same reported 4.5A
resolution. The two subsets were subsequently merged and subjected to another round of
3D classification, thereby isolating a final partition of 261,730 particles. Auto-refinement
on this particle set resulted in a 4.0A map. Further Bayesian polishing applied to these
particles in RELION3.0 improved the density map with an indicated nominal resolution

of 3.6A. Local resolution estimation was also performed with the Bsoft package.

Model building and refinement

Homology models of active-state MIR, M2R, Gii, and Goa were built by SWISS-
MODEL(63) using active M2R (PDB code 4MQS) for the receptor and 2AR/Gs (PDB
code 3sn6) for the G-protein as template models, respectively. All models were docked
into the EM density map using Chimera(64) followed by iterative manual adjustment in

COOT(65) and phenix.real space refine in Phenix(66). The model statistics was



validated using Molprobity(67). Structural figures were prepared by Chimera(64),
ChimeraX(68) or PyMOL (https://pymol.org/2/). The final refinement statistics were

provided in Supplementary Table 3. The extent of any model overfitting during
refinement was measured by refining the final model against one of the half-maps and by
comparing the resulting map versus model FSC curves with the two half-maps and the

final model.

Docking simulations of iperoxo

MIR was prepared for docking by addition of missing sidechain atoms and hydrogen
bonding optimization with Schrédinger’s Maestro protein preparation (Schrodinger
Release 2018-4: Maestro, Schrodinger, LLC, New York, NY, 2018). Glide extra
precision (XP) docking(69) was executed on the prepared structure with iperoxo. The top
five unique poses were subjected to real space refinement in phenix(66) before being

subjected to Glide scoring in place.

Radioligand binding assay

Cell membranes were prepared from Sf9 cells expressing each receptor construct.
[PHINMS affinity of MIR constructs were determined by saturation binding assays by
incubating the membrane with varying concentrations of [PHJNMS for 2h at room
temperature in a buffer consisting of 20mM HEPES pH7.5, 100mM NaCl, 5mM MgCI2
and 0.1%BSA. Radioligand competition binding assays were carried out by incubating
the membrane with a fixed concentration of [PH]NMS and varying concentrations of
iperoxo for 2h at room temperature. G titration competition binding assay was carried
out by incubating the membrane with a fixed concentration of [PH]NMS and 2 uM
iperoxo with varying concentration of purified Gi1 for 2h. Non-specific binding was
measured in the presence of 10uM atropine, and reactions were harvested by a rapid

filtration through GF/B filters. Data were analyzed using Prism7.

GTP turnover assay

GTP turnover was analysed using a modified protocol of the GTPase-Glo™ assay
(Promega). The reaction was started by mixing purified receptor bound with iperoxo and
G protein in an assay buffer containing 20 mM HEPES, pH 7.5, 100 mM NaCl, 0.01%
LMNG, 100 uM TCEP, 10 mM MgCl2, 100 uM iperoxo, 10 uM GDP and 5 uM GTP.


https://pymol.org/2/

For the assays using Gi1, GDP was omitted from the reaction buffer. After incubation for
120 min, reconstituted GTPase-Glo™ reagent was added to the sample and incubated for
30 min at room temperature. Luminescence was measured following the addition of the
detection reagent and incubation for 10 min at room temperature using a SpectraMax
Paradigm plate reader. The relative light unit (RLU) was corrected by the values of G-

protein alone and normalized to the response in the presence of the WT receptor.
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Fig. S1. Schematic representation of G-protein chimera/mutant constructs used in
this study. Upper panel: Sequences of the N-terminal region of each wild-type G-protein
a-subunit with the secondary structure representation. Lower panel: Sequences of the
chimeric G-protein a-subunits. Amino acid residues derived from Gail are colored in

green.
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Fig. S2. MI1R-Gnin-scFv16 preparation and cryo-EM data processing. A.
Representative  elution profile of purified MI1R-Griin-scFvl6 complex on
Superdex200Increase 10/300 size-exclusion column. B. SDS-PAGE analysis of purified
MI1R-Giiin-scFv16 complex. C. Representative cryo-EM image of M1R-Gyiin-scFv16
complex. Scale bar 30nm. D. Representative 2D averages showing distinct structural
features from different views. Scale bar, Snm. E. Work-flow of cryo-EM data processing.
The final 3.3 A resolution map is colored in orange at the bottom left. ‘Gold standard’

