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Fast synaptic communication requires receptors that respond to the presence of neurotransmitter by opening an ion
channel across the post-synaptic membrane. The muscle-type nicotinic acetylcholine receptor from the electric fish,
Torpedo, is the prototypic ligand-gated ion channel, yet the structural changes underlying channel activation remain
undefined. Here we use cryo-EM to solve apo and agonist-bound structures of the Torpedo nicotinic receptor embedded in
a lipid nanodisc. Using both a direct biochemical assay to define the conformational landscape and molecular dynamics
simulations to assay flux through the pore, we correlate structures with functional states and elucidate the motions that lead
to pore activation of a heteromeric nicotinic receptor. We highlight an underappreciated role for the complementary
subunit in channel gating, establish the structural basis for the differential agonist affinities of 1/ versus [1 /(1 sites and
explain why nicotine is less potent at muscle nicotinic receptors compared to neuronal ones.
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Introduction

Nicotinic acetylcholine receptors (NnAChRs) mediate fast synaptic communication at neuronal synapses and neuromuscular
junctions, are implicated in a plethora of neurological disorders and play a central role in nicotine addiction. nAChRs have
been the subject of scrutiny since the early twentieth century discovery that muscle contains a receptive substance that binds
nicotine and elicits its postsynaptic response (Langley, 1905). The subsequent discovery that the electric organ from Torpedo is
an abundant source of this nicotine receptive substance led to the eventual identification of the muscle-type nAChR
(Changeux, 2012). The Torpedo NnACHR is the prototypic member of a superfamily of pentameric ligand-gated ion channels
(pLGICs) that includes both muscle and neuronal nAChRs, as well as serotonin (5-HT3), GABAa and glycine receptors.

A defining feature of all pLGICs is the temporal nature of the agonist-induced response, which is governed by fransitions
between conformational states. In the absence of agonist, the nAChR exists predominantly in a closed resting conformation
that does not conduct ions across the membrane. When presented with acetylcholine, the nAChR transitions from resting
through intermediate states to an open conformation that transiently conducts cations across the membrane (Jadey and
Auerbach, 2012; Lape et al., 2008; Mukhtasimova et al., 2009). Prolonged minute-long exposure to acetylcholine leads to the
formation of a desensitized conformation(s) that has a high affinity for acetylcholine but a closed pore.

Long before single-particle cryo-electron microscopy (cryo-EM) became the widely practised technique it is today, helical
image reconstructions from electron micrographs recorded from crystalline tubes, which self-assemble from native Torpedo
membranes, established the fundamental pLGIC architecture (Miyazawa et al., 2003; Unwin, 2005) and vyielded the first
images of the resting fo open transition (Unwin and Fujiyoshi, 2012). Since 2015, rapid advancements in cryo-EM have led to
an explosive growth of our knowledge of pLGIC structures revealing fine details regarding the binding of drugs (Masiulis et al.,
2019), etc., along with diverse snapshots into the conformational landscape (Kumar et al., 2020; Polovinkin et al., 2018; Rov3nik
et al., 2020). Neuronal (1412 and 1314 nAChRs have been imaged in agonist-bound states (Gharpure et al., 2019; Walsh et al.,
2018). In the past two years, three conformations of the 17 nAChR (Noviello et al., 2021) and an inhibited state of the Torpedo
NAChR (Rahman et al., 2020) have been reported. These new structures, however, have not delivered a unifying picture of
how agonist binding transitions a resting pLGIC through its infermediate conformations to open and ultimately desensitized
conformations. A factor that hinders our understanding is the difficulty of assigning a given structure to a physiological state.
For example, it remains unclear how a lower pore constriction observed in agonist-bound NAChR structures deemed
desensitized impairs the permeation of ions (Gielen and Corringer, 2018).

Here, we use the channel pore binding probe, ethidium bromide (EthBr), to directly assess the conformational state of
nanodisc-reconstituted Torpedo NAChRs and report cryo-EM structures of apo and both carbamylcholine (Carb)- and
nicotine-bound states. The three new structures define the structural basis for agonist binding to the two non-equivalent (-1
and (-1 sites, the differential affinities of muscle versus neuronal nAChRs for the addictive alkaloid, nicotine, and the nature of
lipid binding. The structures also elucidate the conformational transitions that lead to both increased agonist-affinity and
activation of the channel pore.

Results & Discussion
Apo, carbamylcholine and nicotine datasets: a main resting state and a desensitized-like conformation

The nAChR from Torpedo californica was affinity purified and reconstituted into both soybean asolectin liposomes and
MSP2N2 nanodiscs. To characterize the conformational landscape in both, we measured the binding of EthBr, a fluorescent
probe that has low and high aoffinities, respectively, for the resting (Ko > TmM) and open/desensitized states (Ko open not
defined; Ko desensitized = 0.3-0.85 uM), with EthBr fluorescence increasing ~15-fold upon pore binding (Herz et al., 1987; Sun et
al., 2017)). In both membranes, kinetic assays performed in the absence of agonist at 0.3 M EthBr (Fig. 1a) defect a
dibucaine-displaceable fluorescence due to EthBr binding to nAChRs that exist in a high-affinity conformation(s) (~40/~50% in
liposomes/nanodiscs). Subsequent addition of Carb leads to a further increase in fluorescence as the nAChR fransitions from
low to high affinity EthBr binding states (~60/~50% in liposomes/nanodiscs). These kinetic assays demonstrate that the nAChR in
both liposomes and nanodiscs exists in an equilibrium between low and high affinity EthBr-binding conformations. Previous
studies have shown that the high affinity conformation(s) observed in the absence of agonist has a slower on-rate for EthBr
binding than the open NAChR and is thus likely desensitized (daCosta and Baenziger, 2009; daCosta et al., 2013), consistent
with the natural equilibrium between resting and desensitized states observed in natfive Torpedo membranes (Boyd and
Cohen, 1980). More importantly, the EthBr binding experiments provide the first direct biochemical evidence that a pLGIC in a
lipid nanodisc retains the ability to undergo agonist-induced conformational transitions.

CryoEM data sets with no added ligand and with added Carb or nicotfine were recorded using the nAChR MSP2N2 nanodiscs
(Fig. SI1, SI2, SI3, SI4, Table SI1) in the presence of MSP-targeted megabodies that facilitate an isotropic distribution of particle
orientations (Uchanski et al., 2021). Intermediate 3D classification steps of our apo data set provided evidence for at least two
distinct conformations (Fig. Sl1), consistent with our biochemical assays that suggest a mixture of states. In the main
reconstruction, loop C is uncapped over an empty agonist binding site and the hydrophobic gate at the L9’ position is closed.
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In a second lower-resolution reconstruction accounting for ~30% of the parficles, the hydrophobic gate is open, bearing a
strong resemblance fo both the Carb- and nicotine-bound conformations (see below).

