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Materials and Methods

Expression and purification

A synthetic DNA fragment encoding the muscarinic toxin 7 (MT7) amino acid sequence
(UniProt ID: Q8QGR0) was made by assembling primers by PCR and was cloned into
pFastBacl (ThermoFisher Scientific) with N-terminal GP67-signal sequence, MBP-, and His-
tags followed by an HRV-3C protease cleavage site. Baculovirus was made according to the
manufacturer’s instruction, and Hi5 cells (Expression Systems) were infected at a density of 3.5-
4.0 million mlIt. Media were harvested 60-72 hours of post infection, supplemented with 5 mM
CaClz, 1 mM NiSOs, 20 mM Tris-HCI pH 7.5, and protease inhibitors and incubated at room
temperature for 40 minutes. Following the removal of the precipitation by centrifugation, MT7
was purified by a Ni-chelating sepharose chromatography and a size-exclusion chromatography
(SEC) column. Purified MT7 was concentrated to over 1 mM and flash frozen. The human
M1AChR fused with T4L in the ICL3 was derived from the previous crystallographic study (21)
with S112R mutation introduced to thermostabiliize the receptor (44). Baculovirus was made
according to the manufacturer’s manual, and Sf9 cells (Expression Systems) were infected at a
density of 3.5-4.0x million mLt in the presence of 10 pM atropine (Sigma-Aldrich). Cells were
harvested 48 to 60 hours post infection. Receptors were extracted from insect cell membrane by
n-dodecyl-B-D-maltoside (DDM, Anatrace) and purified by Ni-chelating sepharose
chromatography in the presence of 10 uM atropine. Eluted receptors were further purified by M1
FLAG affinity chromatography and SEC in the presence of atropine with the detergent
exchanged to Lauryl-maltose neopentyl glycol (LMNG, Anatrace). Purified receptor was mixed

with excess MBP-MT7 and HRV-3C protease, and incubated for overnight at 4°C. Protein was



loaded over an amylose column to remove free MBP-tag or uncleaved MBP-MT7. Flow-through
from the amylose column was concentrated and further purified by SEC to remove excess MT7
and HRV-3C protease. Peak fractions were concentrated and used for crystallization at 10-20 mg

ml. The human M2AChR was expressed and purified essentially in the same way as MiAChR.

Crystallization

Purified MiAChR-MT?7 was crystalized by the hanging drop vapor diffusion method. Crystals
were grown in 22-27% SOKALAN PA 25 CL (Molecular Dimensions), 0.1 M HEPES-Na pH
7.5, 0.1 M NaCl, appeared after 2-5 days and reached to the full size in 2 weeks. Crystals were

flash frozen in liquid nitrogen with 10% glycerol as a cryo-protectant.

Data collection, and structure determination

X-ray diffraction data were collected on the GM/CA beamline 231D-D at the Advanced Photon
Source, Argonne National Laboratories. Data were collected with 0.5 s exposures and 0.5°
oscillations. Diffraction data were processed using XDS (45) and aimless (46). The structure was
solved by molecular replacement using Phaser (47). For the input model, the inactive M1AChR
structure (PDB ID: 5CXV) was split into the receptor and T4L components and used as separate
search models. For MT7, manually adjusted monomeric MT7 structure (PDB ID: 2VLW) was
used as a search model. The resulting model was completed by an iterative refinement using
phenix.refine in Phenix suite (48) and manual building with Coot (49). MolProbity was used for

structure validation. Crystallographic statistics are reported in Supplementary Table 1.

Pull-down assay



For the clone24 or Tx24 pull-down assay, either 3 uM M1AChR or M2AChR in 100 pL buffer
(20 mM HEPES-Na pH7.5, 100 mM NaCl, 0.01% LMNG, 3 mM CaClz, 10 uM iperoxo or 10
uM atropine) was incubated with or without 5 pM Tx24 for 30 min at room temperature and
loaded over an M1-FLAG column. The column was washed with the buffer and eluted with the
elution buffer (20 mM HEPES-Na pH7.5, 100 mM NacCl, 0.01% LMNG, 5m M EDTA, 200
ug/ml FLAG peptide, 10 uM iperoxo or 10 uM atropine). Eluted protein was analysed by SDS-

PAGE.