FSC curve indicates overall nominal resolution at 3.3 A using the FSC = 0.143 criterion.
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Fig. S3. M2R-Goain-scFv16 preparation and cryo-EM data processing. A.
Representative elution profile of purified M2R-Goain-scFv16 complex on
Superdex200Increase 10/300 size-exclusion column. B. SDS-PAGE analysis of purified
M2R-Goain-scFv16 complex. C. Representative cryo-EM image of M2R-Goain-scFv16
complex. Scale bar, 30nM. D. Representative 2D averages showing distinct structural
features from different views. Scale bar, Snm. E. Work-flow of cryo-EM data processing
of M2R-Goain-scFv16. The final 3.6 A resolution map is colored in purple at the bottom
right. ‘Gold standard’ FSC curve indicates overall nominal resolution at 3.6 A using the
FSC = 0.143 criterion.
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Fig. S4. Cryo-EM map and refined structure. A. Cryo-EM density map and the model
of M1R-Giiin-scFv16 are shown for all transmembrane helices and helix 8 of M1R as
well as a5 helix of Gauiin and CHS. B. Cross-validation of model to cryo-EM density
map for M1R-Giiin-scFv16. The model was refined against one half map, and FSC curves
were calculated between this model and the final cryo-EM map (full dataset, black) of the
outcome of model refinement with a half map versus the same map (red), and of the
outcome of model refinement with a half map versus the other half map (green). C. Local
resolution map of M1R-Giiin-scFv16 complex. D. Cryo-EM density map and the model
of M2R-Goain-scFv16 are shown for all transmembrane helices and helix 8 of M2R as
well as a5 helix of Gowain and LY2119620. E. Cross-validation of model to cryo-EM
density map for M2R-Goain-scFv16. The model was refined against one half map, and
FSC curves were calculated between this model and the final cryo-EM map (full dataset,
black) of the outcome of model refinement with a half map versus the same map (red),
and of the outcome of model refinement with a half map versus the other half map (green).

F. Local resolution map of M2R-Goain-scFv16.



M1R (active: G11 coupled)
M2R (active: GoA coupled)

view

90°
Intracellular
view

B W A Y N4 AL S
= & \¥ ¢ J j};te 3}1436749
T i
) : TM@ k
jﬁmsssowy ﬁg
R121%°0 ’f 5849 N i

/i p y 7.53
o0t YQOB% 7 Y4407 )

/(ﬂ@) c2 Lf Y2106: 2 é< ﬁl

Fig. S5. Comparison of active muscarinic structures. A. Superimposition of active
MIR and active M2R viewed from parallel to (left) and perpendicular to the membrane
(right). Active M1R 1is colored in green and active M2R in orange. B. Similarity of
important structural motifs for the activation: DRY (left), NPxxY (middle), and PI(V)F
(right) motif. A putative water molecule coordinated by the conserved tyrosines found in
the structure of MOR/Nb39 (PDB ID: 5C1M) is shown as a dashed circle in the NPxxY
panel. Each residue number and Ballesteros-Weinstein number is provided. C. Map and

model of the allosteric modulator LY2119620. LY2119620 is shown as sticks in purple.
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Fig. S6. Iperoxo binding mode in M1R and M2R. A. Map of the residues forming the
iperoxo binding pocket in M1R. B. Comparison of poses for iperoxo bound to M1R. CC
is the real space cross correlation of the pose to the cryo-EM map. i-v. The top five docked
poses from Schrodinger’s Glide, where Emodel and Score are the Emodel and XP Glide
score values. vi-x. The same poses after real space refinement to the density, where score
is the Glide score calculated in place. C. Superposition of the side-chain organization

forming iperoxo binding pocket between M1R and M2R.
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Fig. S8. Comparison of the G-protein orientation between M1R-G11 and GPCR-Gi/o
complexes. Structure of each GPCR-Gj, complex was superposed onto M1R-G1 based
on the receptor component. A. M2R (this study), B. Aladenosine receptor (PDB ID:
6D9H), C. MOR (PDB ID: 6DDE), D. rhodopsin (PDB ID: 6CMO). Receptor structures

are made transparent for clarity. The arrows indicate the relative orientation differences.
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highlighted in cyan. Those residues reportedly important for the G-protein selectivity are
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Fig. S11. Hydrophobic nature of the interface between the TMS extension and G11.
A. Comparison of the TMS5 extension between M1R-G11 and B2AR-Gs. B. Surface

charge distribution of Gi1, Gi, and Gs around the interface between the extended TMS.

