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Closed-locked and Apo-resting State Structures of the Human α7 Nicotinic Receptor: A Computational Study

Nicotinic acetylcholine receptors, belonging to the Cys-loop super-family of ligand-1 Page 1 of 48 ACS Paragon Plus Environment Journal of Chemical Information and Modeling gated ion channels (LGICs), are membrane proteins present in neurons and at neuromuscular junctions. They are responsible for signal transmission, and their function is regulated by neurotransmitters, agonists and antagonists drugs. A detailed knowledge of their conformational transition in response to ligand binding is critical to understand the basis of ligand-receptor interaction, in view of new pharmacological approaches to control receptor activity. However, the scarcity of experimentally derived structures of human channels makes this perspective extremely challenging. To contribute overcoming this issue, we have recently reported structural models for the open and the desensitized states of the human α7 nicotinic receptor. Here, we provide all-atom structural models of the same receptor in two different non-conductive states. The first structure, built via homology modeling and relaxed with extensive Molecular Dynamics simulations, represents the receptor bound to the natural antagonist α-conotoxin ImI. After comparison with available experimental data and computational models of other eukaryotic LGICs, we deem it consistent with the "closed-locked" state. The second model, obtained with simulations from the spontaneous relaxation of the open, agonist-bound α7 structure after ligand removal, recapitulates the characteristics of the apo-resting state of the receptor. These results add to our previous work on the active and desensitized state conformations, contributing to the structural characterization of the conformational landscape of the human α7 receptor, and suggesting benchmarks to discriminate among conformations found in experiments or in simulations of LGICs. In particular key interactions at the interface between the extracellular domain and the transmembrane domain are identified, that could be critical to the α7 receptor function. Page 2 of 48 ACS Paragon Plus Environment Journal of Chemical Information and Modeling

 The structural characterization of different non-conductive states is especially complex, as they all have in common a non-conductive pore in the transmembrane domain (TMD).

These states are usually referred to as: i ) closed-locked, with antagonist ligands bound, ii ) resting or apo, without ligands, and iii ) desensitized, inactive in presence of bound agonists.

Subtle differences in the structure are expected to be determinant in discriminating these different functional states.

 The most recent structures for desensitized states (human heteropentameric α4β2, 23 human homopentameric GABA A 24 bound to the agonist benzamidine, GLIC complexed with fatty acids 25 ) present a large heterogeneity even in key quantities for conduction, as for example the pore radius.

 Similarly to the bacterial channels, this structure also exhibits a narrow pore.

Recently, Molecular Dynamics (MD) simulations investigated the spontaneous relaxation of GluCl from an active state, whose structure was solved in complex with the positive allosteric modulator ivermectin, 31 to a structure very similar to the experimental GluCl apo-resting, after removal of the ligand. 32

Among LGICs, the homopentameric α7 nicotinic receptor is of key interest, being mainly 3

Introduction

The identification of functional states of channel proteins based on their structure is a key issue in structural biophysics and electrophysiology. In particular, for ligand gated ion channels (LGICs), the univocal determination of quantities to discriminate between conductive (although not uniquely) expressed in the mammalian brain, where it is involved in regulation of plasticity, neuronal growth, and differentiation. [START_REF] Cheng | The Effect of α7 Nicotinic Receptor Activation on Glutamatergic Transmission in the Hippocampus[END_REF] It is also observed in cancer cell proliferation and apoptosis mechanisms. [START_REF] Bouzat | Molecular Function of α7 Nicotinic Receptors as Drug Targets[END_REF] In particular, up-regulation of α7 (growth stimulator) and desensitization of α2β4 (growth inhibitor) have been correlated to nicotin exposure and to carcinogenesis. [START_REF] Zhao | The Oncogenic Functions of Nicotinic Acetylcholine Receptors[END_REF] We recently provided an open conductive model of the human nAChR α7 bound to the agonist epibatidine, [START_REF] Chiodo | A Structural Model of the Human α7 Nicotinic Receptor in an Open Conformation[END_REF] built via homology modeling based on the putatively open channel of GluCl [START_REF] Hibbs | Principles of Activation and Permeation in an Anion-Selective Cys-Loop Receptor[END_REF] (for TMD) and on the structure of AChBP bound to epibatidine [START_REF] Hansen | Structures of Aplysia AChBP Complexes with Nicotinic Agonists and Antagonists Reveal Distinctive Binding Interfaces and Conformations[END_REF][START_REF] Hosseini Naveh | Conformational Changes in Acetylcholine Binding Protein Investigated by Temperature Accelerated Molecular Dynamics[END_REF] (for the ligand binding domain, LBD). We also characterized an α7 structure in a non-conductive configuration, showing a very low level of pore hydration, despite being still bound to epibatidine. [START_REF] Chiodo | A Possible Desensitized State Conformation of the Human α7 Nicotinic Receptor: A Molecular Dynamics Study[END_REF] Based on a critical comparison with the most recent experimental structures, we proposed the latter as a representative conformation of the desensitized functional state.

To proceed further in the characterization of the human α7 conformational cycle, we investigate here all-atom structural models of two different non-conducting states. First, we provide a representative structure for the closed-locked form of the channel in presence of the antagonist α-Conotoxin ImI. [START_REF] Mcintosh | A Nicotinic Acetylcholine Receptor Ligand of Unique Specificity, Alpha-Conotoxin ImI[END_REF] We performed homology modeling based on high resolution templates for both the LBD and the TMD, and MD simulations in explicit solvent and lipid bilayer to relax the structure. In addition, we study the spontaneous structural relaxation of the channel from both the closed-locked state and the open, ligand-bound state, as a consequence of sudden removal of the drug. In the latter case, an enhanced conformational heterogeneity, combined with a non-conductive channel, are consistent with a structure representative of the apo-resting state of the human α7 receptor. We establish correspondence between structures and functional states based on local and global structural descriptors of quaternary and tertiary rearrangements. In particular, we focus on the interface of LBD with TMD, the TMD pore, the hydration level, and the atomistic details of the hydrogen bonds pattern in the protein. 

Methods

Homology modeling

The α7 nAChR structure presents a fivefold symmetry, with an extracellular ligand binding domain, a trans-membrane domain, and an intracellular part. In the TMD, the channel pore, where ions permeate, is formed by the alignment of one helix (M2) from each subunit.

The pore opens due to the binding of agonist ligands in the orthosteric site located in the LBD in the five subunits (in the following called P 1 ,...,P 5 ), with an allosteric mechanism widely investigated in LGICs. [START_REF] Changeux | The Nicotinic Acetylcholine Receptor: the Founding Father of the Pentameric Ligand-Gated Ion Channel Superfamily[END_REF][START_REF] Taly | Allosteric Regulation of Pentameric Ligand-Gated Ion Channels: An Emerging Mechanistic Perspective[END_REF][START_REF] Changeux | Protein Dynamics and the Allosteric Transitions of Pentameric Receptor Channels[END_REF][START_REF] Cecchini | The Nicotinic Acetylcholine Receptor and Its Prokaryotic Homologues: Structure, Conformational Transitions and Allosteric Modulation[END_REF] The protocol to build the α7 nAChR homology model in the closed state was similar to the one used in Chiodo et al. [START_REF] Chiodo | A Structural Model of the Human α7 Nicotinic Receptor in an Open Conformation[END_REF] for the open state. A chimera template model was built using two different PDB structures. For the LBD, we used the Aplysia californica AChBP structure, PDB ID: 2BYP, [START_REF] Hansen | Structures of Aplysia AChBP Complexes with Nicotinic Agonists and Antagonists Reveal Distinctive Binding Interfaces and Conformations[END_REF] with the α-conotoxin ImI bound into the orthosteric site. The TMD and cys-loop are modelled on the GluCl in apo-resting conformation, PDB ID: 4TNV, [START_REF] Althoff | X-Ray Structures of GluCl in Apo States Reveal a Gating Mechanism of Cys-Loop Receptors[END_REF] to provide a starting non-conductive configuration for the transmembrane pore. The chains A to E of 4TNV and of 2BYP were superimposed using the backbone of residues 54-61, 76-79, 110-121, 91-93, 141-150 for 4TNV and of residues 55-62, 77-80, 107-118, 91-93, 138-147 for 2BYP. The residues used for the superposition of 4TNV and 2BYP are located in several β strands of the extracellular domain, at the principal and complementary faces of the binding site, and not covalently linked to the C loop. The motivations for this selection are: i) these residues belong to regions relevant for protein function and ii) regions that show very different conformations in the two proteins, as indeed the C loops, are avoided.