The main reconstruction from the apo dataset led to a structure at 2.9 A resolution referred to as NAChRerorresing (Fig. 1).
nAChRearofresting exhibits the typical pLGIC fold, with the five subunits arranged pseudo-symmetrically in an [1-01-[-0-[1 clockwise
fashion about a central ion pathway. Each subunit consists of a short N-terminal [-helix followed by ten [J-strands organized
info a [-sandwich, four transmembrane [-helices (M1-M4) and a long infracellular MA [-helix between M3 and M4 that
extends info the cytoplasm, although it is not completely defined (Fig. SI3: in both this and the agonist-bound reconstructions,
densities for the infracellular domain become faint towards the N-terminal end of M4 indicating flexibility or disorder). With its
empty neurofransmitter sites and a closed hydrophobic gate, nAChRerorresting can be confidently assigned to the resting
conformation. This apo structure is similar to the recently solved [I-bungarotoxin ([BTX)-bound Torpedo nAChR structure
(Rahman et al., 2020) (C1 RMSD = 1.4 A, Fig. SI5). Both structures permit modeling features that were not previously resolved in
Unwin's pioneering 4 A resolution nAChR structure (Miyazawa et al., 2003; Unwin, 2005), including bound carbohydrates and
lipids, register discrepancies in the fransmembrane domain, and C-terminal extensions beyond M4.

The Carb and nicotine data sets led to 3.1 A and 2.3 A resolution reconstructions (named nAChRea® and nAChRnicofine) both
with bound ligands readily discernible in each of the binding sites located in clefts at the -0 and -0 interfaces. In both
structures, the C (09- 010) and F (18-119) loops from the principal ' and complementary [/ subunits, respectively, close
around the bound agonist. The ion conducting pathways of NnAChRee® and nAChRnicotine: adopt an open conformation at the
level of the L9' activation gate, thus accounting for the high binding affinity for EthBr. The conformations at -1" are similar to
those observed in agonist-bound structures of neuronal NAChRs, conformations that are deemed desensitized (Gharpure et
al., 2019; Noviello et al., 2021; Walsh et al., 2018) yet permit ion passage in simulations (see below). Diffuse electron density is
also observed in the pore (see below).

Agonist binding to two non-equivalent sites

nAChRCca defines the modes of agonist binding to the non-equivalent sites located at the interfaces between the -1 and (-
[ subunits (Fig. 2). Although there is contfradictory evidence as to which of the two orthosteric sites exhibits higher affinity
binding (Andreeva et al., 2006; Nayak and Auerbach, 2013; Prince and Sine, 1996), the exiracellular domains of the -1 and
-1 subunits are virtually superimposable (all atoms RMSD of 0.96 A), with both agonist sites possessing similar geometries in
terms of the first shell of residues interacting with the bound Carb. Residues in the aromatic box, loop B 1'W149, loop C
0Y190/0Y198 and loop D OWS5/0WS7, wrap tightly around the Carb quaternary amine so that it forms an archetypical
cation-[J inferaction with CTW149 (Xiu et al., 2009; Zhong et al., 1998) and interacts with both the hydroxyl of Y93 and the
backbone carbonyl of TW149 (Fig. 2a). The carbamoyl moiety of Carb is sandwiched between loop C, 11C192, 1C193 and
Y198, loop B, (1T150, and loop E, CIL109/00L111 and [L119/0L121. The archetypical interaction between the agonist H-bond
acceptor, here the carbonyl of Carb, and a functional group on the receptor, here the backbone carbonyl of [IN107/IN109,
(Blum et al., 2010) could be mediated through a water molecule, as is the case for nicotine binding fo both neuronal
(Gharpure et al., 2020) and muscle nAChRs, as well as palonosetron binding to the 5-HT3 receptor (Zarkadas et al., 2020). The
carbamoyl nitrogen of Carb forms a H-bond with the hydroxyl of [1Y198.

Beyond the first shell of interacting residues, an ensemble of side chain differences distinguish -1 from -0, Four sets of
residues on the complementary face, [1K34/01S36, IES7/10D59, IH172/01178, and 0Y117/0T119, that are primary determinants
of the slower agonist dissociation from one of two orthosteric sites (Prince and Sine, 1996; Sine et al., 1990; Zhang et al., 1995)
form a line spanning four strands on the complementary side at the top of the binding pocket (Fig. 2c). A network of
inferactions (H-bonds, salt bridges, etc.) links these residues to each other and to adjacent charged residues, notably
[ET163/01165 and 11D174/11180. While the degree of “capping” at both orthosteric sites is virtually idenfical (Fig. 2a), the four
bulkier side chains at the [-0 site extend towards loop C possibly stabilizing the capped conformation, while weaker
intferactions at the [J-[1 site may render the loop more prone to uncap.

The side chain differences between the sites extend down towards [1K145, a residue conserved in most [ subunits that forms a
complex network of intra- and inter-subunit interactions in the agonist-bound conformation (Fig. 2d). K145 lies at a distance
compatible with both a salt bridge and a cation-T1 interaction with D200 and Y93, respectively, contacts the aromatic
cage front wall Y190, and forms a backbone hydrogen bond with [IN94. (K145 also extends towards loop F forming a salt
bridge at the 0-11 interface with 1D177 (2.3 A) that is absent at the -1 interface (the D177 equivalent is [1A183). Loop F
D174 and [JH172 are also positioned at the -1 inferface to hydrogen bond with the side chain hydroxyl and backbone NH
of OT191 and thus stabilize the capped loop C conformation, while these interactions at the [-[1 interface are mediated solely
by D180 (TH172 is replaced by [11178). These latter differences may contribute towards a preferentially closed loop C at the
[-00 versus the -1 site. Mutations of [1K145, [1D200 or [1D174/6D180 influence agonist binding affinity and impair the efficacy
of agonist induced gating, primarily by slowing channel opening (Akk et al., 1996; Blum et al., 2011; Mosesso and Dougherty,
2018; Mukhtasimova et al., 2005).

Alfogether we pinpoint an ensemble of interactions that are present at 0-0, yet absent at 0-01. The absence of these
interactions at -0 could lead to faster agonist dissociation due to increased fluctuations between the capped and
uncapped conformations of loop C. Note that non-equivalent orthosteric sites have previously been described for neuronal
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NAChRs. The lower affinity of agonists for the 113114 compared to the 14112 nAChR was aftributed fo a less compact binding
pocket (Gharpure et al., 2019), while a friplet of side chain differences on the complementary face explains the lower agonist
sensitfivity at the [4-14 inferface compared fo the 04-02 interface(Walsh et al., 2018).

Binding of nicotine to muscle versus neuronal nAChRs

Nicotine is a more potent activator of the neuronal 14002 nAChR than of the muscle (such as Torpedo) 010100 nAChR (Fig.
1b). with lower binding affinity protecting muscles from uncontrollable and possibly fatal contractions in response fo inhaled
nicotine (Grutter et al., 2003; Xiu et al., 2009)). The lower affinity of the muscle nAChR for nicofine occurs despite the
conservation of key agonist site residues. A comparison of nAChRnicetine 1o the nicotine bound 14112 nAChR structure (Fig. 3)
shows that while the important residues in the aromatic box adopt similar geometries, Y198 ([14Y204) in nAChRnicofine twists
and translates slightly away from the bound nicotine (~1-1.5 A difference) and there are subtle differences in the positions of
0Y190 (04Y197) and OWSS/CIWS7 (12WS57). As a consequence, nicotine binds farther from the indole ring of loop B IW149 in
NAChRnicotine than from the equivalent indole ring in the 11402 NACHR (4.7 A and 4.2 A, respectively). The pyrrolidine ring N+-H is
also farther from the backbone carbonyl of the loop B tryptophan in NAChRnicofine (3.6 A) than in the 114012 nAChR (3.4 A), and
the geometry of the putative hydrogen bond between the two is less optimal. Both observations are consistent with functional
studies suggesting enhanced interactions between nicotine and the loop B tryptophan in the 11402 nAChR (Xiu et al., 2009).

