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Cryo-electron microscopy unveils unique structural features of the human Kir2.1 channel
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We present the first structure of the human Kir2.1 channel containing both transmembrane (TMD) and cytoplasmic (CTD) domains. Kir2.1 channels are strongly inward rectifying K + channels that play a key role in maintaining resting membrane potential. Their gating is modulated by phosphatidylinositol-4,5-bisphosphate (PIP2). Genetically-inherited defects in Kir2.1 channels are responsible for several rare human diseases, including Andersen's syndrome. The structural analysis (cryo-EM), surface plasmon resonance, and electrophysiological experiments revealed a well-connected network of interactions between the PIP2-binding site and the G-loop through residues R312 and H221. Additionally, molecular dynamics simulations and normal mode analysis showed the intrinsic tendency of the CTD to tether to the TMD and a movement of the secondary anionic binding site to the membrane even without PIP2. Our results revealed structural features unique to human Kir2.1 and provided insights into the connection between G-loop and gating and the pathological mechanisms associated with this channel.

Inward-rectifier potassium (Kir) channels are a group of integral membrane proteins that selectively control the permeation of K + ions across cell membranes. They are particular in that the channels conduct K + ions easier in the inward direction (into the cell) than in the outward direction (out of the cell). The small outward K + current through Kir channels controls the resting membrane potential and membrane excitability, regulates cardiac and neuronal electrical activities, couples insulin secretion to blood glucose levels, and maintains electrolyte balance (1).

All Kir channels are tetramers of identical or related subunits and share characteristic structural features. They possess a canonical pore-forming transmembrane domain (TMD) made of two transmembrane helices (M1 and M2) separated by a K + ion selectivity filter and a large cytoplasmic domain (CTD) containing both amino (N-) and carboxy (C-) termini. The CTD extends the ion conduction pathway and provides docking sites for regulatory ions, proteins, and ligands (2). The inward-rectification mechanism results from a block on the cytoplasmic side of the channels by endogenous polyamines and Mg 2+ that plug the channel pore at depolarized potentials, resulting in decreased outward currents. The blockers are then removed from the pore when the K + ions flow into the cell at hyperpolarized potentials. This voltagedependent block results in efficient conduction of current only in the inward direction (3)(4)(5). In addition to being inwardly rectifying, Kir channels respond to a variety of intracellular messengers that directly control the channel gating, including phosphoinositides (PIPs), G proteins (Kir3 channels), ATP (Kir6 channels), and changes in pH (Kir1 channels) (1). The Kir family is encoded by 16 genes (KCNJ1-18), and classified into seven sub-families (Kir1-7).

To fulfill crucial biological roles, the gating of all eukaryotic Kir channels is directly controlled by regulatory lipid ligands such as PIPs. Different Kir isoforms display distinct specificities for the activating PIPs (2). Kir2.1 channels are selectively activated by the signaling lipid phosphatidylinositol-4,5-biphosphate (PIP2), while some members (such as Kir3.1/3.4) are less stringent in their PIP sensitivity, and all PIPs indiscriminately activate others such as Kir6.2. PIP2 binds to a "primary site" (6,7), and its sensitivity is enhanced by the binding of a bulk of anionic lipids (positive allosteric regulators) to a "secondary site" (8,9). On the other hand, the bacterial KirBac channels are inhibited by PIPs (6,10).

Kir2.1 is the protein product of the KCNJ2 gene, which has been shown to play a critical role in excitable cells and developmental processes (11). Kir2.1 is expressed at high levels in the heart, skeletal muscle, and neural tissue. The extent of rectification varies among the different subfamilies, ranging from weak (Kir1) to strong (Kir2). Several crystallographic structures of Kir channels with Mg 2+ have been published. One study has reported the crystallographic structure of KirBac3.1 channel with an electron density attributed to spermine. Yet, KirBac3.1 is missing numerous critical spermine-interacting residues (12). The molecular blocking mechanisms of polyamines and Mg 2+ are still under scrutiny. KCNJ2 mutations are associated with four disorders, namely Andersen's syndrome (AS), atrial fibrillation (AF), short QT syndrome (SQT), and catecholaminergic polymorphic ventricular tachycardia (CPTV) (11,(13)(14)(15). While AF-and SQT-associated mutations lead to a gain of channel function, those associated with AS and CPTV are all loss of function mutations. AS is a rare and complex disorder showing variability in patient diagnosis. The most common phenotypes are periodic paralysis, cardiac arrhythmias, and distinctive physical features with development anomalies (16).

It has been proposed that the G-loop is involved in channel modulation by PIP2 and other ligands (17,18). The G-loop is a conserved motif extending from G300 to Y315, composed predominantly of residues with short hydrophobic side chains that may constrict the pore diameter in some states of the channel (19). Even though the role of the G-loop is yet to be fully understood, several structural studies raise the possibility that this motif undergoes relevant conformational changes for channel gating (17)(18)(19)(20). However, it is not known how the G-loop gate integrates into channel gating and how it affects the gating kinetics of Kir channels.

In order to shed light on the structural mechanism of the human Kir channels and the associated rearrangements underlying PIP2, Mg 2+ , and polyamines-dependent gating, detailed structural information is crucial. Here we used cryo-electron microscopy (cryo-EM) combined with image analysis to elucidate for the first time the structure of a human Kir channel, Kir2.1, at atomic resolution in the closed state. Our findings reveal unique structural features of the human Kir2.1 channel, among other eukaryotic Kir channels. Furthermore, computational investigations (normal mode analysis and molecular dynamics simulation) reveal crucial conformational movements, including compaction of the structure and opening movements at the interface between the TMD and CTD, which could facilitate the binding of PIP2. In addition, we provide biophysical and functional data on the Kir2.1 channel (WT and the mutant R312H, a mutant responsible for AS disease (21) ), and we propose a putative activation mechanism involving the transmission of the signal to the G-loop upon PIP2 binding.

Until recently, the effect of residue R312 on the binding of PIP2 to Kir2.1 was still controversial. The R312Q mutation has been suggested to weaken the interaction of Kir2.1 with PIP2 (22). However, more recent biochemical binding assays have indicated that this mutation does not significantly affect the PIP2 binding (23). To clarify this point, we investigated the affinity of PIP2 to the WT channel and R312H mutant (naturally occurring AS-causing mutation) and the impact of this mutant on the Kir2.1 function. The human Kir2.1 wild-type (WT) channel and its R312H mutant counterpart were recombinantlyproduced in and purified from the yeast Pichia pastoris. The size exclusion chromatography (SEC) elution profile of the Kir2.1 WT (Fig. S1) shows a prominent elution peak at 11.80 mL, corresponding to its tetrameric quaternary structure. SDS-PAGE and Western blot analyses reveal the monomeric form of Kir2.1 at its expected size (~50 kDa, Fig. S1). Similar results were obtained with the Kir2.1 R312H mutant (data not shown).

The structure of the human Kir2.1 channel was resolved by single-particle cryo-EM analysis (Fig. S2, Fig. 1A) to an average resolution of 4.3 Å (Fig. S3) for the whole protein. The local resolution map shows that some regions, especially in CTD, can reach 3.7 Å resolution, mainly: the G-loop region, the PIP2 binding site, residue R312, and its vicinity (Fig. S3B). The final structural model contains all typical structural features of Kir channels (Fig. 1 A-B). In the TMD, the outer (M1) and inner (M2) transmembrane helices are observed, in addition to two short helical elements (the slide and the pore helices) and the selectivity filter which contains the K + channel signature sequence (T-X-G-Y/F-G). The CTD is rich in β-strands and encompasses the G-loop in the apex of the cytoplasmic pore. This is the first time that the entire human Kir2.1 channel has been resolved at high resolution; it is also the first cryo-EM structure of a Kir2 channel. This Kir2.1 structure covers an external flexible N-terminal loop (region [START_REF] Kubo | Control of rectification and permeation by two distinct sites after the second transmembrane region in Kir2.1 K + channel[END_REF][START_REF] Fujiwara | Functional roles of charged amino acid residues on the wall of the cytoplasmic pore of Kir2.1[END_REF][START_REF] Uchimura | Inward Rectification in rat nucleus accumbens neurons[END_REF][START_REF] Moldenhauer | Effective pore size and radius of capture for K(+) ions in K-channels[END_REF][START_REF] Yang | Microrna Biophysically Modulates Cardiac Physiology via Directly Binding to Ion Channel[END_REF][START_REF] Garneau | Contribution of cytosolic cysteine residues to the gating properties of the Kir2.1 inward rectifier[END_REF][START_REF] Li | Three pairs of weak interactions precisely regulate the G-loop gate of Kir2.1 channel[END_REF][START_REF] Hartmann | Heterologous Expression of Membrane Proteins: Methods and Protocols[END_REF][START_REF] Zheng | MotionCor2: anisotropic correction of beam-induced motion for improved cryo-electron microscopy[END_REF][START_REF] Rohou | CTFFIND4: Fast and accurate defocus estimation from electron micrographs[END_REF][START_REF] Wagner | SPHIRE-crYOLO is a fast and accurate fully automated particle picker for cryo-EM[END_REF][START_REF] Scheres | RELION: implementation of a Bayesian approach to cryo-EM structure determination[END_REF][START_REF] Zivanov | New tools for automated high-resolution cryo-EM structure determination in RELION-3[END_REF][START_REF] Liebschner | Macromolecular structure determination using X-rays, neutrons and electrons: recent developments in Phenix[END_REF] that interacts with CTD and PIP2, which has only been continuously modeled in Kir2.2 PIP2-bound crystal structures (3SPI, 3SPG, and 5KUM) (7,24). This segment has been shown to be important in the gating process (25).