The chimera was built from the aligned chains using the following fragments: residues 8-126 from 2BYP, followed by residues 130-144 from 4TNV corresponding to the Cys-loop, residues 141-203 from 2BYP and finally residues 209-339 from 4TNV corresponding to the 5 ACS Paragon Plus Environment Journal of Chemical Information and Modeling TMD. The residue numbers were modified to get a continuous numbering from 8 to 335.

The sequence alignment between nAChR α7 and the chimera protein [START_REF] Chiodo | A Structural Model of the Human α7 Nicotinic Receptor in an Open Conformation[END_REF] was used along with the 4TNV/2BYP chimera conformation to calculate an homology model using Modeller 9.10. [START_REF] Webb | Protein Structure Modeling with MODELLER[END_REF] In the sequence alignment (Figure S1 in Supplementary Material), 108 out of the 328 residues of each chain are identical in α7 and in the template sequence and 105 nonidentical residues display homology. As the percentage identity between the target and the template sequences is larger than 30%, the use of homology modeling is appropriate. The script build model.py provided in the Modeller distribution was used and ten models were produced with the very slow refinement procedure. The ten models were analyzed with Procheck. [START_REF] Laskowski | Main-Chain Bond Lengths and Bond Angles in Protein Structures[END_REF] The model number 10, giving the largest percentage of residues in the core region of the Ramachandran diagram, along with the smallest percentage in the disallowed region and the smallest number of labelled residues, was selected for further analysis. The hydrogens were added using Molprobity [START_REF] Chen | MolProbity: All-42 Page 42 of 48 ACS Paragon Plus Environment Journal of Chemical Information and Modeling Atom Structure Validation for Macromolecular Crystallography[END_REF] and the conformation scored using QMEAN, [START_REF] Benkert | QMEAN: A Comprehensive Scoring Function for Model Quality Assessment[END_REF] obtaining a QMEANnorm score of 0.47. For comparison, QMEANnorm scores of 0.55 and 0.59 were obtained for the X-ray crystallographic structures 4TNV and 2BYP, respectively.

The resulting structure is shown in Fig. 1.

System set-up and Molecular Dynamics simulations

Protonation state of ionizable residues at physiological pH (7.4) is the same as the one of the open channel. [START_REF] Chiodo | A Structural Model of the Human α7 Nicotinic Receptor in an Open Conformation[END_REF][START_REF] Chiodo | A Possible Desensitized State Conformation of the Human α7 Nicotinic Receptor: A Molecular Dynamics Study[END_REF] It was predicted by using the web-based implementation of a method for pKa calculations based on continuum electrostatic model. [START_REF] Bahsford | pKa of Ionizable Groups in Proteins: Atomic Detail from a Continuum Electrostatic Model[END_REF][START_REF] Anandakrishnan | H++ 3.0: Automating pK Prediction and the Preparation of Biomolecular Structures for Atomistic Molecular Modeling and Simulation[END_REF] MD simulations were performed with the NAMD2.12 package, [START_REF] Phillips | Scalable Molecular Dynamics with NAMD[END_REF][START_REF] Quigley | Dynamics in Constant Pressure Extended Systems[END_REF] with the CHARMM27 force field for proteins, ions, and water and the CHARMM36 force field for phospholipids. The protein, complexed with five conotoxin molecules, was embedded in a bilayer/water system. The system set up, the equilibration protocol, and the simulation parameters in the NPT ensemble at T= 310 K and P =1 atm are as in the case of the active and desensitized state simulations. [START_REF] Chiodo | A Structural Model of the Human α7 Nicotinic Receptor in an Open Conformation[END_REF][START_REF] Chiodo | A Possible Desensitized State Conformation of the Human α7 Nicotinic Receptor: A Molecular Dynamics Study[END_REF] The protein has been inserted into a pre-equilibrated 110 Å × 110 Å lipid bilayer originally 6 waters molecules, obtained from CHARMM-GUI at www.charmm-gui.org. The protein-lipid system underwent 10000 steps of conjugate gradient minimization; the temperature of the system was then increased gradually to 300 K over 2.4 ns MD simulation, by a sequence of 200 ps long simulations at constant pressure (1 atm) and temperature, each with an increase of 25 K and with random reassignment of the atomic velocities at each temperature increase, to let the membrane equilibrate around the protein. At this stage, harmonic positional restraints were applied to all protein atoms, with a force constant of 5 kcal/mol/ Å2 . Water was then added to fully solvate the protein/lipid system. The total number of atoms in the system is 143430 (26178 protein atoms plus five conotoxin peptides, 27360 water molecules, 255 POPC lipids). Na + and Cl -ions (157 ions), corresponding to 100 mM solution, were added to neutralize the net system charge. The system was again minimized for 10000 steps; harmonic positional restraints were applied to all lipid and protein atoms with a force constant of 5 kcal/mol/ Å2 . The temperature of the system was then increased gradually to 300 K over 0.6 ns MD simulation, by a sequence of 100 ps long simulations at constant pressure (1 atm) and temperature, each with an increase of 50 K and with random reassignment of the atomic velocities at each temperature increase, to let the water and the ions equilibrate around the protein and the membrane. Further 5 ns were then run in the NPT ensemble at 300 K and 1 atm, by gradually removing the positional restraints on all protein atoms (force constant from 5 to 1 kcal/mol/ Å2 , 1 ns for each force constant value), this time allowing lipids, water and ions to move freely. Periodic boundary conditions were applied, with particle-mesh Ewald long-range electrostatics, 50 using a grid spacing of 1 Å along with a sixth order B-spline charge interpolation scheme. A cutoff of 1.2 nm for Lennard-Jones potential, with a smooth switching function starting at 1.0 nm, was used. Bonds involving hydrogen atoms were constrained to their equilibrium length using the SHAKE/RATTLE algorithm, 51 with time step of 1 fs.

Starting from equilibrated structures of the open form bound to epibatidine and of the 8 closed form bound to conotoxin investigated in this work, the ligands are suddenly removed.

The two systems, simulated with the same protocol on the hundred of nanosecond time scale (Table 1), relax to two structures, called apo-open and apo-closed, respectively. 

Trajectory analysis

To assess the models for the closed-locked and the apo states, and to compare them with the open active conformation, quaternary and ternary structural descriptors have been selected and monitored along the simulation. Their combination provides a description of the allosteric coupling between the ligand site and the transmembrane ion channel.