All our structures feature a hydrogen bond between the backbones of G153 and Y198, a hydrogen bond that was
previously hypothesized to be present solely in neuronal nAChRs and to be causal to the enhanced affinity for nicotine
(Grutter et al., 2003; Xiu et al., 2009). The lower affinity of muscle nAChRs for nicotine could instead arise from the unique
sequence and conformation of loop C. Two prolines, [IP194 and [P197, impose a convoluted path so that the vicinal
cysteines [1C192-11C193 are positioned closer to the nicotine pyrrolidine ring, instead of extending further to the
complementary subunit, as is the case in the 1402 nAChR (Fig. 3c). The altered position of [IC193 sterically forces 1Y198 to
franslate and twist away from the bound nicotine, increasing the volume of the binding pocket and loosening the ligand
packing in the aromatic box. Of note, substitution of the analogous [17P197 with isoleucine in the low-affinity 17 nAChR
enhances nicotine binding affinity (Grutter et al., 2003). Furthermore, three residues in loop C of the muscle nAChR (TV188,
0Y189, 0T191) are replaced by charged residues in the neuronal nAChR ([04R195, [14K196, [14E198), yielding significant
differences in the electrostatic environment of the site and permitting an additional intersubunit salt bridge (04R195-002D171)
that stabilizes the closed C loop conformation. The replacement of loop C residues in the Torpedo nAChR with their aligned
counterparts in the 114002 nAChR, however, led fo only subftle shifts in potency (both increases and decreases), suggesting that
the underlying determinants are more complex (Table SI2).

nAChR-lipid interface

The Torpedo nACHR is sensitive to the lipidic composition of the membrane in which it is inserted and requires cholesterol
and/or negatively charged lipids to gate (daCosta and Baenziger, 2009). We observed electron density at the periphery of
the TMD that could correspond to bound lipids. Nine/six/eleven regions of density were modeled as 1-palmitoyl-2-oleoyl
phosphatidylcholine (POPC) in nAChRapofresting/n AChRCarb /nAChRnicofine  (increasing numbers of lipids are modeled in
reconstructions with increasing resolution). The bound lipids are typically found at one of two types of sites: an inner leaflet site
(Fig. 4) framed mostly by M3 from the principal subunit and M1 and M4 from the complementary subunit; and an outer leaflet
site typically bordered by M4, M3 and the M2-M3 loop from one subunit and M1 from the adjacent subunit. Even though the
lipids bound to each of these two types of sites adopt similar binding poses, there are variations in the positions of the choline
headgroup that likely arise due to the absence of specific coordinating interactions. The lack of coordinating residues
suggests that the binding sites may accommodate different lipid head groups, a structural observation consistent with the low
specificity of the Torpedo NAChR for neutral and anionic lipids (daCosta et al., 2009; Thompson and Baenziger, 2020).

One lipid is observed at each of the 5 inner leaflet sites in NnAChRnicotine (4 and 3 are defined in the lower resolution
NAChRuaoofresting and nAChRCa®, respectively). In each case, the lipid phosphate is loosely bound between two positively
charged residues (e.g. [IR301 and [1K449 at the [-0 site; Fig 4a), with the principal site cationic side chain (e.g. [1R301) held in
place by a stacking interaction with both an M4 tfryptophan (e.g. TW399) and an M3—MX linker histidine (e.g. [TH306)

An aromatic side chain (e.g. [1F242) also forms a stacking interaction with one acyl chain. These 5 residues, widely conserved
among nAChR subunits and those from other species, constitute a signature motif that could shape a general phospholipid
binding site that has a higher affinity for anionic lipids. Interestingly, the MD simulations (see below) show that a lipid, either
POPC or POPA, binds quickly to each of the 5 inner leaflet sites and remains bound throughout the simulations. The inner
leaflet site is connected directly to the intfracellular mouth of the pore by a salt bridge between M4 (e.g. [1D407) and the back
of M2 (e.g. [1K242), which exists in the vast majority of pLGICs of known structure. Disruption of the salt bridge, in the 0 and [
subunits, was recently shown to alter channel gating (Strikwerda and Sine, 2021). Steroids have been observed bound fo this
site in the anionic 1 and 115 GABAAR (Laverty et al., 2017; Miller et al., 2017), and lipid binding fo this site in ELIC slows the rates
of desensitization (Hénault et al., 2019).

Altogether, this site emerges as a potential hotspot for lipid modulation for the entire pLGIC superfamily. Exploring ifs properties
will require comprehensive functional studies. Here, the semi-conserved residues within or next fo this pocket were individually
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mutated to Ala and the effects of these mutations assessed using two-electrode voltage-clamp electrophysiology (Table SI3).
Four of the seven mutants ((1Y234A, TIR301A, TTH306A, and [TH408A) expressed robustly and influenced the EC50 for ACh by
<2-fold relative to WT, despite directly interacting with intracellular leaflet lipids. On the other hand, oocytes injected with the
remaining three mutants, 1K242A, TW399A, and [1D407A did not produce ACh-induced current. At the conserved M2-M4 salt
bridge formed between K242 and [1W399, non-conservative mutations were previously shown to abolish function in several
PLGICs (Cymes and Grosman, 2011; Mesoy et al., 2019). Put together, this Ala-scan of one lipid site merely indicates: i. that the
disruption of one side chain in one lipid inferaction site is not enough to abolish function, and ii. that future studies are needed
fo understand how the lipid site communicates with close-by positions intolerant to mutations.

Although there is no conserved motif that inferacts with the lipids in the outer leaflet, both a positively charged residue on M3
(e.g. K276) and the M2-M3 loop from the ECD form a shallow cavity for the headgroup (Fig. SI7). A set of hydrophobic side
chains also forms van der Waals interactions with the acyl chains (mostly on the side of M4). Significantly, M4 from [, and to
a lesser extent from 0, filt away from the rest of the TMD upon agonist binding, with the outward filt leading to a repositioning
of the adjacent outer leaflet lipids. In (1, the lipid entfers the void between the end of M4 and the rest of the TMD where it
contacts the strictly conserved Cys-loop FPF motif, while in 01, the glycerol backbone of the lipid wedging between the side
chains projecting out from M3 and M4. The dynamic nature of M4 is further supported by the observation of ill-defined ‘ghost’
densities in NAChRnicotire, likely due to a small fraction of particles with “attached” [IM4s. Dynamic movements of M4 may
underlie both the uncoupling of binding and gating that occurs with the Torpedo nAChR in membranes lacking
cholesterol/anionic lipids and the lipid-dependent effects on the rates of desensitization in ELIC (daCosta and Baenziger, 2009;
daCosta et al., 2013; Hénault et al., 2019).