The resolved Kir2.1 structure exhibits ion-conduction pore constrictions along the helix bundle crossing region (HBC) and the G-loop (see following sections). It is 121 Å long and 78 Å wide (Fig. 1). This extended conformation is also observed in the apo-Kir2.2 crystal structure (3JYC) (26) and the apo-Kir3.2 cryo-EM structure (6XIS) (27), both of which are in a closed state. Thus, these data suggest that the human Kir2.1 structure was obtained in the non-conductive closed state. A single disulfide bridge between C122 and C154 residues of the same chain is observed in the outermost region of the TMD, close to the extracellular loops (Fig. 1C). Finally, it was possible to accurately map the location of most of the AS-causing mutations in the Kir2.1 structure (Fig. S4). Moreover, we studied in detail the impact of one of them, R312H, located outside the PIP2-binding site, on the structure and function of the human Kir2.1 channel (see following sections). The accession code for these structures are PDB 7ZDZ and EMD 14678.

No density consistent with K + ions or any other ions were observed in the selectivity filter. The cryo-EM structure of apo-Kir3.2 (6XIS) is another structure reported with no K + ions inside the selectivity filter, despite its slightly larger pore diameter than Kir2.1 (see next section). Nevertheless, the presence of three K + ions is observed when the same channel is in complex with PIP2 (cryo-EM PIP2-Kir3.2 structure, 6XIT) (27). In most crystallographic structures, four K + ions are present at the selectivity filter; this includes the crystal structures of apo-Kir2.2, PIP2-Kir2.2 (3JYC and 3SPI, respectively), apo-Kir3.2, PIP2-Kir3.2 (3SYO and 3SYA, respectively), and KirBac3.1 (i.e., 3ZRS) (7,17,26,28). Note that for crystallization assays and cryo-EM sample preparation, the concentration of KCl in the medium is approximately the same (150-200 mM).

Three ions (two Sr 2+ and one K + , Fig. 2 in blue and green, respectively) are present in the pore below the selectivity filter. The two circular densities, located just below the selectivity filter and slightly below the G-loop, were attributed to Sr 2+ ions. These cryo-EM densities show a high magnitude (still persistent at 13 σ and 15 σ map threshold respectively) and exhibit higher cross-correlation values (cc = 0.82 and 0.76, respectively) when modeled as Sr 2+ ions, compared to when modeled as Mg 2+ (0.51 and 0.57) or K + ions (0.41 and 0.49). The divalent cation Sr 2+ mimics Mg 2+ , a biologically important metal ion blocker of eukaryotic Kir channels (29). The first Sr 2+ ion is located below the selectivity filter at equidistance from the Oδ2 of the D172 side chains (~7 Å) and the Oγ1 of the T142 side chains (~6-7 Å), the innermost residue of the selectivity filter. The second Sr 2+ ion is located below the G-loop at ~8-11 Å from Oε1/Oε2 of the E299 side chains and ~9-10 Å from Oε1/Oε2 of the E224 side chains. It is, interestingly, closer (~6 Å) to the carbonyl backbone of the A306 in the G-loop region. Sr 2+ ions at similar positions have also been found in the crystal structure of chicken Kir2.2 (26), where crystals were grown in the presence of 10 mM Sr 2 . However, no Sr 2+ was added in the sample preparation for cryo-EM analysis, but there are traces of Sr 2+ ions in the yeast medium.

A third circular cryo-EM density with a persistent magnitude up to a 6 σ map threshold is observed in the outermost region of the CTD. This density was interpreted as a K + ion (cc= 0.84). This K + ion is dehydrated and directly coordinated to two D255 residues from opposite chains with typical K-O distances of 2.8 Å (Fig. 2). This confirms that the long pore extends quite far from the cytoplasm (20). A K + ion in a similar position has been found in the crystal structure of the CTD domain of mouse Kir2.1 R218Q/T309K (2GIX) (30). However, in this structure (2GIX), the K + ion is hydrated and interacts with the four D255 residues through eight water molecules.

The analysis of the radius between the van der Waals surfaces of the central ion conduction pore using the HOLE software (31) shows four constriction points located at the selectivity filter and residues I176, M180, and A306 (Fig. 3, A andB). The selectivity filter has a very tight structure (pore radius less than 0.2 Å). Two of the other narrow points, I176 and M180, are located in the TMD immediately below the Sr 2+ ion present in this region. These constriction points have a minimum pore radius of 0.77 Å (I176) and 1.05 Å (M180) and close the pore leading to the CTD. Similarly, in the apo-Kir2.2 crystal structure (3JYC) (26), I177, equivalent to I176 in Kir2.1, is also described as a constriction point with a similar pore radius (Fig. 3C). M180 is equivalent to residue Y132 of KirBac3.1 located at the helix bundle crossing, a well-described constriction point in the bacterial channel (12,32). The fourth constriction point is located at A306 at the apex of the G-loop at the pore entrance into the CTD; this feature has also been observed in the mouse CTD Kir2.1 crystal structure (1U4F) (20). This constriction point is unique to Kir2.1 and is not present in Kir2.2 (3JYC) and Kir3.2 (3SYO) structures (Fig. 3C).

The superposition of Cα atoms of TMD and extracellular region (a.a 72-182) of the four chains of human Kir2.1 channel cryo-EM structure resulted in a root mean square deviation (RMSD) of 1.0-1.4 Å (Table S1A). The region that presents the most significant deviation is the extracellular region (a.a 112-121), including the C-terminal end of the M1 helix and the extracellular loops, indicating high conformational flexibility (Fig. S5A). Moreover, Cα superposition between the four chains of Kir2.1 structure and the crystal structures of Kir2.2 in the absence and presence of PIP2 (3SPI and 3JYC, respectively) resulted in an RMSD of 4.6-5.0 Å (Table S1A). These high RMSD values are mainly due to deviations observed in extracellular and selectivity filter regions (a.a 141-147) (Fig. S5B). This Cα superposition reveals that the selectivity filter in human Kir2.1 is closer to the center of the pore channel compared with the Kir2.2 structures (Fig. S5B), resulting in a narrower pore (as shown in the previous section). The superposition of Cα TMD and the extracellular region between the Kir2.2 crystal structures reveals lower RMSD values than the comparison between the Kir2.1 chains (0.8 Å and 1.0-1.4 Å, respectively, Table S1A). This is due mainly to a smaller deviation in the extracellular region (Fig. S5A-B), suggesting this region of Kir2.1 channels can present higher conformation flexibility than the same region in Kir2.2.

Superposition between Cα atoms of CTD (a.a 192-364) from the four chains of human Kir2.1 channel cryo-EM structure resulted in RMSD values of 0.9-1.6 Å (Table S1B). When compared with the crystal structure of mouse Kir2.1 CTD (1U4F), Cα CTD superposition resulted in RMSD values of 1.3-1.9 Å (Table S1B). In both superpositions, the CTD regions that present the greatest deviation are two flexible loops exposed to the solvent (a.a 281-291 and a.a 330-340) and the C-terminal end (a.a 357-364). The G-loop presented low Cα RMSD values in both comparisons (0.4-0.7 Å between the four human Kir2.1 chains (Table S1C) and 0.5-0.7 Å between human and mouse CTD) (Table S1C). These data indicate that the G-loop displays a stable backbone conformation in the Kir2.1 CTD structures, although previously described as intrinsically flexible (20).