Two quaternary changes occurs in the process, specifically a torsional motion of the LBD with respect to the TMD along the symmetry axis, or twist, [START_REF] Taly | Normal Mode Analysis Suggests a Quaternary Twist Model for the Nicotinic Receptor Gating Mechanism[END_REF][53][START_REF] Cheng | Channel Opening Motion of α7 Nicotinic Acetylcholine Receptor as Suggested by Normal Mode Analysis[END_REF][START_REF] Samson | Inhibition Mechanism of the Acetylcholine Receptor by Alpha-Neurotoxins as Revealed By Normal-Mode Dynamics[END_REF][START_REF] Liu | Mechanics of Channel Gating of the Nicotinic Acetylcholine Receptor[END_REF] and a global rearrangement of the entire LBD, called 'blooming' in which the subunits LBD move radially. [START_REF] Wu | Ion Channels Gated by Acetylcholine and Serotonin: Structures, Biology, and Drug Discovery[END_REF][START_REF] Althoff | X-Ray Structures of GluCl in Apo States Reveal a Gating Mechanism of Cys-Loop Receptors[END_REF][START_REF] Cecchini | The Nicotinic Acetylcholine Receptor and Its Prokaryotic Homologues: Structure, Conformational Transitions and Allosteric Modulation[END_REF][START_REF] Lev | String Method Solution of The Gating Pathways for a Pentameric Ligand Gated Ion Channel[END_REF][START_REF] Calimet | A Gating Mechanism of Pentameric Ligand-Gated Ion Channels[END_REF][START_REF] Sauguet | Crystal Structures of a Pentameric Ligand-Gated Ion Channel Provide a Mechanism for Activation[END_REF] The twist angle is calculated as the angle between the projections of the two vectors from the whole protein center of mass to the center of mass of the LBD and to the center of mass of the TMD (only the C α atoms are considered), respectively, on the plane perpendicular to the symmetry axis of the protein. [START_REF] Calimet | A Gating Mechanism of Pentameric Ligand-Gated Ion Channels[END_REF] The blooming is calculated by evaluating the distance of the center of mass of each LBD subunit from the one of the entire LBD, projected on the plane perpendicular to the symmetry axis of the protein.

The quaternary transition in turn involves important changes at the LBD/TMD interface.

These are described by the concerted interaction of the M2-M3 loop in the TMD with the Cys-loop and the β1-β2 loop in the LBD. [START_REF] Cheng | Nanosecond-Timescale Conformational Dynamics of the Human α7 Nicotinic Acetylcholine Receptor[END_REF][START_REF] Calimet | A Gating Mechanism of Pentameric Ligand-Gated Ion Channels[END_REF][START_REF] Cheng | Targeted Molecular Dynamics Study of C-Loop Closure and Channel Gating in Nicotinic Receptors[END_REF][START_REF] Xiu | A Unified View of the Role of Electrostatic Interactions in Modulating the Gating of Cys Loop Receptors[END_REF][START_REF] Bouzat | Coupling of Agonist Binding to Channel Gating in an ACh-Binding Protein Linked to an Ion Channel[END_REF][START_REF] Bertozzi | Signal Transduction at the Domain Interface of Prokaryotic Pentameric Ligand-Gated Ion Channels[END_REF] To assess the structures modeled in this work, we calculated two distances between i) the Cα atom of Pro256 in the M2-M3 loop and the center of mass of the Cα atoms in the Cys-loop (residues 122-136); ii) the Cα atom of 9

Pro256 and the Cα atom of Lys40 in the β1-β2 loop. This choice was prompted by careful comparison of our protein primary sequence with other models in the literature. [START_REF] Calimet | A Gating Mechanism of Pentameric Ligand-Gated Ion Channels[END_REF] Changes at the LBD-TMD interface induce the re-orientation of the TMD M2 helices with respect to the pore axis. [START_REF] Cheng | Nanosecond-Timescale Conformational Dynamics of the Human α7 Nicotinic Acetylcholine Receptor[END_REF][START_REF] Haddadian | In Silico Models for the Human α4β2 Nicotinic Acetylcholine Receptor[END_REF][START_REF] Hilf | X-Ray Structure of a Prokaryotic Pentameric Ligand-Gated Ion Channel[END_REF][START_REF] Cheng | Channel Opening Motion of α7 Nicotinic Acetylcholine Receptor as Suggested by Normal Mode Analysis[END_REF][START_REF] Liu | Mechanics of Channel Gating of the Nicotinic Acetylcholine Receptor[END_REF][START_REF] Bocquet | X-Ray Structure of a Pentameric Ligand-Gated Ion Channel in an Apparently Open Conformation[END_REF][START_REF] Hilf | Structure of a Potentially Open State of a Proton-Activated Pentameric Ligand-Gated Ion Channel[END_REF][START_REF] Mowrey | Asymmetric Ligand Binding Facilitates Conformational Transitions in Pentameric Ligand-Gated Ion Channels[END_REF] This is described in terms of the tilt angle that the overall M2 helix (C α atoms of 23 residues, from Gly231 to Glu253) forms with the protein axis. In the conformational transition the M2 helices undergo both a radial tilting and a tangential motion (polar and azimuthal tilts). These two components are calculated as in Calimet et al. [START_REF] Calimet | A Gating Mechanism of Pentameric Ligand-Gated Ion Channels[END_REF] We use a reference frame centered on the center of mass of the M2 helix.

The global Z axis is set parallel to the main protein symmetry axis (along the channel) and the global X axis is set as pointing outward the channel, in a radial direction. The polar tilt is defined as the angle between the projection of the helix main (z) axis on the global XZ plane and the global Z axis. The azimuthal tilt is defined as the angle between the projection of the helical main (z) axis on the global XY plane and the global X axis. A cartoon schematically representing the helix tilts will be shown along with the plots of the probability distributions of the tilt angles.

Structure and hydration of the channel pore are described by calculating: i) the pore radius, computed using HOLE [START_REF] Smart | A Program for the Analysis of the Pore Dimensions of Ion Channel Structural Models[END_REF] in the configuration obtained by averaging over the last 200 ns segment of each trajectory; ii) distances between specific residues of the M2 helices in non-adjacent subunits (crossed distances between the center of mass of residues in facing subunits, for each pair of subunits); iii) the time evolution of the number of water molecules over the last 200 ns segment of each trajectory, in two regions: the full pore channel, as enclosed by the five M2 helices between Gly231 and Glu253 (30 Å long) and in the constriction zone between Leu242 and Leu249 (i.e. Leu9 and Leu16 in prime notation) (10 Å long).

The ligand binding site conformation is investigated by calculating the distance between the center of mass of the C-loop (C α atoms of residues 179-188), capping the ligand, and the center of mass of C α atoms of residues 139-140, in the backwall (d intra C

). [START_REF] Hosseini Naveh | Conformational Changes in Acetylcholine Binding Protein Investigated by Temperature Accelerated Molecular Dynamics[END_REF] This distance quantifies the degree of C loop closure around the ligands. Moreover, the modes of binding of α-conotoxin ImI to our model of the closed-locked human α7 have been investigated. Here we focus our attention on the triad Asp5-Pro6-Arg7 on α-conotoxin ImI, experimentally known to be relevant in the interaction of this toxin with the α7 protein. [START_REF] Hansen | Structures of Aplysia AChBP Complexes with Nicotinic Agonists and Antagonists Reveal Distinctive Binding Interfaces and Conformations[END_REF][START_REF] Yu | Blockade of Neuronal α7-nAChR by α-Conotoxin ImI Explained by Computational Scanning and Energy Calculations[END_REF][START_REF] Lamthanh | Minimal conformation of the alpha-conotoxin ImI for the alpha7 neuronal nicotinic acetylcholine 45 Page 45 of 48 ACS Paragon Plus Environment Journal of Chemical Information and Modeling receptor recognition: correlated CD, NMR and binding studies[END_REF][START_REF] Quiram | Pairwise Interactions between Neuronal α7 Acetylcholine Receptors and α-Conotoxin ImI[END_REF][START_REF] Tabassum | Computational Determination of the Binding Mode of α-Conotoxin to Nicotinic Acetylcholine Receptor[END_REF][START_REF] Dutertre | Toxin Insights into Nicotinic Acetylcholine Receptor[END_REF] Pairwise interactions are described in literature between: i) Asp5

and Arg7 in conotoxin, in concert with ii) interaction of Arg7 with the side chain of Asp197 and the backbone oxygen of Pro196, in the primary subunit; iii) between Arg7 in conotoxin and the side chain of Tyr93 in the primary subunit. These interactions have been evaluated by a hydrogen bond analysis between donor-acceptor pairs in the residues above listed. A hydrogen bond is present if the donor-acceptor distance is shorter than 3.0 Å and the angle between the donor-acceptor axis and the donor-hydrogen bond is less than 30 • .