The peripheral M4 [-helix in the TMD of each subunit contributes a large fraction of the lipid-exposed surface. The C-terminus
of each M4 (post-M4) extends towards the apex of the receptor with increasing lengths in the 1, [, [ and [ subunits. In [, O
and [, post-M4 interacts extensively with the ECD, including with the carbohydrate chains covalently linked to [IN142, [IN141
and [IN143, respectively. Although it has been hypothesized that post-M4 - ECD interactions impact channel function to
facilitate lipid sensing, we show here that C-terminal deletions have little effect on the agonist-induced response (Fig. Sl6). On
the other hand, M4 is obligatory for the functional expression of most pLGICs (Haeger et al., 2010; Thompson et al., 2020), with
the notable exception of the prokaryotic homolog, ELIC (Hénault et al., 2019).

Conformational changes in the pore: an upper activation gate and a lower constriction

The pore of every pLGIC is encircled by the M2 [I-helices from each subunit, with side chains extending info the pore lumen
(Wilson and Karlin, 2001; Wiltfong and Jansen, 2009). Functional studies along with the available structural data locate the
activation gate in the upper region of the pore where hydrophobic side chains in four concentric rings at the 9’, 13’, 16’ and
17" positions project into the pore (Fig. 5). In the apo conformation, the activation gate is constricted (2-3 A radius) leading to
a >10 A long narrow hydrophobic microenvironment. Molecular dynamics simulations feature dewetting of this hydrophobic
microenvironment (data not shown), impeding ion conduction, in agreement with simulations carried out on many closed-
pore pLGICs (Aryal et al., 2015; Kumar et al., 2020; Polovinkin et al., 2018).

In the nAChReab and nAChRricetine, the M2 [1-helices tilt and twist away from the pore so that side chains, originally protruding
into the lumen, project towards the adjacent M2 I-helices. A striking example is [1F16’ ([1F267), which tip moves ~7 A away
from the pore axis. The movements of the M2 [1-helices are asymmetrical, with 11 subunits moving more (average of 2.35 A at
the level of 9' Ca) than 11, 11 (1.9 A) and 11 (1.7 A). These motions lead to a significant increase in pore radius, enough to permit
wetting of the pore and access of ions in simulations restrained to the experimental conformations. Different pLGIC structures
with open activation gates display a range of pore diameters reflecting a diversity of hydrophobic side chains that project
info the pore lumen and different amplitudes of M2 outward motions. Notwithstanding this variability, wetting/dewetting is a
conserved feature of pore activation gates (Rao et al., 2021).

The lower region of the pore features a constriction at the level of residues -1' and 0' (~2 A in radius), reminiscent of the
constrictions found in agonist-bound structures of neuronal NAChRs (Fig. SI8). Although it is tempting to define this constriction
fo a closed desensitization gate, cryo-EM density maps are not unambiguous in the positional assignment of anionic side
chains. In NAChReab/nAChRnicotine, these acidic side chains are best modeled in conformations pointing away from the pore.
Switching rotamers would significantly change the diameter of the constriction. Given the ambiguity in the positions of these
side chains, we are cautious about inferpreting the conformation of the agonist-bound nAChR structures.

To better assess the conformation of the pore, we performed a series of 500 ns long simulations of the agonist-bound state of
the nAChR embedded in a fully hydrated lipid bilayer. When the structure is restrained to the conformation observed
experimentally, we systematically observe the full hydration of the pore, confirming that the hydrophobic gate (L9’) is open
(Fig. 5f,g). There is also a continuous hydration of the lower pore and the stochastic presence of cations. Such a wetting is also
apparent in reported simulations of the agonist-bound 13714 nAChR structure deemed desensitized (Gharpure et al., 2019).
The -1" acidic residues flip in and out of the pore, albeit spending a larger fraction of time in the outward configuration. In
contrast, when the restraints are removed, the pore shrinks and reaches a conformation where the upper hydrophobic gate is
dewetted, typically within ten nanoseconds. Yet the lower region of the pore remains open (Fig. 5f,g). A similar pore closure
has been observed in MD simulations of the agonist-bound 7402 nAChR (Qliveira et al., 2019).
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Missing elements can cause simulated systems to drift away from an experimental structure. In the nAChRCe® and nAChRnicofine
maps, diffuse electron density is present in the pore between 6’ and 20'. We modeled three POPC molecules, one head-down
and two head-up, to account for those densifies. In simulations with lipids in the pore, the pore remains fully stable in a
conformation akin fo nAChReab/nAChRnicotine, but with the upper activation gate essentially filled with the hydrophobic tails of
the bound POPC (Fig. 5g, SI9). The dynamics of the bound lipids are in qualitative agreement with the experimentally
observed diffuse electron densities (Fig. 5d.e). The binding of lipids fo the pore is not surprising given that the alternating
apolar/polar chemical nature of the pore is a good environment for amphipathic molecules. Some nanodiscs may be
destroyed during the concentration step just prior fo sample deposition on the cryoEM grids thus releasing lipid that then binds
fo the pore (indirect evidence for this is the occasional presence of liposomes in the cryoEM images). Six detergent molecules
in the pore are observed in crystal structures of the nAChR homolog, GLIC (Bocquet et al., 2009). Inspection of the agonist-
bound 14012 and 1314 neuronal nAChR reconstructions also reveals the presence of diffuse densities within the pore (Fig.
SI10). In fact, lipids are observed bound to the pores of several ion channels, such as the bacterial mechanosensitive channel,
MscS (Reddy et al., 2019).

One possible interpretation of our structures, buttressed by the MD simulations, is that the transient formation of the open state
allows lipids to lodge in the pore to block closing of the desensitization gate ultimately leading to the formation of a transient
state along the reaction coordinate between the open and desensitized conformations. Alternatively, the lipid bound to the
pore may stabilize an agonist-induced pre-open state where the ECD and upper activation gate are open, but the lower
desensitization gate has not fully opened. Further experimental work is required to identify the gate that blocks ion flux in the
desensitized state and thus fo fully define desensitization of the muscle NAChR

Conformational changes associated with agonist binding

The conformational changes that define pLGIC function are often viewed through one of two lenses: either globally with an
emphasis on quaternary re-arrangements or sequentially starting from the binding site and then moving progressively down to
the pore. These two lenses approximate allosteric versus induced fit models of the conformational fransitions. We first focus on
the latter lens, starting with the two orthosteric sites, the ECD/TMD interface and the pore. We then describe the global
quaternary re-arrangements in the context of the activation mechanisms of other pLGICs.

Increased agonist affinity drives conformational transitions from the resting state to the open and desensitized states. The Kd
values for Carb (ACh) evolve from 30 uM (800 nM) to 25 nM (2 nM) in the fransition from the resting to the desensitized state
(Boyd and Cohen, 1980). The closing of loop C around the bound agonist is a major driver of this increased agonist affinity (Fig.
5e, Movie Sl1). The C, carbons of the vicinal cysteines at the apex of loop C, 1C192 and 11C193, translate ~7-9 A towards the
bound Carb, which reduces the volume of the agonist pocket. The movement of loop C, along with subtle movements of
loops A, E, D and B (in order of decreasing amplitude), re-position the aromatic box residues, IW149, 11Y190, (Y198 and
OWS5/00WS7 tightly around the quaternary amine of Carb likely leading to the enhanced aoffinity. The closing of loop F from
the [00/01 subunits to interact with loop C from the [ subunit also contributes to the stability of the high affinity state by locking
the capped loop C conformation.