Construction of the phage library, selection and purification of 1st generation toxin clone24
The coding sequence of MT7 was cloned into the pADL-23c phagemid vector (Antibody Design
Laboratories, San Diego, USA) by the Gibson Assembly method. Randomized sequences were
introduced into each finger loop one after another by the PCR amplification of the entire
phagemid using Q5 polymerase (NEB). Each primer used for the randomization is
phosphorylated at the 5’ end in order for the efficient ligation. In the first randomization of finger
loop 2, deletion up to four residues is additionally introduced. The PCR product was treated with
Dpnl for 2 hours and then purified by the agarose gel. The purified DNA fragment was ligated
using the DNA Ligation Kit Mighty Mix (Takara) for 4 hours to overnight. The ligated DNA
was purified by the ethanol precipitation and dissolved in water. The resulting randomized
phagemid DNA was electroporated into the TG-1 electrocompetent cells (Lucigen) and the cells
were plated onto 15 cm square or round LB plates supplemented with 100 ug mi ampicillin and
0.1% glucose. The colonies were harvested into 2xYT medium with 100 pg ml* ampicillin and

0.1% glucose. The cells were diluted into 1L of 2xYT medium with 100 pug ml* ampicillin and

0.1% glucose to make absorption at 600 nm (A600) around 0.1 and grown at 37°C at 225 rpm.



When A600 reached 0.8 to 0.9, 8.9x 10713 helper phages were added and further incubated at
37°C at 225 rpm for 30 min. The cells were spun down and resuspended into 1L of 2xYT
supplemented with 100 pg ml of ampicillin and 25 pug ml? of kanamycin, and incubated at
30°C at 225 rpm for overnight. The media was harvested by centrifugation at 4000 rpm for 15
min, mixed with 1/4 volume of phage precipitation buffer consisting of 20% PEG8000 and 1.5
M NaCl. Following incubation on ice for 1h, the mixture was centrifuged at 11,000 g for 30 min
to precipitate the phage. The phage was dissolved into PBS, spun down to precipitate bacterial
cell debris. The supernatant was harvested and phage precipitation was repeated. The re-
precipitated phage was dissolved into PBS, supplemented with 50% glycerol and flash frozen.
The rest of the harvested TG-1 cells were split into two parts and grown for 1-2h at 37°C at 225
rpm to recover. One half of the cells were spun down and resuspended into 2xYT supplemented
with 25% glycerol, and flash frozen. The second half was used for the Maxi-prep to purify
phagemid DNA. This phagemid DNA was used as a template for the next round of finger loop 3
randomization. Finally, finger loop 1 randomization was introduced into the post finger loop 3
randomized phagemid. For the panning against M2AChR, the biotinylated receptor prepared
using EZIlink-NHS-PEG4-biotin (Thermo Fisher Scientific) was immobilized on the streptavidin
MagneSphere Paramagnetic Particles (Promega). The receptor-bound beads were incubated with
phage for 45 min at room temperature in the phage display buffer consisting of 20 mM HEPES
pH 7.5, 100 mM NacCl, 0.5% BSA, 0.05% LMNG, 0.005% CHS, 10 uM atropine. The beads
were washed with the phage display buffer and phage were eluted by 0.1 M glycine (3.0). The
selected clones were transferred to a modified pMAL vector. Engineered toxins in pMAL vector
were expressed in Rosetta2(DE3) (Novagen) in TB media supplemented with 100 ug mi*

ampicillin and 34 pg/ml chloramphenicol. Harvested cells were incubated in the 2.5 mL g cells



of TES buffer (0.2 M Tris-HCI pH 8.0, 0.5 mM EDTA, 0.5 M Sucrose) for 45 min, then diluted
with 5mL g* cells of 1/4 diluted TES buffer and further incubated for 45 min. The cells were
spun down at 20,000 g for 15 min. The supernatant was supplemented with 2 mM MgCl2 and
incubated with 2 mL L culture of Ni-sepharose resin for 1h. The resin was washed with a high
salt wash buffer consisting of 20 mM HEPES-Na pH 7.5, 500 mM NaCl, 20 mM imidazole pH
8.0 and a low salt wash buffer consisting of 20 mM HEPES-Na pH 7.5, 100 mM NacCl, 20 mM
imidazole pH 8.0. The protein was eluted with the low salt wash buffer supplemented with 300
mM imidazole pH 8.0 and further purified by SEC. For the cellular assay, NMR measurement,
and radioligand binding assay, the Ni-sepharose purified protein was treated with HRV-3C
protease and dialyzed against 20 mM HEPES(7.5), 100 mM NacCl for overnight at 4°C. The
protein was spun down to remove the precipitation and loaded over a Ni-sepharose column to
trap toxin protein and remove cleaved MBP. After eluting from the column, residual free MBP
and uncleaved MBP-toxin was removed by running through an amylose column and flow
through was collected. The protein was further purified by SEC. The toxin peak was collected,

concentrated to over 700 uM, supplemented with 10% glycerol, and stored at -80°C until use.