The association and dissociation rate constants, kon and koff, respectively, and the dissociation constant (KD) of the Kir2.1 WT and R312H mutant were determined directly from surface plasmon resonance (SPR) experiments and the fitted curves using CM5 sensor chips. Kir2.1 WT was immobilized at 3,900-6,500 RU (response units) levels on CM5 sensor chips. Sequential injections of PIP2 ranged from 0.15 to 20 µM (Fig. 4A). The KD, derived from koff/kon, was determined to be 3.2 ± 0.7•10 -6 M. The average kon and koff are 1.8 ± 1.1•10 3 Ms -1 and 5.2 ± 3.5•10 -3 s -1 , respectively. Kir2.1 R312H was immobilized to 4,000-4,130 RU level on CM5 sensor chips. Sequential injections of PIP2 ranged from 0.15 to 20 µM. The derived KD, was determined to be 3.7 ± 1.2•10 -5 M with an average kon of 4.5 ± 2.3•10 2 Ms -1 and koff of 1.4 ± 4.5•10 -2 s -1 (Fig. 4B). R312H showed a ten-fold difference in affinity compared to WT. However, both have affinities in the micromolar range, which corresponds to generally low binding affinity. This indicates that the R312H mutation slightly modifies the KD but does not impede the binding.

The purified proteins (Kir2.1 WT and R312H) were investigated in reconstituted planar lipid bilayers. The electrophysiological recordings of Kir2.1 WT and R312H mutant in the absence of PIP2 showed no channel activity (data not shown). However, recordings in the presence of 1% PIP2 at -100 mV revealed an open probability (Po) of 70% for the WT form (Fig. 4C) and less than 1% for the Kir2.1 R312H mutant (Fig. 4D). These activities were all silenced by applying 100 µM BaCl2 to the upper chamber.

In the human Kir2.1 channel structure, residue R312 is involved in an inter-subunit interaction network with residues H221 and E303 of the clockwise-adjacent chain (top view from the extracellular side) (Fig. 5 and Fig. S6). Except for chain C, the oxygen atoms of the R312 side chain can establish inter-subunit contacts at distances of 3-3.4 Å with the oxygen atoms of the H221 imidazole ring of the adjacent chain, although both are positively charged. Indeed, computational approaches have demonstrated that arginine can form strong like-charged contact pairs with histidine, which are not weakened by the unfavorable electrostatic interaction between the side chains [START_REF] Heyda | Attractive interactions between side chains of histidine-histidine and histidine-arginine-based cationic dipeptides in water[END_REF]. Moreover, except for chain B, R312 can establish inter-subunit salt bridges (3.4-3.7 Å) with E303 of the adjacent chain, a residue present in the G-loop. E303 can also establish intra-subunit salt bridges (3.4 Å) with H221 near residues K219 and R218. These two critical residues have been previously reported to control the binding of PIP2 to the Kir2.1 channel, with the mutation R218Q abolishing such a binding (23,[START_REF] Fuerst | Identification of a Cholesterol-Binding Pocket in Inward Rectifier K + (Kir) Channels[END_REF]. Fig. S7 highlights the cryo-EM density map quality for H221, E303, and R312 in the four Kir2.1 chains, with a local resolution of 3.7 Å (Fig. S3).

The R312H mutation was modeled in the human Kir2.1 channel to understand its implication in the interaction network described above. Arginine was changed to histidine using Chimera software, followed by local energy minimization. The analysis of the interaction network distances showed that the nitrogen atoms of the H312 imidazole ring were further away from the nitrogen atoms of the H221 imidazole ring of the adjacent chain than the distances observed in the WT structure (Fig. 5 and Fig. S6). Furthermore, all salt bridges involving E303 are lost because the distances between Oε2 of E303 and nitrogen atoms from H312 and H221 increased to 4.9-9.0 Å. These data suggest that R312 helps coordinate the position of H221 and E303 side chains to maintain the salt bridges established by E303 with the two other residues. The mutation R312H abolishes this particular network of interactions.

The first Kir2.2 channel crystal structures revealed significant structural differences between the apo and PIP2-bound structures. In the apo-Kir2.2 crystal structure, the protein is observed in an extended conformation, and the linker between CTD and TMD is disordered in the outer region (a.a 57-70). On the other hand, in the PIP2-bound structures, this linker adopts a helical conformation, and the CTD approaches the membrane's inner surface, translating toward the TMD by 6 Å (7,26). Similar results about PIP2-induced channel compaction were observed in Kir3.2 cryo-EM structures (27). Furthermore, this compact structure has also been associated with a gating conformational change [START_REF] Zangerl-Plessl | Atomistic basis of opening and conduction in mammalian inward rectifier potassium (Kir2.2) channels[END_REF]. However, it is uncertain that PIP2 binding could be responsible for the movement of CTD toward TMD since the crystal structures of Kir2.2 (5KUM) and Kir3.2 (3SYO and 3SYP) have been obtained in the compact form without PIP2 (17). This suggests that large conformational movements are involved in the gating of this channel. These large-scale conformational movements generally take place on nanoseconds to microseconds time scale, often not reached in classical molecular dynamics simulations. Lowfrequency normal mode (NM) analysis is a relevant tool to overcome this limitation and characterize these conformational movements and has been successfully used to describe structural aspects of several proteins [START_REF] Mouawad | Motions in hemoglobin studied by normal mode analysis and energy minimization: Evidence for the existence of tertiary T-like, quaternary R-like intermediate structures[END_REF][START_REF] Bahar | Global dynamics of proteins: bridging between structure and function[END_REF]. NM analysis was performed to assess whether the lowest frequency modes would describe the channel's compaction/extension movement in the absence of PIP2. We calculated the first five lowest frequency modes as they are sufficient to get the overall collective motions [START_REF] Kaynak | Sampling of Protein Conformational Space Using Hybrid Simulations: A Critical Assessment of Recent Methods[END_REF].

The longitudinal length of Kir2.1 (Fig. S8 left panel) was evaluated by the Cα-Cα distance between the most distal points of the structure: residues K117 (in the extracellular loop) and E363 (lowest part of the C-terminal region). Tethering of the CTD to the TMD was assessed by the Cα-Cα distance between D78, located in the slide helix at the interface between the membrane and the CTD, and K219, located in the CTD; the latter has been identified as a PIP2 binding controller, being close to H221 (2). In the extended structure of the Kir2.1 channel obtained here, the protein is seen to be 121 Å long and has a D78/K219 Cα-Cα distance of ~15 Å (Fig. S8 left panel). After the initial energy minimization necessary for the all-atom NM calculation (constituting the reference structure), a slight decrease in the protein's longitudinal length and a slightly closer distance between the CTD and TMD were observed (Fig. S8 middle panel). To better analyze the motions corresponding to the five lowest frequency modes, ±3.0 Å structural displacements were achieved along each of them. Then, the absolute value of the longitudinal length difference between the two extremes of the displaced structures along each of the mode vectors and the CTD-TMD tethering length were calculated.

Mode 5 was the only NM for which the Cα K117/E363 and D78/K219 distances varied cooperatively by at least 6 Å between the displaced structures at +3 Å and -3 Å (Fig. S8 right panel). A displacement of -3 Å along the mode 5 from the energy-minimized reference structure leads to a compaction of the entire protein down to 113 Å and a reduction of Cα-Cα D78/K219 down to 9.7 Å (Fig. 6). On the other hand, the reverse +3 Å displacement leads to an extension up to 121 Å and to an increase of the Cα-Cα D78/K219 distance up to 15.8 Å, which are values close to those observed in the cryo-EM structure (Fig. 6A). These data show that NM 5 was able to recover and describe the extension/compression conformational motion of the Kir2.1 channel even without PIP2 (Fig. 6A; Video S1).