Note that only G11 has a neutral charge facing the extended TMS. C. Structural similarity

of active MIR and inactive squid rhodopsin. Structure of the squid rhodopsin (dark

brown: PDB ID: 2Z73) is superimposed on M1R (green). Residues in the TM5 extension

are shown in an enlarged box.
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Fig. S12. Interaction of the C-terminus of M1R with the G-protein interface. A.
Sequence alignment of muscarinic receptor family members at the C-terminus. Positively
charged residues following H8 are colored in blue. B. Electrostatic surface potential of
Gi1, Gi1, and Gs in their nucleotide-free form. Polybasic region in the C-tail of M1R
interacts with G but not Gi1 or Gs due to the positive environment of their interfaces.

Go/p subunit interfaces are highlighted in a rectangular box. PDB code used for the
calculation is 6DDE for Gii, 3SN6 for Gs.



H8

5ht2a human
5ht2b human
5ht2c human
acml human
acm3 human
acmb human
adala human
adalb human
adald human
hrh2 human
agtrl human
nmbr human
bkrbl human
nmurl human
ntrl human
ntr2 human
oxlr human
ox2r human
nklr human
vlar human
vlbr human
oxXyr human

QYKENKKPLOLILVNTIPALAYKSS
TCNYRATKSVKTLRERSSKIYFRNP
NYKVEKKPPVRQIPRVAATALSGRE
CRWDKRRWRKIPKRPGSVHRTPSRO
LCOCDKKKRRKOQOYQOOROSVIFHKR
LCRWKKKKVEEKLYWOGNSKLP——-
IOCLCREKOSSKHEALGYTLHPPSQOAV
COCRGRGRRRRRRRRRLGGCAYTYR
COCRRRRRRRPLWRVYGHHWRASTS
CRLANRNSHEKTSLRSNASQLSRTQS
PPKAKSHSNLSTEMSTLSYRPSDNV
GRKSYQERGTSYLLSSSAVRMTSLK
TPKSLAPISSSHRKEIFQLFWRN——
CLGACCHRLRPRHSSHSLSRMTTGS
ACLCPVWRRRREKRPAFSRKADSVSS
SSLCGEHHPMKRLPPKPOSPTLMDT
SCCLPGLGPCGSLKAPSPRSSASHK
SCCCLGVHHRQEDRLTRGRTSTESR
RCCPFISAGDYEGLEMKSTRYLQTOQ
PCCONMKEKFNKEDTDSMSRRQTFEFY
ACCGGPOPRMRRRLSDGSLSSRHTT
LCCSASYLKGRRLGETSASKKSNSS

lpar3 human CFSOENPERRPSRIPSTVLSRSDTG
slpr3_human: NCLVRGRGARASPIQPALDPSRSKS
p2ryl human KASRRSEANLQSKSEDMTLNILPEF
p2ry2_human: PTGPSPATPARRRLGLRRSDRTDMQO
gpr39_human| CCRLSLOHANHEKRLRVHAHSTTDS
gpr75_human! YIGLGFFCCEKQKTRLRAMGEGNLEV

Fig. S13. Polybasic cluster at the C-terminal tail in Gq-coupling GPCRs. Sequence
alignment of the C-terminal tail proximal to H8 of representative Gg-coupling GPCRs.
Positively charged residues (K, R, H) are colored in blue.
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Fig. S14. Schematic drawing of the distinct G-protein coupling model of M1R-Gq/11

and M2R-Gin. Amino acids reported to be the major determinants for coupling
specificity in M1R and M2R are shown as sticks in TM5 and TM6. Note that most of
these amino acids are involved in stabilizing the interaction between TMS5 and TM6, and

do not directly engaged with the G-protein.



A 562 633 6.34 637 638 B 562 6.33 634 6.37 638
5-HT2A receptor I A C L G 5-HT1A receptor F T \% L G
5-HT2B receptor I A S L G 5-HT1B receptor Y A T L G
5-HT2C receptor I A S L G M2 receptor S \Y T 1 L
M1 receptor Y A A L S M4 receptor S Y T I F
M3 receptor Y A A L S alpha 2A-adrenoceptor Y F T L A
M5 receptor Y A A L S Ipha 2B-adrenoceptor Y F T L A
alphalA-adrenoceptor Y A A L G apha acrenocepto
alpha1B-adrenoceptor Y A A L G D2 receptor Y A T L A
alpha1D-adrenoceptor Y A A L A D4 receptor F A M L P
H2 receptor F A T L A apelin receptor A L L 1 Vv
TA1 receptor Y A Vv L G Cbal receptor L T L \% Y
AT1 receptor w I F I M FPR1 A P L L S
BB1 receptor A L A Y L FPR2/ALX A P L L T
BB2 receptor A L A \ L GALT1 receptor L T A V L
3133 rece:)tor /I:\ !I' '_?_‘ ?/ II: GALS3 receptor L A G M L
receptor
ETA receptor T Vv A \'% F hYAZC ]:l: re:eptor IV-V ¥ $ t\ \l/
ghrelin receptor G T \ L A oo
GnRH1 receptor 1 T L T \% delta; receptor L I T v L
MCH2 receptor L L T \Y; L kappa; receptor I I T \ L
NMU1 receptor G v T L [F mu;ireceptor I I r v L
NPS receptor I A I S 1 NOP receptor I I T \Y L
NTS1 receptor A G Vv L R SST1 receptor I 1 T \% M
NTS2 receptor Y S Y L R SST2 receptor I \% T \% S
OX1 receptor F T A L M SST3 receptor \ Y T vV VvV
OX2 receptor F T A L M SST4 receptor \Y I T V L
\";'1(:\ receptor g ¥ x 'IM lF SST5 receptor \ v T V L
receptor