Construction of yeast surface display library and affinity maturation of clone24

A mutant library of clone24 was generated by PCR amplification of the coding region of the
toxin using the error-prone polymerase from the Genemorph Il kit (Agilent). The fragment was
amplified twice using the product of the first PCR reaction as a template for the second round,
which yields the average error rate of ~6 mutations/gene. The PCR products were then scaled up
using Q5 polymerase (New England Biolabs) and primers with an extension that contains

homology to the pCT3CBN vector, a derivative of pCT302. Agarose gel-purified PCR products



were combined with linearized pCT3CBN vector DNA and the DNA mixture was electroporated
into EBY 100 yeast that yielded 2x10°7 transformants. Electroporated yeast cells were amplified
in SDCAA selection media and induced in SGCAA induction media. In order to enrich high-
affinity binders, 4x1078 yeast from the error-prone library were stained with 500 nM M2AChR
labeled with anti-M1 FLAG antibody conjugated with Alexa Fluor 647 in yeast binding buffer
(20 mM HEPES pH7.5, 100 mM NaCl, 0.05% LMNG, 0.005% CHS, 5 mM CaClz, 0.1% BSA,
10 mM Maltose, 10 uM atropine). Stained yeasts were mixed with anti-Alexa647 conjugated
magnetic microbeads (Miltenyi) and loaded onto a Magnetic Activated Cell Sorting (MACS) LS
column (Miltenyi) to isolate binders. The enriched yeasts were amplified in SDCAA, induced in
SGCAA, and the selection was repeated in the same way but using 1x 10”8 cells and 20 nM
M2AChR. In the 3rd round selection, we used Fluorescence Activated Cell Sorting (FACS) to
further enrich high-affinity binders. Induced post 2nd yeast was stained with 20 nM M2AChR
labeled with anti-M1 FLAG antibody conjugated with Alexa647 as well as anti-Myc antibody
conjugated with Alexa488, in order to assess the expression levels of the engineered toxin
clones. These stained yeast cells were sorted using SH800S cell sorter (SONY)) based on the
expression and binding to M2AChR. Over 200,000 cells were collected in the 3rd selection and
amplified in SDCAA. The 4th round selection was performed in the same way as the 3rd round
but with more stringent gating in the FACS sorting giving around 100,000 yeast cells collected.
The post 4th selection cells were amplified and 50 clones were randomly sequenced to find the
mutations contributing to the maturation. The consensus mutations were combined to make Tx24
and the synthetic gene fragment with a C-terminal His-tag (Integrated DNA Technologies) was
cloned into pMAL vector for the bacterial expression, and pFastBacl vector with N-terminal

GP67 secretion sequence and MBP-tag for the insect expression. Tx24 was expressed and



purified in the same protocol as clone24 from the bacterial expression system and the same
protocol as MT7 from the insect expression system. The amino-acid sequences of MT7, clone24,
and Tx24 are provided in the fig. S10. The expression plasmid for these engineered toxins are

available upon request.

On-yeast affinity measurement

The coding region of clone24 or Tx24 was each cloned into the pCT3CBN vector and
transformed into EBY100. The transformed yeast cells were grown in SDCAA media and the
surface expression was induced in SGCAA media for 48 hours. The cells were washed twice
with a buffer containing 20 MM HEPES-Na pH 7.5, 100 mM NaCl, 0.1% BSA, 0.05% LMNG, 3
mM CaClz 10mM maltose with no ligand, 10 uM atropine, 10 uM NMS, 10 uM tiotropium, or 1
mM acetylcholine and incubated with M2AChR pre-incubated with respective condition at each
concentration for 30 min at room temperature. The cells were washed twice with the cold buffer
and incubated with anti-FLAG antibody labeled with Alexa647 for 10 min at 4°C. Following the
anti-FLAG staining, the cells were washed twice with the cold buffer and the fluorescence signal
was analysed by BD Accuri C6 flow cytometer (BD biosciences). The receptor-bound fraction
was normalized with the highest value to 1.0 within the clones and fit by a Sigmoidal curve using

Prism 8.0 (GraphPad Software Inc., San Diego).

NanoBiT-G-protein dissociation assay
GPCR-induced G-protein activation was measured by a NanoBiT-G-protein dissociation assay
(40), in which interaction between a Go. subunit and a Gy subunit was monitored by a NanoBiT

system (Promega). Specifically, a NanoBiT-G protein consisting of a large fragment (LgBiT)-