Modes 1 and 2 describe a swing motion that results in a lateral opening of the area located at the interface between CTD and TMD in adjacent chains (Figs. 7 and S9, Videos S2 and S3). Mode 1 describes a swing motion between chains B and C in this interface area and chains A and D (Figs. 7A and S9A, Video S2). The extent of this motion was evaluated by the Cα-Cα distance between R82 and K219 from adjacent chains (R82(B)/K219(C) and R82(D)/K219(A)) (Fig. S9A). A displacement of +3 Å along the mode 1 from the reference structure leads to an increase of Cα R82(B)/K219(C) distance of 5.1 Å, and the reverse -3 Å displacement leads to a 1.8 Å an increase of Cα R82(D)/K219(A) distance (Fig. S9A). K187 is a residue that interacts directly with a PIP2 phosphate group (7) and is located in the central region of the inner loop between TMD and CTD. We observed a significant increase in the solvent-accessible surface area (SASA) of the residue K187 from chains B and D by 10.0 Å 2 and 20.0 Å 2 , respectively, after applying ±3 Å displacements along the NM 1 (Fig. S9A). Mode 2 describes the same swing motion as mode 1, but between chains A and B and chains C and D (Figs. 7B and S9B, Video S3). Likewise, the Cα R82/K219 distances increase in the ±3 Å displaced structures along the NM 2 (by 2.1 Å and 5.8 Å for R82(A)/K219(B) and R82(C)/K219(D) distances, respectively) as well as the SASA of the K187 residues (by 13.7 Å 2 and 15.3 Å 2 for K187(A) and K187(C), respectively) (Fig. S9B and Video S3). In conclusion, modes 1 and 2 may describe an inherent movement of opening the PIP2 binding site in the four possible PIP2 binding sites available in the Kir2.1 structure. The residues involved in putative PIP2 binding for Kir2.x (R80, W81, R82, K182, K185, K187, K188, R189, R218, and K219) (2) are shown in Videos S2 and S3.

Finally, the motions referring to modes 3 and 4 can be seen in Videos S4 and S5; we do not address them in detail.

To identify in our cryo-EM data sets the different conformational states described by NM analysis, we followed the protocol described by Scheres et al. [START_REF] Scheres | Processing of Structurally Heterogeneous Cryo-EM Data in RELION[END_REF]. The compression/extension conformations, were observed when the particles from class 3 of the second 3D classification round (blue box, Fig. S2) were submitted to 3D classification using local angular searches (Fig. S10). This 3D classification provided two classes (classes 2 and 6; Fig. S10), which after 3D refinement, resulted in maps with size-length of 120 Å and 113 Å (Fig. S10), values similar to those observed along the ±3.0 Å structural displacements in NM5 (Fig. 6). Concerning the lateral opening at the interface between CTD and TMD similar to that described by modes 1 and 2, we noticed that class 3 from the first round of 3D classification presented already this feature (red box, Figure S2). This was confirmed when we submitted the particles of this class to a 3D classification using local angular searches. In all classes resulting from this 3D classification, it was possible to observe the lateral opening of the structure (Figure S11). This interesting conformation can lead to increased accessibility of the PIP2-binding site, as described by the NM1 and NM2 (Fig. 7).

Residues K64 and K219 have been identified as constituting a secondary binding site, directly interacting with non-specific anionic phospholipids (PL -). These positive allosteric regulators increase the PIP2 sensitivity by 10-100 fold (8,9,24). We studied the local motion of K64 (at the N-terminal end of the slide helix) by carrying out molecular dynamics (MD) simulations on the cryo-EM structure of Kir2.1 (extended conformation) embedded in a POPC lipid bilayer for 200 ns in triplicate. Snapshots of the K64 position during MD simulations show that this residue can approach the membrane significantly in most of the chains and replicas. Moreover, for three of the chains, we observed that K64 can enter the membrane (Figs. 8 and S12, Video S6). These data support the previously proposed movement of K64 tethering to the membrane (9, 24), which would be required for the PL -binding to this secondary binding site. In addition, the dynamics of R67 (in the vicinity of K64 and closer to the membrane) were also examined. Snapshots of the R67 position along the MD simulations show that this residue can penetrate the membrane for most of the chains and therefore gets significantly closer to the membrane than K64 residue (Figs. 8 and S12, Video S5). The analysis of the distances between the K64 and R67 residues to the phosphate groups of the inner membrane shows that these residues move toward the membrane (Figs. 8 andS12). Furthermore, this analysis also shows that K64 and R67 have similar trajectory profiles and may have inherent coupled local motions. Finally, the Cα RMSD and Cα root mean square fluctuations (RMSF) from the MD simulations are shown in Fig. S13. All three replicas exhibited Cα RMSD variation of less than 0.5 Å in the last 50 ns of the MD simulations (Fig. S13A). Cα RMSF analysis shows that extracellular loops have the highest RMSF values in all four chains of the human Kir2.1 structure (Fig. S13B), indicating a high level of backbone flexibility. On the other hand, G-loop exhibits low Cα RMSF values, indicating a low level of backbone flexibility in this region.

Strong rectification of Kir2.1 has been attributed to two principal electronegative regions: D172 in the M2 helix [START_REF] Lu | Electrostatic tuning of Mg2+ affinity in an inward-rectifier K + channel[END_REF] and E224/E299 below the G-loop [START_REF] Kubo | Control of rectification and permeation by two distinct sites after the second transmembrane region in Kir2.1 K + channel[END_REF]. The arrangement of residues is essential for blockade because they create negatively charged rings in the channel pore, which is crucial for the blocking and rectification of Kir2.1 channels (4). Mutations of these residues decreased the affinity for blockers such as Mg 2+ and polyamines and reduced the intensity of inward rectification (1,[START_REF] Fujiwara | Functional roles of charged amino acid residues on the wall of the cytoplasmic pore of Kir2.1[END_REF]. Our data support these findings, as one of the Sr 2+ blocking ions is located in the TMD, below the selectivity filter near D172, and in the cytoplasmic domain near E224 and E299 just below the G-loop (Fig. 2). Each site contains several negatively charged carboxyl groups that create a strong electric field that easily accommodates multivalent cations. Sr 2+ ions are used in electrophysiological experiments to promote the blockade of Kir2.1 channels [START_REF] Uchimura | Inward Rectification in rat nucleus accumbens neurons[END_REF]. The Sr 2+ blocker just below the selectivity filter is stabilized not only with the negatively charged ring made of D172 but also with T142 (conserved in all Kir members) located at the same distance as D172 (~6-7 Å), which could help stabilize Sr 2+ (Fig. 2). However, this site is too wide (diameter of ~14 Å) to ensure the direct coordination of a dehydrated ion in the center. The Sr 2+ ions at the center of the site should most likely interact with D172 and T142 through bridging water molecules. The second Sr 2+ , just below the G-loop, is stabilized by the negatively charged residues E224 and E299. In addition, the backbone carbonyl group of A306 is closer to the Sr 2+ than the other negatively charged groups (Fig. 2). Interestingly, A306 is conserved only in the Kir2 subfamily (the strongest rectifiers) and KirBac (1.1 and 3.1). But, again, the pore diameter is too large (diameter of ~13 Å) to allow direct coordination; presumably, bridging with water molecules seems important. The presence of blocking ions could influence the conformation of the pore and, in particular, the radial size of the selectivity filter, which is very narrow (less than 0.5 Å in diameter, Fig. 3) and cannot accommodate a K + ion whose diameter is 2.67 Å when dehydrated [START_REF] Moldenhauer | Effective pore size and radius of capture for K(+) ions in K-channels[END_REF].

Another di-aspartate cluster (D255/D259) has been described as important in determining the extent of inward rectification of the Kir2.1 channel (20). Multivalent blocking ions can occupy this site. For instance, the chicken Kir2.2 channel structure shows an Sr 2+ ion in this position (D256) when the crystals were grown in the presence of Sr 2+ (26). In our case, we identified one K + ion at this position, which suggests that conducting and blocking ions may compete for the same sites in the pore. The high concentration of KCl present in the buffer for cryo-EM analysis (150 mM) probably favors the occupation of this site.