To further characterize the new closed-locked model at atomistic resolution, and with the aim at comparing with the open active conformation, we carried out an analysis of intraprotein interactions. A donor-acceptor distance shorter than 3.0 Å was defined as "hydrogen bonding" distance. This analysis is aimed at providing a first level filter to establish if donor-acceptor atoms were or not at suitable distance to form a hydrogen bond in one or another protein structure, in this way sieving out some unimportant interactions. "Hydrogen bonding" distances were then filtered according to their presence in only one of the two forms (either in the open-active or in the closed-locked protein structure), at a given moment.

Results

The closed-locked structure in Figure S2 and Figure S3 in Supplementary Material, separately for the LBD and the TMD of the five subunits. The time evolution of the RMSDs points out that, averaging over the five subunits, the conformation of the channel bound to conotoxin is stable on the reported time scale, both at LBD and TMD level. The C α RMSFs profile along the protein chain is quite similar to that obtained from previous simulation of a human receptor homology model based on the putative closed structure of Torpedo marmorata. [START_REF] Law | A Gating Mechanism Proposed from a Simulation of a Human α7 Nicotinic Acetylcholine Receptor[END_REF] As for the LBD, the profile is also in good agreement with the one reported for a model of the α7 LBD complexed with α-conotoxin ImI. [START_REF] Yu | Blockade of Neuronal α7-nAChR by α-Conotoxin ImI Explained by Computational Scanning and Energy Calculations[END_REF] Peak locations are conserved, in particular, the β2-β3 loop, A-loop, Cys-loop, F-loop and the C-loop (that caps the toxin molecules), so as the loops connecting M1-M2 helices in the TMD. We observe a large peak in the region of helix M4 around residue 300, a known consequence of the structural uncertainty associated to the loop M3-M4. [START_REF] Baptista-Hon | The Minimum M3-M4 Loop Length of Neurotransmitter-Activated Pentameric Receptors Is Critical for the Structural Integrity of Cytoplasmic Portals[END_REF] The RMSD curve relative to the subunit P5 (yellow curve) is higher than the others. This behavior is mostly brought about by motions of the F and C loops in the agreement with the corresponding behavior of the LBD RMSD and RMSFs profile above mentioned. Larger fluctuations of C and F loops in the subunit P5 are correlated with a higher mobility observed for the ligands interacting with this subunit. Indeed, the RMSDs of the two conotoxin molecules at the P5(+)-P4(-) and P1(+)-P5(-) interfaces are higher than the others (data not shown), though all ligands are kept in place during the simulation.

Motional heterogeneity among PLGICs subunits is observed also in other computational studies of these proteins. As an example, in a MD simulation of a model of the α7 LBD bound to α-conotoxin ImI Yu et al 68 also obtained considerably higher values of the RMSD and RMSF peaks for one subunit only.

Modes of binding of conotoxin to the ligand pocket residues have been investigated.

Figure S5, panel A, shows the ligand/pocket hydrogen bond network in a representative frame of the closed-locked trajectory. Results are in full agreement with results in [START_REF] Yu | Blockade of Neuronal α7-nAChR by α-Conotoxin ImI Explained by Computational Scanning and Energy Calculations[END_REF][START_REF] Dutertre | Toxin Insights into Nicotinic Acetylcholine Receptor[END_REF] . In particular a hydrogen bond is found between Asp5 and Arg7, which has been predicted to stabilize the position of Arg7 and allow it to interact with both Asp 197 and Pro 196. [START_REF] Yu | Blockade of Neuronal α7-nAChR by α-Conotoxin ImI Explained by Computational Scanning and Energy Calculations[END_REF] Packing between the side chain of Tyr195 in the primary subunit and the side chain of Arg7 in conotoxin, proposed to explain cation-pi interactions observed in experimental studies, [START_REF] Quiram | Structural Elements in α-Conotoxin ImI Essential for Binding to Neuronal α7 Receptors[END_REF] is also apparent. As for the model of the open conformation we refer to in this work, a similar comparison was provided in our previous work. [START_REF] Chiodo | A Structural Model of the Human α7 Nicotinic Receptor in an Open Conformation[END_REF] There, we investigated the pattern of interaction between the ligand pocket residues and epibatidine in our refined model, and demonstrated that they were consistent with the closest available experimental structure, i.e. the X-ray structure of chimera modified toward the human α7 nAChR sequence [START_REF] Li | Ligand-binding domain of an α7-nicotinic receptor chimera and its complex with agonist[END_REF] .
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Quaternary and ternary changes

In the following, we report the analysis of the quaternary and ternary structural descriptors for the new closed-locked model here proposed, comparing with results on published structures, in particular the open, epibatidine-bound, α7 structure we proposed in Chiodo et al. [START_REF] Chiodo | A Structural Model of the Human α7 Nicotinic Receptor in an Open Conformation[END_REF] In LGICs, the process of channel deactivation is associated to a quaternary twist. [START_REF] Taly | Normal Mode Analysis Suggests a Quaternary Twist Model for the Nicotinic Receptor Gating Mechanism[END_REF][53][START_REF] Cheng | Channel Opening Motion of α7 Nicotinic Acetylcholine Receptor as Suggested by Normal Mode Analysis[END_REF][START_REF] Samson | Inhibition Mechanism of the Acetylcholine Receptor by Alpha-Neurotoxins as Revealed By Normal-Mode Dynamics[END_REF] The twist angle is expected to increase when going from the active towards non conductive states. The distribution of the twist angle values calculated for the closed model is shown in Fig. 2, upper left panel. The protein in the closed structure undergoes indeed a larger twist with respect to the open conformation reported in Chiodo et al., [START_REF] Chiodo | A Structural Model of the Human α7 Nicotinic Receptor in an Open Conformation[END_REF] the peak values of the distributions being at 25 • and 20 • , respectively. This variation is in agreement with results on the GLIC channel, for which a twist increase of 4 • has been observed in closing. [START_REF] Calimet | A Gating Mechanism of Pentameric Ligand-Gated Ion Channels[END_REF] Interestingly, the twist in the closed-locked conformation is also more pronounced than in the desensitized state model of α7. [START_REF] Chiodo | A Possible Desensitized State Conformation of the Human α7 Nicotinic Receptor: A Molecular Dynamics Study[END_REF] M2 helices orientation, pore structure and hydration

The motion of the M2-M3 loop induces ternary changes in the TMD, and in particular a tilting of the TMD M2 helices toward the pore. [START_REF] Cheng | Nanosecond-Timescale Conformational Dynamics of the Human α7 Nicotinic Acetylcholine Receptor[END_REF][START_REF] Haddadian | In Silico Models for the Human α4β2 Nicotinic Acetylcholine Receptor[END_REF][START_REF] Hilf | X-Ray Structure of a Prokaryotic Pentameric Ligand-Gated Ion Channel[END_REF][START_REF] Cheng | Channel Opening Motion of α7 Nicotinic Acetylcholine Receptor as Suggested by Normal Mode Analysis[END_REF][START_REF] Bocquet | X-Ray Structure of a Pentameric Ligand-Gated Ion Channel in an Apparently Open Conformation[END_REF][START_REF] Hilf | Structure of a Potentially Open State of a Proton-Activated Pentameric Ligand-Gated Ion Channel[END_REF][START_REF] Mowrey | Asymmetric Ligand Binding Facilitates Conformational Transitions in Pentameric Ligand-Gated Ion Channels[END_REF] The distributions of the tilt angles (both polar and azimuthal components) are shown in This variation confirms that the channel pore shape is changing from a V-shaped to an inverted V-shape pore in the closed channel (see also in the α7 profile is superimposed to that of strychnine channel at positions 20 , 13 and 9 .

In Fig. 5, a representation of the pore through the molecular structure of the closedlocked α7 (left panel) and of the closed Glycine receptor [START_REF] Huang | Crystal Structure of Human Glycine Receptor-α3 Bound to Antagonist Strychnine[END_REF] (middle panel) is shown as a dot surface, along with the pore residues at the constriction points. In α7 a constriction point is also present in the LBD, due to loop conformations extending towards the center of the channel, thus shrinking the pore size.