containing Go subunit (Gaiz for M2AChR, MsAChR and MOR; Gas for B2AR; Gaq for
M1AChR, M3AChR and MsAChR) and a small fragment (SmBiT)-fused Gy2 subunit (C68S-
mutant) was expressed together with untagged Gp1 subunit and with or without a test GPCR.
HEK293 cells were seeded in a 10-cm culture dish at a concentration of 2 x 10° cells mL™ (10
mL per well in DMEM (Nissui) supplemented with 10% fetal bovine serum (Gibco), glutamine,
penicillin and streptomycin) 1-day before transfection. Transfection solution was prepared by
combining 20 pL (per dish hereafter) of polyethylenimine solution (Polysciences; 1 mg mL™?)
and a plasmid mixture consisting of 500 ng LgBiT-containing Ga subunit, 2.5 pg G, 2.5 ug
C68S-mutant SmBIT-fused Gy2 (C68S), and 1 g a test GPCR (or pPCAGGS empty plasmid) in 1
mL of Opti-MEM (ThermoFisher Scientific). To enhance expression of NanoBiT-G protein, 500
ng of RIC8A and RIC8B was co-transfected with NanoBiT-Gq and NanoBiT-Gs, respectively.
After incubation for 1 day, transfected cells were harvested with 0.5 mM EDTA-containing
Dulbecco’s PBS, centrifuged and suspended in 8 mL of HBSS containing 0.01% bovine serum
albumin (BSA, fatty acid—free grade; SERVA) and 5 mM HEPES (pH 7.4) (assay buffer). The
cell suspension was dispensed in a white 96-well plate at a volume of 60 pL per well and loaded
with 20 pL of 50 uM coelenterazine (Carbosynth) diluted in the assay buffer. To measure PAM
activity of Tx24 toward antagonist, the following procedure was performed. After 1-h incubation
at room temperature, titrated antagonist (Atropine for M1.sAChR; NMS or Tiotropium for
M2AChR; Naloxone for MOR; Propranolol for f2AR) diluted in the assay buffer at 10X of final
concentration was added at a volume of 10 ul per well. After 30-min incubation, Tx24 diluted in
the assay buffer at 10X of final concentration was added at a volume of 10 pl per well and
incubated for 30 min. The plate was measured for baseline luminescence (Spectramax L,

Molecular Devices) and a test agonist (20 pL; 10 uM Acetylcholine for M1-5; 1 uM DAMGO



for MOR; 1 uM Isoproterenol for B2AR) were manually added. To measure antagonist activity
of Tx24, 10 uL of the assay buffer was added in place of the antagonist and the cells were
pretreated with titrated Tx24 (0.1-2 uM) before addition of a test agonist (1 uM Acetylcholine
for M1-5; 100 nM DAMGO for MOR; 100 nM Isoproterenol). To measure agonistic activity of
Tx24, 20 uL of the assay buffer was added in place of the antagonist and Tx24 pretreatment
before luminescent measurement. After incubation for 3-5 minutes at room temperature, the plate
was read for the second luminescent measurement. The second luminescence counts were
normalized to the initial count and fold-change signals over vehicle treatment were used to plot
G-protein dissociation response. Using Prism 8 software (GraphPad Prism), the G-protein
dissociation signals were fitted to a four-parameter sigmoidal concentration-response curve, from
which plCso values (negative logarithmic values of 1Cso values) were used to calculate mean and
SEM. A change in a Tx24-treated plCso value from a control plCso value (ApICso) were
calculated for each experiment and used for statistical analyses. The allosteric parameter (o)) was
calculated by using a pre-installed equation of Prism 8 (*Allosteric EC50 shift, X is
log(concentration)”) in which we constrained a LogKs parameter equal to -7.51 and used four

antagonist-titrated data (Tx24 concentrations of 0, 100 nM, 500 nM and 2 uM) .

Bimane fluorescence sensor assay

The M2AChR bimane construct was designed to probe the movement of TM6 taking advantage
of a tryptophan/bimane quenching technique (50). Distances between Ca of Ser210°62 and
Thr386%%* in the inactive (PDB 3UON) and active (PDB 4MQS) structures of M2AChR are 6.1
and 11.5 A, respectively (Fig. S14), which are an optimal range of tryptophan-based quenching

of the bimane fluorescence (5-15A). Ser210%%2 and Thr386°3*are mutated to tryptophan and



cysteine, respectively, based on an M2AChR minimal-cysteine construct (C124S, C439A,
C443S, C457L, C274A, C324A, C337A). Cys386 shows predominant labeling by
monobromobimane (mBBr) compared with the minimal-cysteine construct. M1 FLAG affinity
chromatography purified M2AChR (~10 pM) was mixed with 0.6 mM monobromobimane and
incubated on ice for 3 h. The fluorophore-labeled receptor was then purified by a size-exclusion
chromatography to remove excess monobromobimane. The purified protein was concentrated to
93 uM, flash-frozen with liquid nitrogen and stored at -80°C until use. Fluorescence
spectroscopy experiments were performed on a Fluolog Fluorometer (Horiba). The excitation
and emission band-pass were set to 4 nm. The final protein concentrations were 200 nM for
M2AChR, 1 uM for Tx24, and 1 uM for Nb9-8. The reaction buffer contains 20 mM HEPES, pH
7.5, 100 mM NacCl, 0.005% LMNG, 0.0005% CHS with no ligand, 10 uM atropine, or 1 mM

acetylcholine. All experiments were performed at 22°C.