It has been suggested that the PIP2 binding displaces the CTD by approximately 6 Å in Kir2 and Kir3 channels: the CTD becomes tethered to the TMD, resulting in a compacted shape of the channel (from 120 to 114 Å longitudinally) (7, 27) (3SPI and 6XIT). However, some apo-Kir2.2 and apo-Kir3.2 crystal structures exhibited a compact conformation even in the absence of PIP2 (17, 24) (3SYO and 5KUM). The 5 th lowest frequency NM describes the extension/compression conformational motion of the human Kir2.1 channel (Fig. 6 and Video S1) and shows that the Kir2.1 longitudinal length can vary from 121 Å (extended form) to 113 Å (compact form) as the CTD moves closer to the TMD in the compact form of the channel (Fig. 6 and Video S1). These conformation states were also found on cryo-EM experimental data (Fig. S10). These findings demonstrate that extension/compression movement is a natural large-amplitude motion of the Kir2.1 channel and that its compact form can be achieved even in the absence of PIP2. In addition, the PIP2 binding sites can be more accessible due to a swinging movement that results in a lateral opening at the interface between CTD and TMD described in modes 1 and 2 (Figs.

7 and S9 Videos S2 and S3). Interestingly, protein conformations presenting this lateral opening with various amplitudes were identified in our cryo-EM study (Fig. S11).

Using MD simulations, we then investigated the motions of residue K64, which is part of the secondary binding site (9,24). We recovered its tethering motion to the membrane and demonstrated that R67, in a coupled local movement with K64, can penetrate the membrane (Figs. 8 and S12, Video S5). Note that the conformation of Kir2.1 remained in its extended form along the MD simulations. The movement of K219, also considered part of the secondary binding site (9) and pointed out to be PIP2-binding controller (2), toward the membrane is noticed during normal mode analysis (large movements, Fig. 6 and Video S1), but not in MD simulations.

Altogether, our observations support the intrinsic Kir2.1 compaction and an inherent opening of the PIP2 binding site in the absence of PIP2. The former large conformational movement could possibly be initiated by the local movements of K64 and R67 residues into the membrane. Therefore, PIP2 binding would not induce the compact conformation but would instead stabilize the compressed state.

Previous studies have supported a functional role of the G-loop region. For instance, endogenous miRNAs could physically bind to Kir2.1 at the G-loop, modulating cardiac electrophysiology [START_REF] Yang | Microrna Biophysically Modulates Cardiac Physiology via Directly Binding to Ion Channel[END_REF]. In addition, two residues in the G-loop, E303 (20) and C311 [START_REF] Garneau | Contribution of cytosolic cysteine residues to the gating properties of the Kir2.1 inward rectifier[END_REF], are important for channel conductance and gating.

The crystal structure of the CTD domain of mouse Kir2. In conclusion, our human Kir2.1 channel cryo-EM structure describes a well-connected interaction network between the PIP2-binding site residues, R218 and K219, and the G-loop region (E303) via residues R312 and H221. Our data suggest that the conformational changes required for the G-loop opening are most likely controlled by PIP2-binding. The replacement of R312 with histidine leads to a complete loss of the interaction network described above. Therefore, the interaction network integrity between subunits seems necessary for the proper allosteric transmission of the signal between R312 and the G-loop of the adjacent subunit upon PIP2 binding, which possibly allows the release of the constriction point on the G-loop. We can then hypothesize a PIP2-dependent G-loop gating mechanism that consists of the following: PIP2 binding triggers local conformational changes in the position of the side and main chains of R218 and K219, which, due to the structural proximity, lead to significant changes in the position of H221, displacing it laterally toward the intracellular medium. This movement would, in turn, cause E303 and R312 of the adjacent chain to move in the same direction, causing the G-loop to open. This, of course, needs to be confirmed by detailed experiments. Finally, the results regarding R312H mutation indicate a direct involvement of an AS-causing mutation in the G-loop gating of the Kir2.1 channels.

Protein expression was handled according to Hartmann et al. [START_REF] Hartmann | Heterologous Expression of Membrane Proteins: Methods and Protocols[END_REF]. Briefly, the synthetic KCNJ2 genes encoding residues 1 to 427 (the whole sequence Uniprot reference P63252) of human Kir2.1 WT and R312H mutant were cloned in a pPIC9K vector upstream of a sequence coding for a PreScission protease cleavage site (LEVLFQGP) followed by a linker of 11 amino acids and a 10His tag. The plasmids were introduced in Pichia pastoris strain SMD1163 (his4, pep4, prb1), and the resulting colonies were further analyzed via an in situ Yeastern blot immunoassay in order to identify the best expressing clones. For protein production, a freshly streaked colony was grown overnight in BMGY (1% (w/v) yeast extract, 2% (w/v) peptone, 1.34% (w/v) yeast nitrogen base without amino acids, 1% (w/v) glycerol, and 0.1 M phosphate buffer at pH 6.0) at 30 °C with shaking at 250 rpm until an OD600 of 3-5. Expression of the recombinant Kir2.1 was induced with methanol by transferring yeast cells in a BMMY medium (1% (w/v) yeast extract, 2% (w/v) peptone, 1.34% (w/v) yeast nitrogen base without amino acids, 0.5% (v/v) methanol, and 0.1 M phosphate buffer at pH 6.0) and incubating them for about 20 h at 22 °C. Cells were harvested by centrifugation, washed in PBS buffer (pH 7.4), and stored at -80 °C until use.

To purify, the Kir2.1 WT and Kir2.1 R312H cells were resuspended in buffer A (50 mM Tris-HCl pH 7.4, 200 mM KCl, 1 mM EDTA, 1 mM PMSF) and protease inhibitor cocktail tablets (Roche and Merck). Cells were first incubated with 20U Zymolase 20T (Amsbio) per gram of pellet for 15 min at room temperature, then ruptured using a Constant System Cell Disruptor or, better, a FastPrep 24 (MP Biomedicals). Cell debris was removed by a 5 min centrifugation at 4,000×g, 4 °C. The supernatant was collected and centrifuged for 30 min at 100,000×g, 4 °C to collect crude membranes. The pellet was subsequently resuspended in buffer B (50 mM Tris-HCl pH 7.4 and 150 mM KCl), and the membrane proteins were solubilized by addition of 29.3 mM DDM (1.5% n-Dodecyl-D-maltoside, Glycon) for 30 min at room temperature with stirring, and then centrifuged for 30 min at 100,000×g at 4 °C. Supernatant was added to preequilibrated (50 mM Tris-HCl pH 7.4, 150 mM KCl, 30 mM imidazole, 0.03% DDM) 1 mL cobalt affinity resin (TALON, Clontech) at 4 °C incubated for 45 min. The protein was eluted with an increasing concentration of imidazole. After the addition of 5 mM DTT, the eluted protein was concentrated on 100 kDa cutoff Vivaspin concentrator, filtered through 0.22 µM pore size PES membrane, and injected on a superdex-200 size exclusion chromatography column Increase 10/300 GL (Cytiva) pre-equilibrated with buffer C (20 mM Tris-HCl pH 7.4, 150 mM KCl, 0.03%/0.59 mM DDM, 1 mM EDTA) using the Äkta Purifier system (Cytiva).

Fractions corresponding to the tetramer were pooled, added 2 mM DTT, and concentrated to reach about 0.7-1 mg/ml concentration

The interaction between Kir2.1 and the lipid PIP2 was characterized by SPR on a Biacore™ 3000 instrument (Cytiva) controlled by Biacore 3000 Control Software v4.1. All biosensor experiments were performed in triplicate at 25 °C using the running buffer (20 mM Tris-HCl pH 7.5, 150 mM KCl, 0.05 mM EDTA, 0.05% DDM). In all experiments, a flow cell was left blank to be used as a reference for the sensorgrams. Kir2.1 (WT/R312H) was immobilized onto a carboxymethylated dextran (CM5) sensor chip. The activation of CM5 chips and immobilization of the protein steps were done using standard Biacore procedures (Flow: 10 µL/min, Contact time: 7 min, Protein concentration: 25-50 nM). Briefly, the CM5 chip was activated by amine coupling by injecting 0.2 M N-ethyl-N'-(3-dimethylaminopropyl) carbodiimide (EDC) and 0.05 M N-hydroxysuccinimide (NHS). For immobilization, the protein was diluted to 25-50 nM using sodium acetate pH 4.0-4.5, and saturation was achieved with 1 M ethanolamine HCl pH 8.5 (Cytiva).