We remind here that the TMD of closed-locked structure was modeled on the TMD portion of the GluCl structure in the apo resting state. [START_REF] Althoff | X-Ray Structures of GluCl in Apo States Reveal a Gating Mechanism of Cys-Loop Receptors[END_REF] The original X-ray structure of the GluCl apo conformation has a broad constriction region centered at Leu9 , plus two less tight constriction regions at -2 and 2 , while the pore lumen is wide at 13 , 16 and 20

(see in Fig. 5, right panel). The modeled α7 structure, at variance, spontaneously relaxes to a conformation where the pore is much more similar to that of the strychnine-bound Gly receptor,confirming the efficiency of the procedure used to build the antagonist-bound model.

A quantitative description of the pore structure at the level of residue rings is provided by the distribution of the crossed distances shown in Figure 6. Notably, also for these quantities, The extent of hydration of the pore is strongly correlated to the permeation of ions, hence to receptor's function. Indeed, ion conduction can occur only through hydrated pores. In Fig. 7 we show the time series of the number of water molecules inside the TMD pore, and 20 

Intra protein hydrogen bonding analysis

Many efforts have been done in the past in finding specific interactions, in particular electrostatic interactions, that could exert a precise control over the gating process. [START_REF] Xiu | A Unified View of the Role of Electrostatic Interactions in Modulating the Gating of Cys Loop Receptors[END_REF] In the present in the closed state. This is in agreement with Lev et al., [START_REF] Lev | String Method Solution of The Gating Pathways for a Pentameric Ligand Gated Ion Channel[END_REF] where it was found that the M2-M1(-) bond is a good variable defining pore gating, "undergoing a sizable change that involves loss of helical contacts between subunits" in the open-to-close transition.
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The apo conformations

We now report results for the two apo conformations we simulated in this work starting from the closed-locked structure here generated and from the open conformation in [START_REF] Chiodo | A Structural Model of the Human α7 Nicotinic Receptor in an Open Conformation[END_REF] . The differences between these two structures are already evident from the time evolution of the RMSDs with respect to their starting structures (see Figure S2 in Supplementary Material, central and lower panels). In the apo-closed form, the TMD RMSD averaged over the five subunits reaches a stationary value around 1.5 Å after the first 100 ns of the simulation.

The RMSD of the LBD in subunits P4 (blue) and P5 (yellow) appear still increasing on the time scale simulated. We believe that this rise in conformational freedom comes from loops of the binding site that are not bound to the conotoxin molecule anymore, and are thus free to explore more conformations. Indeed, while in subunit P4, the increase is mostly brought about by motions of the α1β1 and F loops, in subunit P5 is mostly contributed by motions of the C loop, as also testified by the corresponding RMSFs profiles in Figure S3 25 (dark yellow curve). These loops are tightly bound to conotoxin when this is present, while there are free to fluctuate in the apo system. This observation is in agreement with results from another MD simulation of a model of the α7 LBD bound to α-conotoxin ImI. [START_REF] Yu | Blockade of Neuronal α7-nAChR by α-Conotoxin ImI Explained by Computational Scanning and Energy Calculations[END_REF] A tight correspondence between the RMDS increasing of one subunit and the higher peak of the F loop in the corresponding RMSF profile is observed in the apo form (see cyan curve in Figure 3A and 3C in [START_REF] Yu | Blockade of Neuronal α7-nAChR by α-Conotoxin ImI Explained by Computational Scanning and Energy Calculations[END_REF] ). Something similar is also observed in [START_REF] Yi | Spontaneous conformational change and toxin binding in α7 acetylcholine receptor: Insight into channel activation and inhibition[END_REF] where a model of the LBD of the chicken α7 is simulated both bound to cobratoxin and in the apo form on the 60 ns time scale (see orange curve in Figure 3A and 3C in [START_REF] Yi | Spontaneous conformational change and toxin binding in α7 acetylcholine receptor: Insight into channel activation and inhibition[END_REF] for the apo conformation).

As for the apo-open form, the TMD RMSDs appear stationary (below 2 Å) over the last 200 ns time interval, with the exception of the P2 subunit (red) where the local M3-M4 motion mostly contribute to the RMSD behavior. In the LBD, the non stationary behavior of the P4 subunit (blue) is contributed by local motions of the β2β3 and F loops, as shown in the RMSFs profiles in Figure S3. The peak amplitude of the F-loop is higher than in the case of proteins bound to ligands and also with respect to the apo-closed case. The pore profile calculated in a representative snapshot, in the time interval at which water drops to zero (at 102 ns), is also shown (Fig. 9, magenta curve). This profile is narrower that the average (light red curve) over the full trajectory, in particular in the region around Thr6 , and in the region 20 -13 . At the two minima, the pore radius in this particular apo-open conformation is about 3 Å. We do not observe a constriction at Leu9 as in closed structures and apo-GluCl. However, at the intracellular side, the profile is wider than the average, approaching values of the closed states. Overall, the profile resembles the one of Torpedo, also shown in Fig. 9.

In Fig. 10 a representation of the pore through the molecular structure is shown as a dot surface, along with the pore residues at the observed constriction regions. With respect to the open active state, the reduction of the pore radius at Thr6 is evident.

This peculiar feature of the apo-open structure is confirmed by the distributions of crossed distances in the hydrophobic rings (see Figure S6 in Supplementary Material, for Thr6 , Leu9 , Val13 , Leu16 ). The distributions in the apo case become bimodal. This structural variability is expected in an apo conformation, [START_REF] Cecchini | The Nicotinic Acetylcholine Receptor and Its Prokaryotic Homologues: Structure, Conformational Transitions and Allosteric Modulation[END_REF][START_REF] Sauguet | Crystal Structures of a Pentameric Ligand-Gated Ion Channel Provide a Mechanism for Activation[END_REF] and indicates the coexistence of many different conformations. In the case of the Val13 rings, the distances values approach the ones in the closed-locked case. Of particular interest is the distribution of the distances between non-adjacent Thr6 residues. The analysis over the short segment of the trajectory in which de-wetting is observed (102-104 ns) confirms that the Thr6 crossed distances explore typical 27 values found in the closed-locked conformation, even more that the 13 ring.

As already suggested in procaryotic proteins, [START_REF] Zhu | Pore Opening and Closing of a Pentameric Ligand-Gated Ion Channel[END_REF] At variance, in the apo-closed no remarkable change is observed with respect the conotoxin bound structure, besides the higher peak amplitude of the C-loop RMSFs in the absence of ligands, in agreement with results in. [START_REF] Yu | Blockade of Neuronal α7-nAChR by α-Conotoxin ImI Explained by Computational Scanning and Energy Calculations[END_REF] The C-loop is moving inward, as confirmed by the distribution of the distance of the C-loop tip from the backwall in the LBD (see Figure S4 in Supplementary Material, lower panel, light gray curve). On the simulated time scale, pore structure and water behavior of apo-closed structure are most similar to those of the closed-locked one, bound to toxins; moreover, no re-wetting events are observed, as in a putative desensitized structure. [START_REF] Chiodo | A Possible Desensitized State Conformation of the Human α7 Nicotinic Receptor: A Molecular Dynamics Study[END_REF] 