NMR measurement of MoAChR-Tx24

The 3CHs-e-methionine labeled M2AChR was expressed, labeled and purified as described
previously (42). Briefly, the Sf9 cells were grown in methionine-deficient medium and infected
at a density of 4x10° mlI"* with M2AChR baculovirus in the presence of 10 uM atropine and
13CHs-e-methionine at a concentration of 250 mg L™, and then incubated for 48 hours at 27 °C.
The receptor was purified by Ni-NTA chromatography, M1 FLAG affinity chromatography and
size exclusion chromatography and finally exchanged to a D20-based buffer containing 20 mM
HEPES-Na pH 7.5, 100 mM NacCl, 0.01% LMNG, 0.003% CHS. The receptor was concentrated
to around 85 uM and subjected to NMR experiments. For Tx24-bound state spectrum, Tx24 was

added into the apo-state receptor at around 1.5:1 molar ratio. For atropine-bound state spectrum,



~1 mM atropine was added into the apo-state receptor. For atropine+Tx24-bound spectrum,
Tx24 was further added to the atropine-bound receptor at around 1.5:1 molar ratio. All NMR
samples were loaded into the Shigemi microtubes for data collection at 25 °C on a Bruker
Avance 800 MHz spectrometer equipped with a triple-resonance cryogenic probe. The *H-3C
heteronuclear single-quantum coherence (HSQC) spectra were recorded with spectral widths of
12820.5 Hz in the *H-dimension (w1) and 16077.2 Hz in the *C-dimension (w2) centered at 45
ppm in 3C-dimension. For all spectra, 512 x 128 complex points were recorded and a relaxation
delay of 2 s were inserted to allow spin to relax back to equilibrium. 80 scans gave rise to an
acquisition time around 12 h for each spectrum. All NMR spectra were processed using the

software package NMRPipe/NMRDraw (51) and analyzed using the program NMRViewJ (52).

Dissociation binding kinetics with clone24

The initial radioligand binding assay was performed using Sf9 membrane expressing M2AChR.
The membrane suspension in a buffer containing 20 mM Tris-HCI pH 7.5, 100 mM NacCl, 10
mM MgClz, 0.5 % BSA was first incubated with 1 nM of [?H]NMS for 120 min at room
temperature, then either 1 uM of purified clone24, or an equivalent volume of buffer was added
and further incubated for 60 min at room temperature. Dissociation was triggered by adding 10
uM atropine at each time point. The dissociation was stopped by rapid filtration of the membrane

and the receptor-bound [P(H]NMS was monitored by a scintillation counter (Beckman Colter).

Dissociation binding kinetics with Tx24
Dissociation studies using [PHJNMS (Perkin Elmer) were performed in membranes (5 g per

point) prepared from CHO cells expressing wildtype human Mz, M2, Ms, M4, or MsAChR, as



previously described (53). For the B2AR, a stable cell line (HEK293) expressing the B2AR was
used. Briefly, membranes were incubated with 0.3 nM [*H]NMS in assay buffer (20 mM
HEPES, pH 7.4, 100 mM NacCl) for 1 h at room temperature in the absence or presence of 2 uM
Tx24. To initiate [PHJNMS dissociation, an equal volume of excess atropine was added (final
concentration of 50 uM to prevent re-association of [P(H]NMS). For the 2AR membranes (5 Ug
per point) were incubated with 0.5 nM [*H]dihydroalprenolol ([P(H]DHAP, Perkin Elmer) in
assay buffer (20 mM HEPES, pH 7.4, 100 mM NaCl) for 1 h at room temperature in the absence
or presence of 2 pM Tx24. Propranolol (10 mM) was used to initiate [?(H]DHAP dissociation
from b2AR. Samples were harvested at various times by rapid filtration on GF/C Unifilter™
(Perkin Elmer) 96-well plates followed by three wash steps with ice cold assay buffer. Filters
were dried and incubated with scintillation cocktail (MicroScintO™, Perkin Elmer). PHJNMS or
[*H]DHAP was measured by liquid scintillation counting using a TopCount™ (Perkin Elmer).
Dissociation constants were determined using Prism 6.0 (GraphPad Software Inc., San Diego),

based on a single-phase exponential decay.

Pharmacological Tx24 Affinity Estimations

To evaluate the relative affinity of Tx24 for MiAChR, M2AChR or closely related MsAChR,
membranes from CHO cells (5 ug per point) expressing the MAChR isoforms were co-incubated
with [PBH]NMS (0.3 nM) in the presence of various concentrations of Tx24. Samples were
incubated for 2 hr at room temperature in assay buffer (20 mM HEPES, pH 7.4, 100 mM NacCl,
10 mM MgClz, 2 uM GTPyS). 50 uM atropine was used to define non-specific binding. The
reaction was terminated by rapid filtration on GF/C Unifilter™ (Perkin Elmer) 96-well plates

followed by three wash steps with ice cold assay buffer. Filters were dried and incubated with



scintillation cocktail (MicroScintO™, Perkin Elmer) and [PH]NMS or [?’H]DHAP was measured
by liquid scintillation counting using a TopCount™ (Perkin Elmer). Data were fit to a logistics
curve using Prizm 6 (GraphPad LLC, San Diego CA). To analyze the apparent biphasic curve on
the M2AChR, the rising phase of [P H]NMS binding was fitted separately from the falling phase

were fit separately.