The binding and kinetic assays were performed using single-cycle kinetics (SCK). PIP2 was serially diluted in running buffer to working concentrations (0.15 to 20 µM). For each cycle, PIP2 was injected at increasing concentration with a 5 µL/min flow over both the reference cell and the ligand cell. Before the first PIP2 injection, a running buffer was injected and used as a double reference. Each injection consisted of 300 s contact time with 300 s dissociation time.

No regeneration step was done between injections, as these buffers were detrimental to Kir2.1. The data were analyzed using BIA evaluation Software 4.1, and kinetic parameters were determined using General Fit and the titration kinetics 1:1 binding with drift model. The association and dissociation rate constants, kon and koff, respectively, and the dissociation constant (KD), were determined directly from the fitted curves.

Kir2.1 (WT and R312H) protein purified in DDM detergent (0.03%) was added to the upper chamber (150 µL) to a preformed bilayer. The Orbit mini apparatus was used (Nanion, Germany, horizontal planar lipid bilayer system), with two chambers separated by a partition with a 100 µm hole where the lipid bilayer is formed by 1,2-diphytanoyl-sn-glycero-3phosphocholine (DPhPC,10-30 pF). The upper and lower chambers contained 150 mM KCl, 10 mM MOPS, pH 7.4. Currents were recorded using Elements Data Reader (Nanion, Germany) and analyzed using Clampfit (Molecular Devices, CA, USA) software, sampled at 100 µs, and filtered at 1.25 kHz. The recording was performed at 24 °C using a Nanion temperature control unit.

Negatively-stained electron microscopy showed good homogeneity and optimal distribution of a K + channel molecule. After optimizing the cryo grid preparations, quantifoil (1.2/1.3) Cu 300 mesh grids with a thin carbon layer were glow discharged for 25 s prior to sample freezing. 3 µL of Kir2.1 at 0.6 mg/ml concentration were placed on the grid, blotted for 3.0 s, and flashfrozen in liquid ethane using a Vitrobot Mark III (Thermofisher) operated at 4 °C and 100% humidity. The EM data collection statistics are available in Table S2. A total of 9,895 micrographs were collected on a Titan Krios G3 microscope operated at 300 kV equipped with a K3 direct electron detectors and a bioquantum/K3 energy filter (Gatan Inc.). The automation of the data collection was done with the software EPU. Movies were recorded in electroncounting mode using exposures of 4 s dose-fractionated into 36 frames with a dose rate of 1.7139 electrons/Å 2 , resulting in a total dose of 61.7 electrons/Å. A defocus range of -1.2 to -2.8 μm was used. The pixel size was 0.86 Å/pixel.

After a visual inspection to remove poor quality micrographs (containing ice contamination, thick ice, low contrast, abnormal background), a total of 7,188 micrographs were selected for further cryo-EM data processing. The movies were motion-corrected and dose-weighted using MotionCor2 [START_REF] Zheng | MotionCor2: anisotropic correction of beam-induced motion for improved cryo-electron microscopy[END_REF], and contrast function parameters (CTF) were estimated using CTFFIND4 [START_REF] Rohou | CTFFIND4: Fast and accurate defocus estimation from electron micrographs[END_REF]. A total of 1,031,472 particles were automated picked using SPHIRE-crYOLO ( 51) and a trained network of about 2,000 particles. The image processing was then performed using RELION [START_REF] Scheres | RELION: implementation of a Bayesian approach to cryo-EM structure determination[END_REF][START_REF] Zivanov | New tools for automated high-resolution cryo-EM structure determination in RELION-3[END_REF]. The extracted particles were binned 4 times and subject to one round of 2D classification. A total of 837,808 particles were extracted (no binned) from 45 2D-class averages and subjected to 3D Initial Model ab-initio construction using C4 symmetry. Then, the obtained 3D initial model was submitted to three rounds of 3D classification, the first two using C1 symmetry and the last one using C4 symmetry. The best class from the last round of 3D classification contained 63,584 particles. After the creation of mask to masking out the detergent layer, the map resulted from this class was refined using 3D Auto-Refine using C4 symmetry with decreasing values of initial angular sampling and local searches from autosampling, being the final map obtained using 1.8 and 0.5 degrees, respectively. The resolution of the final map is 4.3 Å (gold-standard FSC= 0.143). This final map was subjected to handedness correction and B-factor map sharpening using the Auto-sharpen tool available in the PHENIX software suite [START_REF] Liebschner | Macromolecular structure determination using X-rays, neutrons and electrons: recent developments in Phenix[END_REF]. Fig. S2 shows the complete cryo-EM processing workflow.

Cryo-EM data collection information is summarized in Table S2.

An initial in silico homology model of human Kir2.1 was generated using I-TASSER (55) and the crystal structure of the chicken Kir2.2 channel (3JYC) (26) as a template. For building and refinement of the atomic model, the TMD (55-184 region) of this in silico model was placed into the final sharpened cryo-EM map using the Dock in Map tool available in PHENIX [START_REF] Liebschner | Macromolecular structure determination using X-rays, neutrons and electrons: recent developments in Phenix[END_REF].

For the CTD (188-367 region), the crystal structure of the CTD from mouse Kir2.1 channel (1U4F) (20) was placed into the final cryo-EM map using the same approach. Once the models were placed in the cryo-EM density map, the loops that connect the two domains (185-187 region) and an N-terminal loop (41-54 region) absent in the in silico model were manually built using Coot [START_REF] Emsley | Features and development of Coot[END_REF]. Visual inspection of the cryo-EM density map revealed that it was also possible to manually build a fraction of the N-terminal region that reaches the CTD (41-54 region).

After these manual builds, several iterative cycles of refinement using the phenix.real_space_refine in PHENIX with secondary structure restraints and manual adjustments in Coot provided the final cryo-EM model for the human Kir2.1 channel. Refinement statistics are summarized in Table S2. All figures were generated using Chimera, ChimeraX, PyMOL, and VMD software.

The R312H mutation was modeled on the human Kir2.1 channel cryo-EM structure by replacing the arginine residue with the most likely rotamer of histidine in the Chimera software.

Next, local energy minimization was performed using Chimera (around 6.5 Å of the modeled histidine, keeping other protein atoms fixed) using 1,000 steepest descent steps (0.02 Å step size), 20 conjugate gradient steps (0.02 Å step size), and the AMBER ff14SB force field. After energy minimization, no clashes and bad contacts were observed between the modeled histidine and its vicinity.

The first five internal lowest frequency modes of the entire Kir2.1 channel structure were obtained by carrying out all-atom NM calculations using a physical force field. The protein was first energy minimized in vacuum to a low energy gradient of 10 -6 kcal × mol × Å -1 by applying 10,000 conjugate gradient (CONJ) steps, followed by 100,000 adopted basis Newton-Raphson (ABNR) steps by using the CHARMM36m force field [START_REF] Huang | CHARMM36 all-atom additive protein force field: Validation based on comparison to NMR data[END_REF]. Electrostatic interactions were calculated with a distance-dependent dielectric constant. The NMs were calculated using the DIMB diagonalization method [START_REF] Perahia | Computation of low-frequency normal modes in macromolecules: improvements to the method of diagonalization in a mixed basis and application to hemoglobin[END_REF] in CHARMM under the same force field parameters as those described previously for initial energy minimization.

Two outer structures were generated for each mode, one corresponding to a structural displacement of 3.0 Å RMSD along the mode with respect to the minimum energy structure and the other in the inverse direction with the same RMSD value. These outer structures were, in turn, energy minimized by applying an umbrella potential to maintain their positions along the modes. CHARMM's VMOD module was applied to generate these structures. In addition, intermediate structures between -3.0 Å and 3.0 Å RMSD were also generated by steps of 0.1 Å to make the video animations for each mode. The first six NMs were not taken into account as they are rigid-body overall modes (three rotations and three translations). Thus, the five NMs described here refer to modes 7-11, but they were renumbered from 1 to 5.