The movement of loops C and F at both orthosteric sites occurs concomitantly with that of the a and y/é subunits towards
each other (Fig. 6a-c, Movie SI1) causing a ~5-10% increase in the buried surface area at the a-y and a-6 interfaces alongside
a decrease in the buried surface areas at non-agonist binding interfaces. More specifically, closure of loop C (the g9-10
loop) occurs with a downward rocking and twisting motion of the adjacent regions of the 9 and B10 strands towards the
bound agonist and complementary y/§ subunit, while the distal membrane-juxtaposed regions of the g9 and 10 strands pivot
in the opposite direction up and towards the adjacent B/y subunits (Fig. éf red arrows) The motions of f9/810 extend to the
adjacent B-sheets through a network of non-covalent interactions resulting essentially in a rigid-body movement of the ECD.
The relative motion of the the a and y/§ subunits also drives f1-82 loop, Cys-loop and 10-M1 linker of the a,/as subunits closer
to the adjacent B/y subunits, which ultimately causes the N terminus of aM1 to tilt towards B/y.

Loop F on the complementary face, rocks up and in fowards the bound agonist while the distal membrane juxtaposed region
of loop F (i.e. the p8-B9 loop) pivots outward from the pore, a motion that extends to the remainder of both the y and §
subunits (Fig. 6f blue arrows). The concerted motions of the g8-9 loop and B10-M1 linker create a 2-3 A widening below the
neurotransmitter site between the a and y/é subunits. Significantly, the g8-89 loop and B10-M1 linker on y/§ engage tightly with
the adjacent aM2-aM3 linker. The outward rocking motions of the g8-89 loop and 10-M1 couple directly with movements of
the aM2-aM3 linker so that aM2 and aM3 twist out and away from the pore (Fig. 6f violet arrow and Movie SI3). A role for the
B8-B9 loop in agonist-induced conformational transition is supported by functional studies (Gleitsman et al., 2008; Shen et al.,
2018; Sine et al., 2002) although a central role in gating has not been fully appreciated. Interestingly, a rate-equilibrium free
energy relationship analysis suggests that the motions of the 8-8% loop occur earlier in the gating process than the motions of
other structures at the ECD-TMD interface (Jha et al., 2012). The movements of the p8-89 loop and B10-M1 linker may be
required to facilitate the filting of M1 leading to a fully activated state.

Muted movements of loop C and F at the non-agonist binding interfaces attenuate the tertiary deformations in the ECD of

each non-a subunit. Although the B8-89 loop and B10-M1 linker on the complementary side of each non-agonist-binding
interface still engage tightly with the adjacent M2-M3 linker on the principal side, the positions of these motifs remain relatively
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unchanged upon agonist binding. As a result, the asymmetric motions at both binding and non-binding interfaces couple
tfogether so that the cores of a,-8-6 and as-y move essentially as rigid bodies in opposite directions (Fig. 6d, Movie SI2). The net
effect of these rigid body motions is that there is less of a twisting moftion in the ECDs of the 8, y and § subunits. Instead, y/é,
and fo a lesser extent B, simply follow the movements of loop F, with their membrane juxtaposed regions rocking outwards
from the pore translating info similar rigid body-like outward rocking/tilting motions of the four TMD a-helices in the B, y and &
subunits.

Comparative Gating Mechanism
The presented structures define an allosteric mechanism whereby structural rearrangements around the two neurotransmitter

sites couple with opening of the activation gate. Rocking motions of the ECDs of the principal [1-/1: and complementary /1]
subunits towards each other are associated with both a tightening of the agonist sites and scissor-like motions of the (1 subunit

interfacial elements - the 1-02 loop, Cys-loop and [J10-M1 linker move in one direction while M2 and M3 move in the
opposite direction in concert with [18-119 loop and [110-M1 linker from the complementary subunit (Fig. éf, Movie SI3.S14).
Smaller rearrangements at non-agonist binding interfaces cause [1o-[-11 and [1:-[1 to move essentially as two separate blocks

(Fig. 6d, Movie SI2). Collectively, these tertiary and quaternary deformations lead to an outward flexing at each ECD/TMD
interface that couples with an outward ftilting and twisting of each pore lining M2 [1-helix to permit cation flux.

The activation mechanism of the muscle-type nAChR overlaps with that seen recently in the human [17 nAChR (Movie SI5a). In
both cases, agonist binding correlates with motions of principal and complementary faces around the orthosteric sites,
although in the 17 nAChR the closure of loop F is absent. In fact, the closing of the principal and complementary faces
around the orthosteric sites are conserved in the entire pLGIC family, with similar motions occurring in the homomeric mouse
serotonin 5-HTs receptor, the heteromeric human [1103002L GABAA receptor and the zebrafish (11 glycine receptor (Movie
SI5a). Larger rocking motions at the apex of the principal subunit ECD, however, are observed in both anionic receptors.

In the TMDs, the outward blooming motions observed in our apo (closed) to agonist-bound transition mimic those observed in
the toxin-bound (closed) to epibatidine-bound (deemed desensitized) 117 nAChR transition, albeit motions in the Torpedo
NAChR are less symmetrical (Movie Slé). On the other hand, our agonist bound structures lack the strong filt of the
fransmembrane [1-helices and wider pore opening seen in the agonist-bound 17 nAChR structure solved in the presence of
epibatidine and the positive allosteric modulator, PNU-1205%96. The activation mechanism observed here differs from the
gating mechanism from pioneering time-resolved cryoEM imaging (Unwin, 2013; Unwin and Fujiyoshi, 2012), where the [J
subunit motion was fransmitted to the [ subunit, with the ECD and TMD of [1 both tilting outward from the pore while flexing at
the ECD/TMD interface. The discrepancy may be due to a possible error in register in the lower resolution structure leading to
an incorrect assignment of (1 to [1 (Rahman et al., 2020).

Finally, a parallel can be drawn between the muscle-type nAChR and the [110302L GABAAa receptor, which both feature two
agonist binding sites. Upon agonist binding, the subunits in both move as 'blocks', which are delineated by the two agonist-
binding interfaces (Movie SI7).

Conclusions

The apo and agonist bound structures reported here reveal the mechanism that underlies activation of the channel pore of a
heteromeric muscle-type nAChR and highlight a previously unappreciated involvement of the complementary subunit in the
gating process. The structures provide a precise, multi-state, structural template for interpreting the vast catalogue of
structure-function relationships derived from decades of biochemical and mutagenesis studies on the Torpedo nAChR. They
also elucidate the structural basis for both agonist binding affinity and lipid binding to this lipid-dependent pLGIC. Our work
contributes to a central debate in pLGIC structural biology, how to correlate solved structures with physiological states, by
applying a biochemical assay to define the conformational landscape of our cryo-EM samples and by showing that our
nanodisc reconstituted NAChHR retains the ability to undergo agonist-induced conformational transitions. We provide several
lines of evidence that question the direct correlation of agonist-bound structures to the electrophysiologically defined
desensitized state. This uncertainty may extend to other agonist-bound nAChR structures. Further studies are required to define
the mechanism by which ion flux is blocked in the desensitized state.
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Figure Legends

Figure 1. Structures of the Torpedo nAChR. a. Fluorescence (AU: arbitrary units) of EthBr alone in solution (grey) or in the presence of NAChR
reconstituted in liposomes or in nanodiscs (black). Arrows indicate the addition of Carb (black), triggering the agonist-induced conformational
change, and dibucaine (grey) displacing EthBr from its nAChR pore binding site. b. The curves represent a fit using the Hill equation to the
normalized current responses of the Torpedo NnACHR in the presence of increasing concentrations of acetylcholine (black), Carb (blue) and
nicotine (red). Circles represent averaged data with standard deviations (n =8, 10 and 9, respectively). The inset shows a prolonged 10 minute
whole cell response to 100 [IM acetylcholine (ACh). c. Top and side views of the main apo NAChR cryo-EM reconstruction (nAChRaro/resting)
colored by subunit, with the nanodisc density represented as a transparent white surface (left). Cartoon representation with glycans as sticks
(right). d-e. Side and top views of the cryo-EM reconstructions for NnAChRCe® and nAChRnicetine The agonist formula and electron density around
one agonist are shown. This subunit color code is maintained throughout the report with the apo- and agonist-bound structures in vivid and
pastel colors, respectively.