Discussion

The different states along the activation cycle of nicotinic receptors are generally described based on results of electrophysiology experiments: open (conductive, active with bound agonists), closed-locked (in presence of antagonists), resting (or apo, non conductive, without ligands), and desensitized (inactive, even in presence of bound agonists). The determination of structural and dynamical descriptors to unambiguously distinguish these states is however still a largely debated and unsolved issue, in particular for the inactive states. Indeed, no clear correspondence between the physiological observations and simple structural criteria is apparent, with possibly the single exception of the C loop opening in the LBD. [START_REF] Hosseini Naveh | Conformational Changes in Acetylcholine Binding Protein Investigated by Temperature Accelerated Molecular Dynamics[END_REF] In the present work, we investigated different structural models of non-conductive states for the human α7 channel. We first built a homology model of a closed-locked conformation in complex with conotoxin. Then, using extensive MD simulations, we relaxed the structure and assessed its stability. From the analysis of the simulated trajectory, we identified the structural properties that characterize this conformation as closed, using as reference available experimental data for pLGICs in closed-locked, 20 apo resting [START_REF] Unwin | Refined Structure of the Nicotinic Acetylcholine Receptor at 4 Å Resolution[END_REF] and desensitized states, [START_REF] Morales-Perez | X-ray structure of the human α4β2 nicotinic receptor[END_REF][START_REF] Basak | Crystal Structure and Dynamics of a Lipid-Induced Potential Desensitized-State of a Pentameric Ligand-Gated Channel[END_REF] as well as our previously published open-state [START_REF] Chiodo | A Structural Model of the Human α7 Nicotinic Receptor in an Open Conformation[END_REF] and desensitized α7 structures. [START_REF] Chiodo | A Possible Desensitized State Conformation of the Human α7 Nicotinic Receptor: A Molecular Dynamics Study[END_REF] The model structure is stable on the hundreds of nanosecond time scale, as revealed by the time behavior of the Cα RMSD with respect to the starting point of the simulation.

Features of the Cα RMSFs profile along the protein chain are in good agreement with those reported in literature for a α7 structure modeled on the Torpedo in the closed/desensitized state. [START_REF] Law | A Gating Mechanism Proposed from a Simulation of a Human α7 Nicotinic Acetylcholine Receptor[END_REF] We analyzed quaternary and tertiary structural descriptors, invoked to describe functional changes in nAChRs in response to agonist/antagonist binding. Specifically, we moni- points out that the former is a closed conformation. This conclusion is also reinforced by the observation of consistent conformational changes at the LBD/TMD interface and M2 helices tilting.

We also monitored the pore geometry, the time-dependence of its hydration, and the local details of the hydrophobic rings. The pore profile is very similar to the one observed in the strychnine-bound, closed structure of the Gly receptor. [START_REF] Huang | Crystal Structure of Human Glycine Receptor-α3 Bound to Antagonist Strychnine[END_REF] No pore re-wetting is occurring at any time, contrary to what observed, for example, in our simulation of a putative desensitized state on the same time scale. [START_REF] Chiodo | A Possible Desensitized State Conformation of the Human α7 Nicotinic Receptor: A Molecular Dynamics Study[END_REF] Moreover, analysis of intra-protein hydrogen bonding distances revealed the absence of inter-subunit interactions at the LBD-TMD interface and within the TMD, which are otherwise necessary to establish the communication among subunits underlying ligand-triggered channel gating. [START_REF] Changeux | Allosteric Mechanisms of Signal Transduction[END_REF] Based on all these observations, we propose this structure as representative of the physiologically inactive state of the human α7 nicotinic receptor.

We then simulated two more structures, with the purpose of observing spontaneous relaxation of the channel from ligand-complexed states, after removing the drug. The first structure is obtained from the conotoxin-bound, closed conformation presented in this work, while the second from the epibatidine-bound, active conformation we proposed earlier. [START_REF] Chiodo | A Structural Model of the Human α7 Nicotinic Receptor in an Open Conformation[END_REF] Our results showed that in the apo-closed structure, during the whole simulated trajectory, the pore remains similar to the one of the original structure from which apo-closed is derived, consistent with a high stability of the closed conformation bound to conotoxin.

Moreover, this similarity is also testified by the RMSD behavior of the TMD in the apo- A key role for the Thr6 ring in maintaining a conductive α7 structure was apparent from our simulations of the active state model of the receptor. [START_REF] Chiodo | A Structural Model of the Human α7 Nicotinic Receptor in an Open Conformation[END_REF] In that study, we used the open GluCl structure 31 as template, removing the positive allosteric modulator ivermectin present in the original structure. To avoid the pore collapse after ivermectin deletion, observed also by other authors, [START_REF] Martin | Un-Gating and Allosteric Modulation of a Pentameric Ligand-Gated Ion Channel Captured by Molecular Dynamics[END_REF][START_REF] Calimet | A Gating Mechanism of Pentameric Ligand-Gated Ion Channels[END_REF][START_REF] Yoluk | Stabilization of the GluCl Ligand-Gated Ion Channel in the Presence and Absence of Ivermectin[END_REF] we employed an initial restraint on the hydrophobic rings to pull apart the hydrophobic sidechains, thus creating a water-accessible volume in the pore.

As a consequence, water molecules were able to fill the pore and a hydrated, open pore conformation was stably observed during the subsequent extended simulations we performed shutting off the restraint. Water was found to play an active role in stabilizing the pore from collapse successive to the restraint removal, by strongly coordinating to the Thr6 hydrophilic rings and by preventing, in this way, hydrophobic residues to rotate back towards the pore. In Our models could be used to investigate computationally the thermodynamics and kinetics of the conformational cycle using path-sampling algorithms, where the reliability of end-point structures is a fundamental requirement.

In this perspective, in the present work we also destabilized both our ligand-bound structure models and investigated their response on the short time-scale. Indeed, we were interested in capturing any possible early event of the gating transition in the human α7.

Remarkably, in the apo structure from the agonist-bound (apo-open), features of a nonconductive conformation such as a reduced pore hydration emerge over few hundreds of nanoseconds. Interestingly, this is consistent with previous claims that the pore hydration is a direct indicator of the channel functional state providing meaningful information already on the sub-microsecond time scale. [START_REF] Trick | Functional Annotation of Ion Channel Structures by Molecular Simulation[END_REF] We associate the apo-open conformation to the resting-apo form of α7.

In summary, a structural characterization of two non-active states of the human α7 nicotinic receptor is provided, establishing reliable references for the correspondence between In particular key interactions at the interface between the extracellular domain and the transmembrane domain are identified, that could be critical to receptor function.
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 1748 Figure 1: Homology model of the closed-locked α7 bound to α-Conotoxin-ImI. Left) side view; right) top view. The protein is in cartoon representation colored according to the secondary structure. The five conotoxin molecules are represented in vdW model. The TMD, LBD and the five C loops are also indicated.
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 1148 To assess the overall stability of the new homology model for the closed-locked conformation, we evaluated the C α Root Mean Square Deviation (RMSD) from the final configuration of the equilibration stage and the Root Mean Square Fluctuations (RMSFs). Results are shown Paragon Plus Environment Journal of Chemical Information and Modeling
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 1248 subunit, as testified by the corresponding peaks in the RMSFs profiles in FigureS3(dark yellow curve). Indeed, the RMSD calculated by excluding the C α atoms belonging to the F and C loops, appears stationary over time around a value of about 3.2 Å (data not shown).As for the other subunits, the RMSDs calculated according this new selection almost overlap with the RMSDs of the full LBD.The stability of the closed-locked α7 model at the orthosteric site is evidenced by the distribution of d intra C shown in FigureS4in Supplementary Material (dark grey curve). Compared with the epibatidine-bound conformation, 18 a peak is observed at higher values, as expected in the case of a huge molecule as conotoxin ImI. The main peak of the distribution is at 18 Å, with a secondary maximum at 19.5 Å. Although a shoulder is also observed around 16.7 Å, a typical value of the open conformation, overall the degree of the C-loop radial extension is compatible with an antagonist-bound closed state. The appearance of the secondary peak at 19.5 Å is mostly due to data pertaining to the subunit P5, pointing for a larger conformational freedom of the C loop in this case, in Paragon Plus Environment Journal of Chemical Information and Modeling

  Figure S4, panel B shows the hydrophobic packing of Pro6 by Trp149 and Tyr96, in agreement with the α-conotoxin ImI/α7 model proposed in 68 ; the distances between the center of mass of Pro6 aromatic ring and the center of mass of the aromatic rings in Trp 149 and Tyr96 are 6.5 Å and 6.2 Å respectively. Another bond, reported in 72 , is found in our model between Asp5 and Tyr188 (not shown), which should allow in turn to stabilize the position of Arg5 in the pocket.