The structure of the human Kir2.1 channel was subjected to MD simulations using NAMD software (59) under the CHARMM36m force field. All preparation steps were performed using CHARMM-GUI server [START_REF] Jo | Software news and updates -CHARNIM-GUI: A web-based grraphical user interface for CHARMM[END_REF]. The Kir2.1 channel was embedded in a lipid bilayer containing 176 POPC molecules, with a size of 80 Å in the x and y directions. The complete system has box dimensions of 106.8 × 106.8 × 165.1 Å and contains 44,276 molecules of water and 246 neutralizing ions. The KCl concentration was 0.15 M. The system was heated and equilibrated in the standard equilibration protocol suggested by CHARMM-GUI developers, gradually decreasing protein and membrane atomic positional restraints during a duration of 2 ns. Finally, the production run was performed without any positional restraints for 200 ns in triplicate. The distances between the K64 and R67 residues to the plane of the phosphate groups from the inner membrane were calculated, with the inner membrane centered at Z=0. This PDF file includes:

Accession numbers: PDB 7ZDZ and EMD 14678

Figs. S1 to S13
Tables S1 to S2

Videos S1 to S6 K64 and R67 residues are highlighted in sticks. These panels also contain the distances between the K64 and R67 residues to the plane of the phosphate groups from the inner membrane. To calculate these distances, the inner membrane was centered at Z=0. The 0 value represents the membrane level. 

Introduction

Inwardly rectifying potassium channel (Kir channel) regulates membrane electrical excitability and K + transport in a wide range of cell types. They control various processes, including vascular tone, heart rate, and insulin secretion. Dysfunctional Kir channels are directly associated with a growing number of diseases [1]. Kir channel activity is controlled by dynamic conformational changes that regulate the flow of K + ions through the central pore of the channel [1,2]. This process is known as 'gating,' and understanding the molecular mechanism behind these dynamic changes in the structure of Kir channels is essential to understanding how these channels function for both health and disease.

Kir6.1 and Kir6.2 are typical Kir channels; they have two transmembrane helices, TM1 and TM2, linked by a pore loop, and intracellular amino and carboxy termini. When associated with sulfonylurea receptor proteins (SUR1 or SUR2, belonging to the ABC (ATP-Binding Cassette) transporter superfamily), they form the ATP-sensitive potassium (K-ATP) channels. K-ATP channels are primarily expressed in the pancreatic endocrine islets, brain, cardiac myocytes, skeletal muscle, and vascular smooth muscle [3]. K-ATP channels consist of the poreforming subunits, Kir6.1 and Kir6.2, and a large auxiliary subunit, SUR1, SUR2A, and SUR2B. Four SURs and four Kir6.x form an octameric channel complex. The association of a specific SUR with a particular Kir6.x subunit forms the K-ATP of a particular tissue. They have various physiological roles, including controlling the release of insulin from pancreatic β cells and regulating blood vessel tone and blood pressure [30].

K-ATP channels are so-called because they open when cellular ATP levels fall, thus linking cellular metabolism to membrane excitability. They also respond to Mg-ADP and are regulated by several cell signaling pathways [1,4,5]. K-ATP channels detect metabolic changes via three classes of ATP/ADP binding sites. One site, located on the Kir subunit, causes inhibition of the channel (close the channel) when ATP is bound. The other two sites, located on the NBDs (nucleotidebinding-domain) of SUR subunit, bind to Mg 2+ -ATP and Mg 2+-ADP, causing dimerization of the NBDs, which counteracts the inhibitory action of ATP on Kir6.2 and thereby stimulate channel [30].

Blood glucose levels determine ATP and ADP concentrations. When glucose levels rise, the intracellular ATP to ADP ratio increases due to glycolysis, and ATP inhibition dominates suppressing K-ATP channel activity. On the contrary, the ATP to ADP ratio decreases when blood glucose level drops and MgADP stimulation prevails, increasing channel activity. Loss-of-function mutations cause hyperinsulinemic hypoglycemia of infancy, characterized by persistent and unregulated insulin secretion and life-threatening hypoglycemia. Conversely, gain-of-function mutations alter insulin secretion and produce neonatal diabetes mellitus, which manifests within the first six months of life. Because the K-ATP channel is also expressed in the brain, patients with functionally severe mutations can exhibit neurological symptoms in addition to neonatal diabetes mellitus, a condition known as DEND syndrome [6][7][8][9][10][11].

KirBac3.1, Kir6.2, and Kir6.1 channels are homotetramers of four subunits. Each subunit has a transmembrane domain (TMD), containing an outer transmembrane helix (TM1), a selectivity filter (SF), an inner transmembrane helix (TM2). Besides the TMD, there is a cytoplasmic domain (CTD) composed of Nand C-termini located on the intracellular side of the membrane.

A novel heterozygous dominant mutation, W68R, in the Kir6.2 subunit of the K-ATP channel, in a patient with transient neonatal diabetes, developmental delay, and epilepsy, has been identified [12] [REF]. This tryptophan residue at the cytosolic end of TM1 is very well conserved across the prokaryotic, eukaryotic, and mammalian Kir family and is found at the position W46 in KirBac3.1.

In this paper, we present the crystal structure of KirBac3.1 W46R mutant channel (homologous to the human Kir6.2 channel) at 2.80 Å and provide a structural and functional characterization using a multi-technique approach. The mutation replaces a tryptophan residue that is highly conserved across the Kir family to an arginine, disrupts the contacts between the outer (TM1) and inner (TM2) helices, and creates new contacts shown on our crystallographic data. HDX-MS experiments show differences in the conformational flexibility of the W46R mutant when compared with the KirBac3.1 WT. Besides, in silico molecular dynamics studies allow us to investigate in detail the influence of this mutated residue on the molecular mechanism of gating of the channel. Moreover, this mutated channel's open probability (Po) has been investigated through functional experiments, finally corroborating the in silico investigations.

Results

Crystal Structure of KirBac3.1 W46R

The tryptophan at position 46 in KirBac3.1, corresponding to W68 in Kir6.2, located at the cytosolic end of transmembrane helix 1 (TM1) (Figure 1C), is highly conserved within the inward rectifying potassium channel family, suggesting that it has a critical role.

Figure 1.

We expressed the mutant W46R of KirBac3.1, corresponding to pathological forms of the human homologous Kir6.2 channel, and investigated this mutant's high-resolution structure. The R46 mutation replaces the hydrophobic tryptophan and introduces a positively charged residue. The KirBac3.1 W46R mutant channel was expressed, purified, and crystallized, and the structure was solved and refined to 2.80 Å resolution. We grew crystals of the W46R mutant belonging to space group P21212. The structure was solved by molecular replacement, and a final model containing 279 out of the 301 residues of the construct was refined to an R-factor of 22.2% and an R-free of 28.7%, with 99.3% of the residues in the final model lying either in the most favorable or in the allowed regions of the Ramachandran plot. The complete data collection and refinement statistics are shown in Table 1, and the crystallographic structure is shown in Figure 1A. A backbone alignment with the structure of the KirBac3.1 WT (PDB 2WLJ) [13] showed that the two structures were very similar (root mean square deviation, rmsd = 0.471 Å). Both structures, WT and W46R, are in a closed state.

Interestingly, despite this overall similarity, significant differences were evident in the vicinity of residue 46 (W or R) (Figures 1A andB). As a consequence of the mutation, a series of changes occur in the inter and intrasubunit interactions at the level of the bundle crossing at the bottom of the transmembrane helix compared with the KirBac3.1 WT (Figure 1B). In most X-ray structures of WT Kir channels, the residue corresponding to W68 in Kir6.2 is in the "flipped-in" conformation tightly packed against the C-terminal end of TM2, as seen in the crystal structure (Figure 1B bottom, residue marked as W46 according to KirBac3.1 numbering). As a result, the W46 side-chain interacts with the F135 and R134 at the bottom of the TM2 (Figure 3). More seldom, the tryptophan side-chain can adopt a different rotameric conformation ("flipped-out"), pointing away from the channel pore and removing the interaction with the bottom end of TM2 (Kir2.2, PDB 3JYC). The atomic structure of the W46R mutant shows that the four R46 sidechains point away from the channel pore and are engaged in intersubunit connections with residues Y38 and D36 on the slide helix of the adjacent subunit (n-1: counterclockwise neighbor chain) (Figure 1B top).
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HDX-MS measurements