Figure 2. The non-equivalent (-1 and -7 sites. a. Top and side views of the (-1 and (-0 sites with bound Carb. Residues close to the
bound agonist (ball-and-sticks) are represented as sticks. b. Top view of a slab of the nAChRCe® reconstruction. The Carb molecule is colored in
red, at the (/00 and [/ sites (noted as plain or dashed rectangles). c. Top views of the [1/00 and /0] sites highlighting the complementary

subunit residues that differ in [0 verus [0 d. Views of the /00 and [I/C sites showing the interactions between loops C and F, together with
interactions at the principal subunit residue K145.

Figure 3. Nicotine binding to the muscle-type nAChRricotine versus the neuronal 1412 nAChR. a. and b. Top down and side views,
respectively, of the binding site of nAChRnicofine (-1, grey or color coded loop B: green; loop C: yellow; loop D: violet; loop E: pale purple).
Nicotine and side chains within 5 A of the bound nicotine are shown as cyan ball-and-sticks and sticks, respectively. Nicotine and analogous
side chains in the 14002 nAChR are overlaid as pink sticks. In B, loop C is removed for clarity. The principal [ subunits were used for
superimposition. €. Overlay of the binding loops of NAChRnicetine and the nicotine-bound 14112 nAChR (same color code) with an emphasis on
the G153/K160 position (red sphere for nAChRnicotine, pink sticks for the (14012 nAChR). The distances between equivalent Clis are indicated for 3
loop C residues.

Figure 4. Lipid sites. a,d. Overview of the lipids bound to nAChRnicotine The TMD s represented as a cartoon (same orientation and colors as in
Fig. 1) while the lipids appear as pink (outer leaflet) or white (inner leaflet) sticks. b,e. Close-up views of the inner leaflet lipid bound at the [1/0)
inferface. The lipid is depicted as white sticks, the conserved residues that build its site are shown as stficks (red: negatively charged, blue:
positively charged, purple: aromatic). €. Sequence alignment of the conserved residues building the inner leaflet lipid site.

Figure 5. Conformations and wetting of the pore. a. Side views of the M2 helices of nAChRere (the two foreground helices are removed)
with pore facing residues as spheres (yellow hydrophobic, green polar, blue negatively charged). The pathway accessible to ions and water
molecules (calculated by CHAP) is indicated by a black outline. b. Overlay of the accessible pathways in nAChRer° (blue) and nAChRcorb
(green). Approximate diameters at constrictions are noted. c. Side views of the M2 helices of nAChR<o®, with orthogonal views of two slabs at
the level of the activation gate and of the lower pore constriction. d. Side view of the nAChRee® map (the density around the two foreground
subunits is removed) with the diffuse density inside the pore in grey e. Snapshot of the M2 helices, taken during a MD simulation run of nAChRea®
featuring 3 POPC molecules in the pore. The average density for the POPC molecules is shown. f. Side view of the M2 helices, taken during a MD
simulation run of NnAChR<e®, at 50 ns where restraints to the experimental structures are still applied (left) and at 600 ns after relaxation (right).
Water molecules are depicted as spheres. g. Water, sodium ions and POPC density profiles along the channel axis, during an MD simulation run
of NAChRee™® by itself (top, the dashed line indicates the release of restraints on the pore) and when 3 POPC molecules are added in the pore
(bottom). The y axis is indicated on panel a. Asterisks indicate the positions of the snapshots of panel f.

Figure 6. ECD transition, gating mechanism. a and c. Overlay of the 71 principal subunits, from two opposite points of views, in the resting
(grey) and nicotine-bound conformations. Both overlays are after superimposition of the complementary I subunits. b. Cartoon representation
of the [1/01 ECDs, color-coded and radius-coded by RMSD between nAChRapo/resting gnd nAChRnicofine. d. Top view of the ECD pentamers as
carfoons, showing how ECDs moves as two [1--[-[1 and .- blocks separated by binding interfaces. The arrow indicates the subunit used for
superimposition. e. Close-up view of the orthosteric binding site, highlighting the large motions of loops C and F. Those loops of nAChRapo/resting
are depicted as cartoon (color-coded and radius-coded by RMSD) and overlaid with both /07 and /0 from nAChRnicofine depicted as cartoon
and sticks. f. Schematic of the fransition, showing the principal motions coupled with agonist binding.
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STAR Methods

Resource availability

Lead Contact

Further information and requests for resources and reagents should be directed to and will befulfiled by the lead contact,
John Baenziger (john.baenziger@uottawa.ca).

Materials Availability

This study did not generate any new unique reagents.

Data and code availability

. The cryo-EM electron density maps and atomic model coordinates have been deposited in the EMDB and RCSB,
respectively, under the following accession codes (Table SI1): EMD-14048 / PDB ID 7QKO for the apo-resting
conformation, EMD-14064 / PDB ID 7QLS for the nicotine-bound conformation and EMD-14065 / PDB ID 7QL6 for the
carbamylcholine-bound conformation.

. No original code was generated in this study.

. Any additional information required to reanalyze the data reported in this paper is available from the Lead Contact
upon request.

Experimental Model and Subject Details

. The nAChR was purified from the electroplax tissue (Aquatic Research Consultants, CA) obtained from wild Pacific
electric ray Tetronarce californica (NCBI: txid7787).

Methods Details
Protein purification and reconstitution in lipid discs

The nAChR was purified on a bromoacetylcholine bromide (BAC)-derivatized Affi-Gel 102 column (Bio-Rad) as previously
described (daCosta and Baenziger. JBC 2009), albeit with several modifications. Crude membranes were solubilized 1.5 hours
in 1% of sodium cholate Tris Dialysis buffer (TDB: 100 mM NaCl, 10 mM Tris base, 1 mM EDTA, 0.02% NaNs, pH 7.8) and
homemade protease inhibitors cocktail. After ultracentrifugation (140'000 g for 30 minutes) to remove insoluble material, the
supernatant was applied by gravity to the BAC affinity column and washed with seven column volumes of TDB supplemented
with 1% sodium cholate and 1.05 mM soybean asolectin lipids (Sigma). The bound protein was eluted in 60 mL of the same
buffer with, instead, 250 mM NaCl and supplemented with 25 mM Carb (Sigma).