Saturation isotherms with [?(HJNMS on M2AChR

Membranes (5 pg per point) from CHO cells stably expressing the M2AChR (53) were incubated
with increasing concentrations of [P(H]NMS in assay buffer (20 mM HEPES, pH 7.4, 100 mM
NaCl, 10 mM MgClz, 2 uM GTPyS) in the presence or absence of 0.5 uM Tx24 for 24 hr at
room temperature. Atropine (50 uM) was used to define non-specific binding. The [?HJNMS
binding was terminated by rapid filtration on GF/C Unifilter™ (Perkin Elmer) 96-well plates
followed by three wash steps with ice-cold assay buffer. Filters were dried and incubated with
scintillation cocktail (MicroScintO™, Perkin Elmer) and [?PH]NMS or [*H]DHAP was measured
by liquid scintillation counting using a TopCount™ (Perkin Elmer). Affinity measurements
were determined using Prism 6.0 (GraphPad Software Inc., San Diego), based on a one-site

saturation model.

[**S]GTPyS Binding

Membranes from CHO cells expressing wildtype human M2AChR, as described above, were
pretreated with 120 uM GDP (final assay concentration 30 uM) in assay buffer (20 mM HEPES,
pH 7.4, 100 mM NaCl, 10 mM MgClIz) for 20 min at room temperature. Then membranes (15-35

ug per well) were incubated for 1 h at 30°C with 100 pM [**S]GTPyS and increasing



concentrations of the agonist, acetylcholine, in the absence or presence of 1 uM Tx24. Bound
[*°S]GTPyS was separated from free nucleotide using rapid filtration on GF/C Unifilter™ 96-
well plates and measured by scintillation counting as described above. ECsos were determined

using Prism 6.0 (GraphPad Software Inc., San Diego).
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Fig. S1. (A) Purification scheme for the MiAChR-MT7 complex. Atropine is present
through the entire M1AChR purification process as well as MiAChR-MT?7. (B)
Monodisperse peak profile of the preparative size-exclusion chromatography (SEC) of

M1AChR-MT7 complex. The peak fraction indicated between dashed lines was analyzed by

SDS-PAGE to confirm the presence of MT7 together with M1AChR. Atropine is present
throughout the purification process at 10 uM. (C, D) Pull-down assay of MiAChR-MT7 in
the presence of low-molecular weight PEG molecules commonly used in the protein

crystallization.




Fig. S2. (A) Representative picture of the MiAChR-MT?7 crystals in the hanging drop. Scale
bar indicates 0.5 mm. (B) Crystal packing of the MiAChR-MT7 complex. A kink in TM1 is
likely a consequence of a crystal contact at TM1 as shown in an enlarged window with the
neighboring molecule colored in pale brown for clarity. (C) Electron density map of the
M1AChR-MT7 complex. The overall density map around the complex is shown in the middle
panel. The density at each finger loop and around the orthosteric binding pocket are shown in

enlarged windows. Maps are contoured at 1.0 c.
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Fig. S3. MT7 occludes the orthosteric site of MiAChR. The orthosteric site of MiAChR is
open to the extracellular vestibule (left). MT7 occupies the extracellular allosteric site and
occludes the entrance to the orthosteric site (right).
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Fig. S4. Conformational change of MT7 upon binding to MiAChR. Structure of MT7 in its
free state (cyan, PDB ID: 2VLW) is superposed onto MT7 (magenta) in the MiAChR-MT7
complex. Conformational changes are indicated with orange arrows with the representative

side-chain residues shown as sticks.
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Fig. S5. Sequence alignment of muscarinic toxins. Disulfide-forming cysteine residues are

colored in orange with disulfide pairings indicated by orange lines. Residues in MT7 that

make interaction with M1AChR and equivalent residues in family members are highlighted by

cyan boxes. Each finger loop region is indicated with double-sided arrows.
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Fig. S6. Structural changes in M1AChR stabilized by MT7. The intracellular side of TM6
opens outward upon activation by agonist to accommodate the signaling molecule such as G
protein or arrestin. Upon antagonist binding, this TM6 outward movement is suppressed with
the extracellular side fixed open. Binding of MT7 causes the outward movement of TM6 at
the extracellular side that is coupled with the inward movement of TM6 in the intracellular

side.