14 Figure 2 :

 142 Figure 2: Upper left panel: distribution of twist angles. Data averaged over the five subunits. Upper middle panel: distribution of blooming distances (d). Data collected from the five subunits. Gray bars: closed-locked; red bars: open active. Upper right panel: superposition of the TMD in the open (red) and closed-locked (gray) structures. Lower left panel: distributions of the distances between the C α atom of Pro256 on the M2-M3 loop and the center of mass of the Cys-loop (C α atoms of residues 122-136). Lower middle panel: distributions of the distances between the C α atom of Pro256 on the M2-M3 loop and the C α of residue Lys40 on the β1-β2 loop. Data collected from the five subunits. Lower right panel: superposition of the entire subunit in the closed-locked (gray) and open (red) structures, one subunit; the C α atom of Pro256 and the C α atom of Lys40 are shown in vdW representation colored gray (closed) and red (open). The blue arrows indicate the direction of motions of the β1-β2 tip and of the PRO256 in closing. The protein is represented in cartoon.

Fig. 3 .

 3 Fig. 3. These distributions are broad and bimodal in the active conformation, revealing an asymmetrical, non-concerted motion of the helices. In the closed case, distributions present clear peaks. We observe that the polar tilt changes from positive values in the open channel (main peak at 2.2 • ) to negative values (main peak at -2 • ) in the closed-locked conformation.
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 21648 lower right panel). The 4 • Paragon Plus Environment Journal of Chemical Information and Modeling variation is in good agreement with what was found in GluCl simulations, 58 where the polar tilt angle decreases from ∼9 • in native GluCl stabilized in the open form with ivermectin to ∼7 • in the absence of ivermectin. 58 In simulations of prokaryote proteins, 58 the polar tilt angle was ∼7 • in the GLIC open channel and ∼1 • in the closed channel of ELIC.As for the azimuthal tilts, in the open case two populations are observed centered at -2.5 • and 0 • ; in the closed case, the distribution is peaked at 0 • . In this case, the comparison points out that the M2 helices are not only radially tilted inward but undergo, to a minor extent, also a tangential reorientation (about 2 • ).
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 3484 Figure 3: Left panel: distribution of polar tilt angles. Right panel: distribution of azimuthal tilt angles. Data averaged over the five subunits. Gray bars: closed-locked; red bars: open active.A cartoon is shown in the inset, schematically representing: the protein (gray cylinder) and its principal axis (black line); the M2 helix (magenta cylinder), its principal axis (magenta line) and the radial and lateral tilts (orange and green arrow, respectively).
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 1848 the distributions are peaked at very different values in the closed and open conformation. Paragon Plus Environment Journal of Chemical Information and Modeling

Figure 4 :

 4 Figure4: Upper panel: pore radius profiles along the channel axis in the TMD of the modeled α7, in the closed-locked state (black curve), in the desensitized state (gray curve)[START_REF] Chiodo | A Possible Desensitized State Conformation of the Human α7 Nicotinic Receptor: A Molecular Dynamics Study[END_REF] and in the open active state (red curve), 18 calculated on structures averaged over the last 200 ns of each trajectory. Lower panel: comparison with pore radius profiles for putative closed channels (Torpedo nAChR from cryo-EM, PDB ID: 2BG9; from X-ray: ELIC, PDB ID: 2VL0; GLIC at pH 7, PDB ID: 4NPQ; Glycine receptor bound to strychnine, PDB ID: 5CFB). Pore profiles are calculated with HOLE.[START_REF] Smart | A Program for the Analysis of the Pore Dimensions of Ion Channel Structural Models[END_REF] The black arrows, from left to right, indicate the positions of relevant pore-lining residues of the α7 channel.

Figure 5 :

 5 Figure 5: Dot surface of the closed channel pore in the structure averaged along the last 200 ns portion of the trajectory (left panel); in the X-ray structure of the Glycine receptor bound to strychnine (middle panel, PDB ID: 5CFB); in the X-ray structure of GluCl apo (right panel, PDB ID: 4TNV). Subunits P1-P3 are sketched in cartoon representation and colored according to the secondary structure. The M2 helices of both subunits are colored in green. Residues at the constriction points are highlighted in vdW representation and colored in orange.From top to bottom: 20 , 16 , 13 , 9 , in the α7 channel; 20 , 13 , 9 in the Gly and GluCl apo receptors, respectively. In the surface, green and blue dots indicate where the pore radius allows room for a single water and where the radius is double the minimum for a single water, respectively.[START_REF] Smart | A Program for the Analysis of the Pore Dimensions of Ion Channel Structural Models[END_REF] 
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 62148 Figure 6: Distributions of crossed distances between pairs of non-adjacent subunits for Leu9 , Val13 , Leu16 and Glu20 ; data collected from the five subunits. Gray bars: closed channel; red bars: open active channel.

Figure 7 :

 7 Figure 7: Upper panel: time evolution of water count in the pore lumen lined by the M2 helices. Lower panel: time evolution of water count in a region of 10 Å length, centered at the constriction point 13 (Val246). Black curve: closed-locked; red curve: open active; gray curve: apo-closed; light red curve: apo-open.
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 22488238 Figure 8: Upper row: selected residues (in ball and stick) in suitable H-bond distances in the open form, at the LBD/TMD interface. Left panel): P4Ser259 (M2-M3)-P3Asn165 (F-loop) in P4-P3(-); central panel) P3Asp260 (M2-M3)-P2Arg199 (β10) in P3-P2(-); right panel): P2Ser259 (M2-M3)-P1Tyr204 (M1) in P2-P1(-). Central row: selected residues in intrasubunit H-bond distances in the closed form, subunit P2. Left panel): P2Leu29 (F-loop)-P2Asp158 (β1); central panel): P2Glu167 (F-loop)-P2Ile34 (β1); right panel): P2Glu156 (F-loop)-P2Leu29(β1). Lower row: selected residues in H-bond distances in the TMD M1-M4 helices in the open (left and central panels) and in the closed-locked forms (right panel). Green helices: M2; magenta helices: M1, M3, M4. Left panel): P4Ser230-P3Ser230 in the M2 helices P4-P3(-); central panel): P3Ala252-P2Tyr204 in P3-P2(-) and P2Ala180-P1Tyr204 in P2-P1(-); right panel): P1Thr320-P1Tyr268 in the M4 and M3 helices in P1, respectively; P1Ser217-P1Thr272 and P1Ala220-P1Ser279 in the M1 and M3 helices in P1, respectively. The protein is in cartoon and colored according the secondary structure. Conotoxin in the ligand pocket is also shown in vdW representation.
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 48 Paragon Plus Environment Journal of Chemical Information and Modeling In place of inter-subunit pairs, in the closed state we observe the presence of more intrasubunit H-bond distances between M1-M4 TMD helices with respect the open form (Fig. 8, lower right panel). H-bond distances are found: between P1Ala220 and P1Ser279, P1Ser217 and P1Thr272 in the M1-M3 helices in P1; between P1Thr320 and P1Tyr268 in the M4-M3 helices of subunit P1; P3Thr320 and P3Tyr268 in the M4-M3 helices in P3; between P4Thr320 and P4Tyr268 in the M4-M3 of subunit P4; P5Thr320 and P5Tyr268 in the M4-M3 helices in P5.These results suggest that the open-to-closed transition could be described in terms of the evolution of a network of key hydrogen bonding interactions. In particular, the comparison of the bond pattern between the closed-locked and the open structure points out that subunits communication, both at the interface and in the TMD region, is required for function (binding-to-gating and ion translocation), while it is completely lost in the inactive state.
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  Figure S2.As for the water occupancy of the pore, results in Fig.7reveal that in the apo-open structure there are larger fluctuations with respect to the epibatidine-bound one, while the apo-closed structure is mostly similar to the conotoxin-bound one. Indeed, along the apo-