For reconstitution into asolectin liposomes, the eluate was transferred to dialysis bags (10 kDa cut-off) and dialyzed five times
against 2 liters of TDB, with buffer change every 12 h. The reconstituted membranes were centrifuged at 120’000 g for 2 h and
resuspended in TDB. Protein concentration was determined by BCA assay (Pierce). For reconstitution into lipidic nanodiscs, the
affinity purified nAChR was concentrated using a centrifugal filter device with a 100 kDa cut-off (Amicon) to 4 mg/mL and
further purified by size-exclusion chromatography on a Superoseé Increase column (GE healthcare) equilibrated with TDB
supplemented with 1% sodium cholate and 1.05 mM soybean asolectin lipids. The nAChR elutes in two peaks corresponding to
monomeric pentamers and dimeric pentamers linked by a disulfide bond between Cys residues at the C-termini of the delta
subunit. Incubation with 15 mM DTT for 1h prior to size-exclusion chromatography leads to predominantly the monomeric form
(Fig. SI1). The isolated nAChR was concentrated to 2 mg/mL, incubated for 30 minutes with MSP2N2 (Addgene plasmid #
29520 (Grinkova et al., 2010)) at a 1:5 mol:mol ratio of NAChR to MSP2N2, and then mixed with Bio-Beads (BioRad) added to a
final concentration of 400 mg/mL. The following day, the Bio-Beads were settled down by centrifugation (250 g, 5 min) and
the supernatant was subjected to size-exclusion chromatography in a Superoseé increase column equilibrated in TBS buffer
(25 mM Tris-HCI, 125 mM NaCl, pH 7.5). The fractions containing the monomeric form of the nAChR in reconstituted asolectin-
MSP2N2 lipidic nanodiscs (Fig. SI1) were pooled, concentrated to 0.65 mg/mL, aliquoted, snap frozen in liquid nitrogen and
stored at -80°C.

Two electrode voltage clamp electrophysiology
Mutants were created from WT Torpedo (11, [11, (1 and [1 nAChR sequences in the pcDNA3 vector using QuikChangeTM site-

directed mutagenesis kits (Agilent) and verified by sequencing. The resulting vectors were linearized and capped cRNA
produced by in vifro transcription using the mMMESSAGE mMACHINE® T7 kit (Ambion). Stage V-VI oocytes from Xenopus laevis
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were injected with 5 ng of WT or mutated al subunit cRNA along with 2.5 ng each of B1, 6, and y subunit cRNA and allowed
fo incubate for 2 to 4 days at 16 °C in ND?96+ buffer (5 mM HEPES, 96mM NaCl, 2 mM KCI, 1 mM MgCI2, 1 mM CaCl2, 2 mM
pyruvate). Whole-cell currents were measured in response to agonist concentration jumps (flow rate of 5-10 mL/min.) using a
two- electrode voltage clamp apparatus (OC-725C oocyte clamp; Holliston, MA) in the presence of 1 mM atropine to prevent
the activation of endogenous calcium-activated chloride channels via muscarinic acetylcholine receptors. Whole-cell
currents were recorded in HEPES buffer (96 mM NaCl, 2 mM KCI, 1.8 mM BaCl2,1 mM MgCI2, and 10 mM HEPES, pH 7.3), with
the fransmembrane voltage clamped at -60 mV. When assessing the potency of nicotinic agonists, a transmembrane
potential of +60 mV was applied to minimize the effects of channel block at high agonist concentrations. Dose responses
were acquired from at least two different batches of oocytes. Each individual dose response was fitted with a variable-slope
sigmoidal dose-response curve. Plofs were created using GraphPad Prism, where each individual dose response was
normalized. In the presented dose-response curves, data poinfs were averaged, and curve fits of the averaged data are
presented with the error bars representing the standard errors.

Electron microscopy and image analysis

The monomeric form of the NAChR in asolectin-MSP2N2 nanodiscs was mixed with the megabody Mb ¢ (Uchanski et al.,
2021) at a molar ratio 1:3. This megabody binds to the MSP2N2 scaffolding protein, not to the nAChR, and is present to help
the nanodisc adopt multiple orientations on the cryo-EM grids. For the Carb and nicotine datasets 500 uM of carbamylcholine
or 10 mM of nicotine, respectively, were also added to the mixture. After incubating for 30 minutes on ice, 3.5 pl of each
sample were deposited onto glow-discharged (30 mA, 50 s) Quantifoil Au/C R 1.2/1.3 grids, blotted for 6 s with force 0, at 8°C
and 100% humidity using a Mark IV Vitrobot (FEl, Thermo Fisher Scientific) and plunge-frozen in liquid ethane for sample
vitrification.

The apo and Carb datasets were recorded on a Glacios electron microscope at the IBS (Table SI1, Fig. SI1, SI2), at a nominal
magnification of 36’000, and movies (40 frames for the Carb and 60 frames for the apo datasets) were acquired with SerialEM
on a Gatan K2 Summit camera. The nicotine dataset was recorded on a Titan Krios electron microscope at the ESRF (Kandiah
et al., 2019) (Table SI1, Fig. SI2), at a nominal magnification of 165’000 and movies (60 frames) were acquired with EPU on a
Gatan K2 Summit camera mounted after an energy filter 20eV slit width.

For the apo and Carb datasets, the raw movies were imported to Cryosparc (Punjani et al., 2017), aligned and summed
excluding the first frame and the CTF estimation was calculated for the non dose-weighted sums. For the nicotine dataset, the
raw movies were aligned and summed with MotionCor2 (Zheng et al., 2017) including all frames, the dose-weighted
micrographs were imported to Cryosparc, where the CTF estimation was calculated. Particles were autopicked with cryOLO
1.7.6 (Wagner et al., 2019) using the general model for low-pass filtered images and particle coordinates were imported to
Cryosparc, where all subsequent steps were performed. Raw particle stacks were extracted at 256 pixels box size for the apo
and Carb datasets and at 352 pixels for the nicotine dataset.

The workflow followed from this step was similar for all datasets (Fig. SI1, SI2). Two rounds of 2D classifications were performed
and particles from all classes showing clear pLGIC features and the monomeric form of nAChR were selected and submitted
to ab initio reconstruction & heterogeneous refinement with 3 classes. Although we initially thought that external subunit-
specific binders would be required for refinement algorithms to correctly discriminate between the homologous subunits
(Laverty et al., 2019; Walsh et al., 2018), initial 3D reconstructions showed that intrinsic structural differences, such as the
locations of glycosylation sites and the lengths of the C-termini, were sufficient for subunit assignment. The one class showing
the best nAChR features, map integrity and more isotropic viewing angles distribution was selected and refined with Non-
Uniform & local refinements (Punjani et al., 2020). The resulting reconstruction was subjected to 3D variability analysis (Punjani
and Fleet, 2021) and the resulting clusters were grouped excluding those with poor density quality at the TMD level. Selected
particles were refined once more with Non-Uniform & local refinements resulting in the final reconstruction. For the apo
dataset, the 3D variability analysis revealed two distinct major conformations, one with closed and one with open
hydrophobic gate. Thus, depending on the pore conformation, the clusters were spliced into groups and treated separately;
particles from three clusters with closed hydrophobic gate were grouped and refined to the resting conformation and
particles from two clusters with open hydrophobic gate were grouped and refined to the open conformation, while a sixth
cluster showed poor density at the TMD level and its particles were excluded from further analysis. The open conformation of
the apo dataset, though apparently unliganded, showed extended similarity to the carb-bound reconstruction (map
correlation of >0.9 in Chimera) and thus was not further analysed.