MT7-bound M1AChR (Atropine-bound)

o -
iotropiumg™t

Fig. S7. Small inward displacement of TM5 in the atropine-bound M1AChR (green, this
study) compared to the tiotropium-bound structure (grey, PDB ID: 5CXV). Note that a 2-
thienyl group in tiotropium clashes with the side-chain of T192 when superposed in the

atropine-bound M1AChR.
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Fig. S8. Phage display library construction scheme. Random mutation was introduced into the
part of finger loop 2 interacting with MiAChR. Up to 4 residue deletion was included in this
region. In the subsequent step, random mutation was introduced into finger loop 3 using the
plasmid product of the first library as a template. In the final round, random mutation was
introduced in finger loop 1 using the plasmid product of the second-round randomization.
Phage sub-libraries were made using the transformants from each randomization step and the

mixture was used for the selection against M2AChR bound with atropine.
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Fig. S9. A yeast surface display library was generated by error-prone PCR. In order to
introduce large number of mutations in a short fragment of clone24, the error-prone PCR was
repeated using the product of the first PCR as a template. The product of the second error-
prone PCR was upscaled and co-transformed into yeast to generate a yeast library and used
against M2AChR bound with atropine.
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Fig. S10. Amino-acid sequence alignment of MT7, clone24, and Tx24. Residue numbers are

represented above the alignment. Amino-acid residues highlighted in blue and pale-blue

represent the perfect and partial conservation among these three proteins, respectively.
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Fig. S11. (A) (Left) [P’H]DHAP dissociation from B2AR in the absence (filled symbols, solid
line), or presence (empty symbol, dotted line) of 2 uM Tx24. Shown are the combined results
from 4 assays performed in duplicate. (Right, bottom) Summary of dissociation kinetics of
[BHINMS from M2AChR, M1AChR, M3AChR, MsAChR, MsAChR, or [*H]DHAP from
B2AR, in the absence or presence of 2 UM Tx24 as described in the Methods Section.
Dissociation rate constants (Kofr, min™t) with or without Tx24 were determined using Prizm 6
(GraphPad LLC, San Diego CA) using a single phase exponential decay model (n=4). (B) The
concentration-dependent effect of Tx24 on [*HJNMS (0.3 nM) binding to M2AChR (blue),
M1AChR (red) or MsAChR (green). Data were fit to a logistics curve using Prizm 6
(GraphPad LLC, San Diego CA). For M2AChR, the rising phase (solid line) of [P(H]NMS
binding was fit separately from the falling phase (dotted line). Symbols and error bars
represent mean and s.e.m., respectively of combined results from 4 assays performed in

duplicate.
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Fig. S12. (A) Agonist activity of a control ligand acetylcholine (upper panels), and absence of
agonistic or antagonistic activity of Tx24 for MAChRs (lower panels). HEK293 cells transiently
expressing an indicated NanoBiT-G protein and a test MAChRs (or an empty vector; Mock)
were loaded with coelenterazine and treated with a titrated ligand molecule. To measure
antagonist activity, 1uM ACh was used as a stimulator (lower panels). Changes in luminescent
signals were normalized to vehicle treatment and fitted to a four-parameter sigmoidal curve. (B)
Absence of pharmacological activity of Tx24 for MOR and B2AR. The cells expressing the
NanoBiT-G protein and the test GPCR or mock were treated with a control agonist (upper
panels), titration of Tx24 (middle panel), or pretreated with antagonist and Tx24 followed by
agonist stimulation (lower panel: 100 nM DAMGO for MOR; 100 nM Isoproterenol for f2AR).
Symbols and error bars represent mean and s.e.m., respectively, of at least 3 independent

experiments each performed in duplicate (also see Table S2).
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Fig. S13. On-yeast affinity measurement of Tx24 to M2AChR bound with NMS or

tiotropium. Yeast cells displaying Tx24 on the surface were incubated with M2AChR bound

with either NMS or tiotropium. Cells were washed to remove unbound M2AChR followed by

the surface staining with anti-FLAG antibody conjugated with Alexa-647. The fluorescence
signal from the receptor-bound yeast population was analysed by flow cytometry. Data

represents mean + s.e.m. of three independent experiments.
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Fig. S14. Position of mBBr on M2AChR and fluorescence spectra in the presence or absence
of the ligands, atropine or acetylcholine. (A) Structural comparison of the inactive (blue,
PDB ID: 3UON) and the active (orange: PDB ID: 4MQS) conformations of M2AChR.
Positions of Ser210°%2 and Thr386°3*, residues mutated to tryptophan and cystine,
respectively, are labeled and represented as spheres. (B) mBBr fluorescence spectra of
M2AChR in apo-state, bound with atropine, and acetylcholine. Data represents mean signals

with s.e.m. from at least three independent measurements.