Figure 9 :

 9 Figure 9: Pore radius profiles along the channel axis in the TMD region, in the apo-closed (gray curve) and apo-open (light red curve) conformations compared with the ones in the open/closed-locked state (red and black curves). Pore profiles are calculated, with HOLE, 67 on structures averaged over the last 200 ns of the trajectories. The curve in magenta represents the profile in the apo-open in a frame selected in the time interval in which the water content drops to zero (102 ns, see Figure 7, main text). The black arrows, from left to right, indicate the positions of relevant pore-lining residues in the α7.
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 28102948 Figure 10: Dot surface of the open (left panel) and apo-open (right panel) channel pores, the latter in a representative snapshot in the time interval in which the pore water content drops to zero (see Figure7, main text, in the 100-104 ns range). Residues at constriction points are highlighted and colored in orange (from bottom to top, Gly-2 , Thr6 , Val13 , Glu20 ). Protein, residues and surface representation as in Figure5, main text. Constriction points are present in the LBD due to loop conformations from the other subunits (not represented here) extending toward the center of the channel, thus shrinking the pore size.
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 3048 Paragon Plus EnvironmentJournal of Chemical Information and Modeling even this feature has been questioned by results on a AChBP structure bound to dihydrobeta-erythroidine (DHE),78 which is an antagonist, but so small that the C loop does not open more than in presence of an agonist.The presence of a hydrated, ion-conductive TMD pore is generally considered a marker for the active state. The situation for non-conductive states (closed-locked, resting and desensitized) is quite more complex, since they all show a fully or partially de-hydrated pore.Structural markers might only be identified in fine details of the TMD (relative orientation of the helices and inter-helices loops flexibility), and possibly at the TMD-LBD interface, to reconcile a closed channel structure with different conformations of the LBD. Most difficulties in defining the structural determinants of non-conductive states stem from the paucity of closed-locked, antagonist-bound experimental structures. Only recently a member of the pLGICs family (the anion selective glycine binding channel) has been crystallized in a closedlocked structure, complexed with strychnine.[START_REF] Huang | Crystal Structure of Human Glycine Receptor-α3 Bound to Antagonist Strychnine[END_REF] 
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 3148 Paragon Plus EnvironmentJournal of Chemical Information and Modeling tored the global twist angle and the blooming of the LBD. The twist angle value is expected to increase during the open-to-close transition, as it describes a rotation of the LBD and TMD in opposite direction around the pore axis, which closes the channel.[START_REF] Taly | Normal Mode Analysis Suggests a Quaternary Twist Model for the Nicotinic Receptor Gating Mechanism[END_REF][53][START_REF] Cheng | Channel Opening Motion of α7 Nicotinic Acetylcholine Receptor as Suggested by Normal Mode Analysis[END_REF][START_REF] Samson | Inhibition Mechanism of the Acetylcholine Receptor by Alpha-Neurotoxins as Revealed By Normal-Mode Dynamics[END_REF] As for the blooming, it has been reported that, with respect to open conformation, a closed channel should expand the LBD radially with respect the channel axis.[START_REF] Wu | Ion Channels Gated by Acetylcholine and Serotonin: Structures, Biology, and Drug Discovery[END_REF][START_REF] Althoff | X-Ray Structures of GluCl in Apo States Reveal a Gating Mechanism of Cys-Loop Receptors[END_REF][START_REF] Cecchini | The Nicotinic Acetylcholine Receptor and Its Prokaryotic Homologues: Structure, Conformational Transitions and Allosteric Modulation[END_REF][START_REF] Lev | String Method Solution of The Gating Pathways for a Pentameric Ligand Gated Ion Channel[END_REF][START_REF] Calimet | A Gating Mechanism of Pentameric Ligand-Gated Ion Channels[END_REF][START_REF] Sauguet | Crystal Structures of a Pentameric Ligand-Gated Ion Channel Provide a Mechanism for Activation[END_REF] A comparison of the values of these two descriptors in our model structure and in our open active model[START_REF] Chiodo | A Structural Model of the Human α7 Nicotinic Receptor in an Open Conformation[END_REF] 
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 3248 Paragon Plus Environment Journal of Chemical Information and Modeling closed conformation. On average over the five subunits the TMD RMSD is stationary around 1.5 Å over the last 200 ns segment.At variance, the apo structure from the active, epibatidine-bound channel displays more heterogeneous features. During the simulation, it spontaneously evolves towards a nonconductive conformation, as evidenced by the analysis of the pore hydration. Several dewetting events occur along the simulation. High conformational heterogeneity is observed at the channel hydrophobic girdles and Thr6 , especially when compared to the closed-locked trajectory, where the reduced flexibility could be associated to a loss of physiological function.According to our results, it seems that Thr6 is also regulating the pore hydration/dehyration mechanism. Visual inspection of the apo-open trajectory reveals that the shrinking of the Thr6 ring causes the de-wetting observed in the water time series shown in Fig.7. In Fig.11, two water configurations in the pore are shown: i) a case of zero water content in the region around 13 (left panel), and ii) at subsequent time, when water fills again the pore from the bottom (right panel). Such water arrangement is reminiscent of what observed in liquid-vapor transition which occurs in hydrophobic nanopores (hydrophobic gating).[START_REF] Aryal | Hydrophobic Gating in Ion Channels[END_REF] 
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 113348 Figure 11: Water configuration in two representative snapshots in the portion 100-104 ns of the apo-open trajectory (see in Figure 7, main text). TMD of the subunits P1, P3 are shown in carton, colored coded according the secondary structure. M2 helices are highlighted in green. Water molecules are in vdW representation. Thr6 and Val13 in subunits P1, P3 are represented in vdW surrounded by a mesh, in green. Left panel: at 102 ns; right panel: few frames later, after water molecules fill the pore.
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 3448 support of the importance of polar residues at position 6 in the ion translocation process, an active role of Ser6 has been inferred from the crystal structure of an open form of GLIC, and confirmed by electrophysiology measurements and MD simulations of native and mutants forms.[START_REF] Sauguet | Structural Basis for Ion Permeation Mechanism in Pentameric Ligand-Gated Ion Channels[END_REF] In summary, according to our analysis, it appears that the apo-open conformation is intermediate between the active and inactive states. This emerges from features at both the LBD and the TMD, as evidenced by the bimodal distributions of key distances at the LBD/TMD interface. For other descriptors, the probability distributions clearly overlap with the closed state. Remarkably, in the portion of the apo-open trajectory when pore closure is observed, all inter-subunit H-bond distances at the TMD/LBD interface, markers of the open active state, are not formed. This conformation is also quite different from the desensitized form we presented recently[START_REF] Chiodo | A Possible Desensitized State Conformation of the Human α7 Nicotinic Receptor: A Molecular Dynamics Study[END_REF] for the same channel, thus we suggest it could be associated to the resting apo state of the α7 human receptor. Paragon Plus EnvironmentJournal of Chemical Information and ModelingConclusionsIn this work, we provide two new all-atom structural models of the human α7 nicotinic receptor in different states. The first model, which recapitulates the features of a closedlocked state, was generated by homology modeling and relaxed via extensive MD simulations.We used as templates the structure of Aplysia AChBP bound to α-conotoxin ImI for the LBD, and the GluCl apo crystal for the TMD. The non-conductive features of the structure were assessed based on the analysis of quaternary and ternary structure descriptors and pore geometry and hydration. This closed-locked conformation and our previous model of the open active conformation bound to the agonist epibatidine provide thermodynamically stable end-points of the gating transition, which, at variance with procaryotic channels, are currently not available for the human channel from high-resolution experimental techniques.
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 3548 structural features and the states of the channel. The availability of structural models for the active and different inactive states of the human nicotinic receptor provides new valuable Paragon Plus Environment Journal of Chemical Information and Modeling tools to characterize different pLGICs states and to interpret results from experiments or simulations.

  

  

Table 1 :

 1 Simulations of the α7 pentamer.
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