Model refinement and structure analysis

Existing models were rigidly fitted in the maps. The best match was with the structure of the 134 nAChR (6PV7), which was
then used to generate an homology model with the SwissModel online service. The sequences were retrieved from the
UniProtKB database (The UniProt Consortium, 2017) and the models comprise the residues mentioned below (following the
numbering convention of the original model 2BG?). Cycles of real-space refinement in Phenix (Liebschner et al., 2019) were
performed, alternating with manual rebuilding in Coot (Emsley et al., 2010) using the maps from Cryosparc and sometimes
maps post-processed with DeepEMhancer (Sanchez-Garcia et al., 2021). Validation was performed with Molprobity (Williams
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et al., 2018) (Table S1). Visual information about the model and ifs fit in the map are found in Fig. SI3. Figures were prepared
with PyMOL (Schrodinger) Chimera (Pettersen et al., 2004) or ChimeraX (Pettersen et al., 2021).

For the nAChRarorresting = A ([71): 1-331, 370-434, B ([1): 1-334, 408-469, C (1): 1-341, 422-500, D ([J0): 1-330, 381-432, E (7): 2-331,
416-489. The model also comprises 14 N-acetylglucosamine (NAG), 19 [-D-mannose (MAN) and 7 [J-D-mannose (BMA)
residues of N-linked glycosylation attributed to densities protruding from N70, N143 and N208 of (1 (C, N141 of B (B) and N141 of
the [0 subunits (A,D). Elongated density surrounding the TMD were attributed to lipids and modeled as 9 POPC molecules
(POV).

For the nAChRCa : A (01): 1-329, 376-425, B ([1): 1-336, 405-469, C (71): 1-341, 421-500, D (1): 1-322, 376-425, E ([1): 2-334, 419-
489. One Carb molecule (CCE) was placed at each of the orthosteric sites. The model also comprises 15 N-acetylglucosamine
(NAG), 15 (-D-mannose (MAN) and é [-D-mannose (BMA) residues of N-linked glycosylation attributed to densities protruding
from N70, N143 and N208 of 11 (C), Né8 of [ (E), N141 of [J (B) and N141 of the [I subunits (A,D).

For the nAChRnico : A ([01): 1-331, 374-432, B (71): 1-334, 405-469, C (0J): 1-340, 419-501, D (00-): 1-331, 378-425, E (0J): 2-335, 418-
489. One nicotine (NCT) and one water (HOH) molecule were placed at each of the orthosteric sites. The model also
comprises 12 POPC molecules (POV), 15 N-acetylglucosamine (NAG), 16 [-D-mannose (MAN) and é [1-D-mannose (BMA)
residues of N-linked glycosylation attributed to densities protruding from N70, N143 and N208 of 11 (C), Né8 of [ (E), N141 of [
(B) and N141 of the [ subunifs (A,D).

Molecular Dynamics Simulations

All the simulation setups of the agonist-bound state were built against the nAChRCa® cryo-EM structure. The protein complex
tfogether with its glycosylation chains and the two bound carbamylcholine agonist was inserted in an heterogeneous lipid
membrane composed of 225 palmitoyl-oleyl-phosphatidylcholine (POPC), 74 palmitoyl-oleoyl-phosphatidic acid (POPA) and
74 cholesterol (3:1:1 ratio) using the CHARMM-GUI interface (Jo et al., 2008; Wu et al., 2014). The complex was solvated with
59,970 TIP3P water molecules (Jorgensen et al., 1983) and 150 mM NaCl.

The inifial structures involving 2 and 3 POPC in the pore were obtained by positioning manually one POPC with its head group
pointing downwards the pore and one or two POPCs with their head groups pointing upwards. Pore-lipids were initially
modeled in a straight conformation to avoid steric clashes.

The parameters for carbamylcholine were generated by CHARMM general force field (CGenFF) (Vanommeslaeghe et al.,
2009). The glycosylated-protein and the lipids were described by CHARMMB36 protein (Best et al., 2012; MacKerell et al., 1998)
and lipid (Klauda et al., 2010) force fields, respectively. Hydrogen mass repartition (Hopkins et al., 2015) was used for all drug-
receptor complex simulations, allowing for using a fime step of 4 fs.

Program NAMD version 2.14 (Phillips et al., 2005) and 3.0 (Phillips et al., 2020) were employed for all the simulations. The
tfemperature and pressure were maintained at 1 atm and 300K by the Langevin piston method (Feller et al., 1995) and the
Langevin thermostat, respectively. Long-range electrostatic interactions were evaluated by the particle-mesh Ewald (PME)
algorithm (Darden et al., 1993). Integration was performed with a time step of 8 and 4 fs for long- and short-range interactions,
respectively, employing the r-RESPA multiple time-stepping algorithm (Tuckerman et al., 1992). The SHAKE/RATTLE (Andersen,
1983; Ryckaert et al., 1977) was used to constrain covalent bonds involving hydrogen atoms to their experimental lengths, and
the SETTLE algorithm (Miyamoto and Kollman, 1992) was utilized for water. We performed 3 independent simulations for the
agonist-bound conformation starting with a 60 ns pre-equilibration followed by a 90 ns equilibration period with either no
restraints or soft-harmonic positional restraints applying only on heavy atoms of either the membrane or the extracellular
domains. The 3 runs were finally conducted with no restraints up fo 550 ns. For the pore-bound-POPC simulations, we
equilibrated the pore lipids for 60 ns with soff-harmonic positional restraints applying on heavy atoms of the protein. The 3 runs
were conducted with no restraints up fo 550 ns. The VMD program was employed to analyze and render the MD data
(Humphrey et al., 1996). Pore profiles were calculated with HOLE (Smart et al., 1996) or CHAP (Trick et al., 2016).

Quantification and statistical analysis

The cryo-EM single particle reconstruction and associated model building were performed as described in the “Electron
microscopy and image analysis” and “Model refinement and structure analysis” sections of the Methods Details, using the
software packages Relion, cryoSPARC, Phenix and Coot as detailed in the Key Resources Table. The reported resolutions are
based on the "gold-standard” FSC 0.143 or 0.5 criterion (Figures SI1, SI2 and Table SI1). The atomic model evaluation was
based on Molprobity scores (Williams et al., 2018) and Ramachandran plots. The cryo-EM data collection, refinement and
validation statistics are summarised in Table SI1. For the MD simulations, the statistical analyses were carried out within the VMD
software as detailed in the "Molecular Dynamics Simulations” section and the Key Resources Table. For the whole cell
electrophysiology experiments, the analysis was done using the GraphPad Prism 8 suite. Details of replicates are given in the
individual figure legend, where n is the number of cells that the measurements were taken from. All the values are included in
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the analysis, error bars represent standard error of the mean and bracketed values indicate the 95% confidence interval. No
statistical methods were used to predetermine sample size or to determine whether the data met assumptions of the stafistical

approach. The experiments were not randomized. The investigators were not blinded to allocation during experiments and
outcome assessment.
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