V1B receptor (o} T \'% T F gggl { 2 x } E
OT receptor S T \' T F

CXCR4 I A L T \"
FFA1 receptor L R A Vv A
BLT1 receptor G T G v Vv LPA1 receptor F L L \% \'%
LPA2 receptor F L VvV VvV Vv S1P1 receptor Y L L Vv I
LPA3 receptor Y L M \ M CB1 receptor L L A L \'%
S1P3 receptor Y L L Y \Y A1 receptor F 1 A L A
P2Y1 receptor \Y K S L \ A3 receptor F T A L F
P2Y2 receptor A K S T 1
P2Y4 receptor A R S T I
GPR39 w T I L R
GPR75 A A \ C \Y

Fig. S15. Alignment of the amino acid residues critical for the G-protein selectivity
in mAChRs (Ballesteros-Weinstein. numbers: 5.62, 6.33, 6.34, 6.37, and 6.38).
Alignment of the selected residues among representative A. Gq/11-coupling GPCRs B.
Gi/o-coupling GPCRs.
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Fig. S16. Schematic diagram of receptor constructs used in this study. A. Diagram of
the MIR construct used in the structural study. Two N-linked glycosylation sites (N2,
N12) were eliminated by mutating to glutamine (Q). N110 located in TM3 was
unintentionally mutated to glutamine. Unresolved residues are colored in grey. B.
Diagram of the M2R construct. Two N-linked glycosylation sites (N6, N9) were
eliminated by mutating to aspartic acid (D). Unresolved residues are colored in grey. The
residues reportedly important for the G-protein selectivity are highlighted in yellow and

labeled with the Ballesteros-Weinstein numbers.



Data collection and processing
Magnification
Voltage (kV)
Electron exposure (e-/A?)
Defocus range (um)
Pixel size (A)
Symmetry imposed
Final particle images (no.)
Map resolution (A)

FSC threshold

Refinement

Initial model used (PDB code)

Map sharpening B-factor (A?)
Model composition
Non-hydrogen atoms
Protein residues
B-factors (A?)
Protein
R.m.s. deviations
Bond lengths (A)
Bond angles ()
Validation
MolProbity score
Clashscore
Poor rotamers (%)
Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)

MI1R/Guiin/scFv16

130,000
300
56
-1.0~-2.0
1.06
Cl
277,988
33
0.143

AT

124.94

0.007
0.962

1.67
6.07
0.84

95.15
4.85
0.00

M2R/Goain/scFv16

130,000
300
56
-1.0~-2.0
1.06
C1
261,730
3.6
0.143

AT

138.66

0.009
1.062

1.92
8.18
1.17

93.52
6.48
0.00

Table S1. Cryo-EM data Collection, refinement and validation statistics



Area SA/A®> Area MS/A? Vol SA/A? Vol _MS/A3
MI1R(G11 engaged) 192.4 536.7 73.7 595.2
M2R(GoA engaged) 186.6 583.9 55.0 620.7
Table S2. Analysis of the orthosteric binding pocket in the M1R and M2R. Solvent
accessible (SA) and molecular surface (MS) volume and area are analyzed using CASTp

3.0 server(26). Solvent radius of 1.5 is used in this analysis.



NMS (Kd: nM)

MIR_AICL3 N110Q 0.25 = 0.03
MIR_wild-type_full-length 0.30 = 0.06
MIR_AICL3 0.39 + 0.05

Iperoxo (-LogKi)

MI1R_AICL3 N110Q 5.67 +0.10
MIR_wild-type_full-length 5.27 +0.06
MIR_AICL3 5.23 +0.03

Table S3. Pharmacology of M1R constructs. Truncation of ICL3 or mutation of N110Q
does not affect the affinity constant for NMS or iperoxo. Values represent mean + s.e.m.

of three separate experiments performed in triplicate.
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