©®
060 0009
LEOD) @ G,
9 M772 58 0@@0 g g (
0 © ® o M20255% B\ 6.5 g

o O\ @

00 (riLh o0 W Y c0%
T e wWm W fen W
Y o oy P R
&P Qmiza g 0\ el
ON (7 M143445REISS
00K : (NS0
X7 ) ®
08 0
O )

O Mutated methionine residues (M1T, M45L, M139L, M142L, M456T)
@ Retained methionine residues in M;AChRminiA5M

Fig. S15. A snake diagram of the M2AChR construct used for the NMR experiments where
the receptor was labeled with 3CHs-g-methionine. Five methionine residues were mutated to
either threonine or leucine. The remaining 5 methionine residues distribute to TM2, TM3,
TM4, TM5, and TM6, respectively.




Table S1. Crystallographic data collection and refinement statistics.

Beamline

Resolution range

Space group

Unit cell

Total reflections

Unique reflections

Multiplicity

Completeness (%0)

Mean I/sigma(l)

Wilson B-factor

R-merge

R-meas

R-pim

CC1/2

Mi:AChR-MT7

APS 23-1D-D (GM/CA)

38.05 - 2.55 (2.64 - 2.55)

Ccil21

122.15 150.43 76.93

90 98.77 90

149892 (15597)

44411 (4440)

3.5 (3.5)

99.26 (99.84)

12.35 (1.18)

83.26

0.040 (1.105)

0.046 (1.305)

0.026 (0.689)

0.999 (0.659)



cCc*

Reflections used in refinement

Reflections used for R-free

R-work

R-free

CC(work)

CC(free)

Number of non-hydrogen atoms

macromolecules

ligands

Solvent

Protein residues

RMS(bonds)

RMS(angles)

Ramachandran favored (%)

Ramachandran allowed (%)

1.000 (0.891)

44346 (4436)

1997 (200)

0.245 (0.476)

0.263 (0.468)

0.918 (0.746)

0.921 (0.727)

4213

4041

165

514

0.002

0.53

98.04

1.96



Ramachandran outliers (%) 0.00

Rotamer outliers (%) 0.00
Clashscore 7.34
Average B-factor 123.97
macromolecules 123.25
ligands 142.34
Solvent 103.33
Number of TLS groups 12

Statistics for the highest-resolution shell are shown in parentheses.

Table S2. Pharmacological parameters for GPCR antagonists and Tx24

GPCR Antagonist Agonist n= pICso
Mean + SEM
Vehicle 2 UM Tx24
M2 Atropine 10 uM ACh 8 6.91 +0.04 8.11 + 0.09 ok
M4 Atropine 10 uM ACh 3 7.35+0.05 7.37 £0.07 NS
M1 Atropine 10 uM ACh 3 7.73+0.01 7.79 £ 0.01 NS
M3 Atropine 10 uM ACh 3 7.49 £ 0.05 7.52£0.01 NS
M5 Atropine 10 uM ACh 3 7.63 £ 0.07 7.81 £ 0.07 NS
MOR Naloxone 1 uM DAMGO 3 6.25+0.15 6.20 £ 0.21 NS
B2AR Propranolol 1uM ISO 4 7.85 + 0.08 7.75 £ 0.02 NS

*** P <0.001; NS, not significantly different from non-Tx24 condition (vehicle) (Two-way

ANOVA with Sidak multiple comparison test).



Table S3. Pharmacological parameters for MoAChR antagonists and Tx24

Antagonist Tx24 n= pICso 1Cso ApICsg AlCsq Log a a
Mean + SEM Mean + SEM Mean + SEM
Atropine Vehicle 4 7.26 £0.13 55 nM 0 1
100 nM 4 7.43+£0.10 37 nM -0.17 £ 0.04 ki 0.67
0.75+0.04 ok 5.6
500 nM 4 7.94+0.11 11 nM -0.68 + 0.03 x5 0.21
2uM 4 8.55+0.13 2.8nM -1.29+0.02 el 0.051
NMS Vehicle 3 7.13 £ 0.02 74 nM 0 1
100 nM 3 7.41 +£0.02 39 nM -0.27 £ 0.01 e 0.53
0.89+0.04 ok 7.7
500 nM 3 8.05 + 0.05 8.9 nM -0.92 + 0.05 x5 0.12
2uM 3 8.51+0.12 3.1nM -1.38 +0.12 el 0.042
Tiotropium Vehicle 3 9.83+0.18 0.15 nM 0 1
100 nM 3 9.83+0.15 0.15 nM 0.00 £ 0.04 NS 1.01
0.03 £ 0.02 NS 11
500 nM 3 9.85+0.17 0.14 nM -0.01 + 0.05 NS 0.98
2uM 3 9.86 £ 0.15 0.14 nM -0.02 + 0.05 NS 0.95

** P <0.01; *** P < 0.001; NS, not significantly different from non-Tx24 condition (vehicle)

(Two-way ANOVA with Sidak multiple comparison test).
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