The conformational flexibility of KirBac3.1 W46R mutant was investigated using HDX-MS. This technique is based on the exchange of deuterium atoms at the amide backbone of a protein, reflecting its conformational dynamics, followed by proteolytic digestion and spectrometry analysis [14][15][16]. HDX has already been extensively used on soluble and membrane proteins [17][18][19]. HDX was performed on KirBac3.1 W46R mutant in the presence of detergent and compared to KirBac3.1 WT also in detergent and recently reported [17], Figure 2A. In previously published work, we have established that the presence of detergent does not affect the conformational changes of the KirBac3.1 channel [20]. We tested digestion with various proteases to achieve sequence coverage as extensively as possible. The optimized conditions resulted in 86% sequence coverage with nepenthesin. However, this enzyme did not allow coverage of regions 57-87 (second half of the TM1 and the beginning of the pore helix), 143-147 (β3), and 195-199 (second half of the β7). Deuterium incorporation was monitored as a function of time for each peptide generated from the W46R mutant (Figure S1). Our data show that the most flexible regions for KirBac3.1 W46R are the loops extending outside the CTD (aa 271-285 between β14 et β15, in red in Figure 2B, see Figure 2C for the nomenclature) with an HDX rate of 68.0%. The next, more flexible, three domains are: i) at the G-gasket just below the CD-loop and the entire β8, (aa 199-210, with HDX rate of 66.0%); ii) the stretch going from the end of the β5 and the start of the β6 including the CD-loop in the middle (aa 162-174, HDX rate of 65,7%); and iii) the stretch going from the end of β6 and the start of β7 including the facing-down loop in the middle (aa 181-194, with HDX rate of 64.1%). On the CTD, the stretch including the end of the G-loop and the following β11 also shows some flexibility (aa 250-260, HDX rate of 43.1%).

In the transmembrane domain, the stretch at the bottom of TM2-loop and β3, which includes the Y132 restriction point, shows some flexibility (aa 132-143, with an HDX rate of 53.7%). On the contrary, the top of the TM2, is exceptionally stiff, while the slide helix also shows less flexibility (aa 36-42, with an HDX rate of 28.9%).

We compared the conformational dynamics of the W46R mutant with the KirBac3.1 WT (Figure 2C). In the figure, the blue color on the structure indicates a higher rigidity for the W46R mutant than the WT, while red stretches represent regions where the mutant shows increased conformational flexibility. Interestingly, the stretch that includes the very end of the slide helix, R46 mutation, and the bottom half of the TM1 external helix (aa 43-56) is not as flexible as the WT (normalized HDX rate of 37.9% compared with 65.1%). The interactions network around the R46 residue is remarkably stable. This stretch including R46 is also the only part of the mutant protein which is more rigid than the WT. On the contrary, the stretch of aa 36-42 before the mutation and including most of the slide helix (excepted the very end) is more flexible than in the WT (normalized HDX rate of 41.57% compared with 26.92%). This difference is the largest of all the peptides analyzed.

Higher flexibility induced by the presence of the mutation has also been observed for other parts of the protein: i) on the stretch including the bottom of the pore helix, the selectivity filter, and the top of the external helix (aa 93-112, normalized HDX rate of 50.04% for the mutant compared with 30.08% for the WT); ii) on the stretch corresponding to the bottom of the internal helix and a large loop just before the β3 (aa 131-143, normalized HDX rate 77.32% compared with 61.26%) where the increased deuterium exchange rate could be interpreted as a higher accessibility surface; iii) on the stretch corresponding to sheets β5 and β6 in the cytoplasmic domain and CD loop (aa 162-174, normalized HDX rate 94.61% compared with 83.1%); and iv) on the segment that includes the G-loop which is slightly more flexible in the case of the mutant (aa 250-260, normalized HDX rate 62.05% compared with 55.25%).

Theoretical Results on KirBac3.1 W46R

The theoretical results presented in this section are based on MDeNM simulations, in which a selected set of normal modes (NMs) related to channel gating are excited in molecular dynamics (MD) simulations [21]. Through a combination of MD and NMs, this method is a realistic exploration of the relevant normal mode space for the gating processes taking into account the full environment (water, ions, and membrane) of the protein at a given temperature. These simulations were supplemented by standard MD simulations on a uniformly distributed set of structures obtained from MDeNM that provide a reasonably good estimation of the open/closed (and partially open) states populations as previously reported [17,22].

Interaction Networks

Interaction network analyses were performed on the crystallographic structures of KirBac3.1 WT (PDB 2WLJ) [13] and on the KirBac3.1 W46R mutant model (see Materials and Methods) to elucidate the impact of the mutation W46R on the structural and dynamical properties of the protein. The residue W46 in KirBac3.1 WT can adopt two alternative conformations, called flipped-in, in the majority of cases (side-chain of W46 oriented towards the channel) and flippedout (side-chain of W46 oriented towards the outside of the channel) (Figure 3A). Figure 3C presents details on the flipped-in structure. The atomic structure of the W46R mutant shows that the four R46 side-chains point away from the channel pore in the crystal structure of the mutant W46R (Figure 3B). This is also observed in the obtained structures of KirBac3.1 W46R (98.68% of the 25415 relaxed MDeNM structures).

The first analysis focused on the KirBac3.1 WT: we compared the interaction networks (hydrogen bonds, van der Waals interaction, π-π and π-cation interactions) at the W46 residue level in flipped-in and flipped-out configurations. Interaction networks around W46 for these two configurations are shown in Figure 3 D, E, F, G respectively for chains A, B, C, and D, separately (for more details, see Figure S2). W46 is tightly packed against the C-terminal end of TM2 of the same subunit and interacts with R134 and F135 at the bottom of this inner helix in the flipped-in conformation. Conversely, in the flipped-out conformation, these interactions are not possible, confirming the movement of the W46 residue away from the bottom of the inner helix and the center of the channel. The second analysis focused on comparing the interaction network around the W46 residue, in its flipped-in conformation (the most frequent conformation) in KirBac3.1 WT and the interaction network around R46 in the W46R mutant (Figure 3 H, I, J, K, and Figure S2 for more details). Some similarities are evident, e.g., in all the four subunits, corresponding to chains A, B, C, and D, both residues W46 and the mutated one R46 residue interact with the residues Ile50 and F49 on the same external helix TM1. However, there are some clear differences. The interactions between the flipped-in W46 residue and the two R134 and F135 residues at the bottom of the TM2 are lost in the case of the W46R due to the orientation of the mutated residue R46 toward the outside of the channel. Along with this loss of interactions, a new network around R46 is established and interestingly new interactions can take place with D36 and/or W38 residues in the slide helix of the adjacent subunit (n-1). It is important to highlight that only R46 residues from opposite chains (A and C) interact with the slide helix. Such contact is not evident for the other two opposite chains (B and D). These observations suggest that the mutation R46 alters the interaction of the outer and inner helices at the level of the bundle crossing, disrupts a hydrophobic cluster (Figure S3), and promotes the interaction of the bottom end of the outer external helix with the slide helix of the adjacent (n-1) subunit. The R46 side-chain points towards the outside of the channel and shows similarities with the flipped-out configuration of W46 residues in the wild type (WT).

Contacts between residues

•

Accessible surface of the residues W46 and R46

We calculated the accessible surface areas (ASAs) of residue 46 (W in WT and R in the W46R mutant) on all the 25415 relaxed MDeNM structures. This value measures the residue's interactions in this position and its degree of exposure to the solvent. The histograms of the ASA values given in Figure 4A show that R46 in the mutant is more exposed than W46 in WT. The corresponding average value is 87.42 Ų with a standard deviation (SD) of 24.87 Ų for the WT and 158.7 Ų (SD =30.81 Ų) for the mutant. These values are in accordance with our crystallographic data showing that the residue R tends to point out of the channel. We should also consider the different hydrophobicity of the two residues. R is more hydrophilic than W and therefore has more favored interactions with the water environment or the polar heads of the phospholipids. 

•

Accessible surface of the residues R134 and F135 and contacts with I131

In the closed flipped-in state, the side-chain of W68 in Kir6.2 (PDB 6JB1) is directed towards the C-terminal end of TM2 and holds hydrophobic contacts with residues I167, K170, and T171 [23,24]. In the homologous KirBac3.1 channel, W46, corresponding to W68 in Kir6.2, is also directed to the C-terminal end of TM2 (Figure 1B and2C) and is close to the I131 (corresponding to I167 in Kir6.2), R134 (corresponding to K170 in Kir6.2) and F135 (corresponding to T171 in Kir6.2).

In KirBac3.1, the proximal residues R134 and F135 are more exposed to the solvent in the mutant W46R than in the WT (Figure 4B andC), supporting the suggested loss of interaction with R46 in the mutant protein. It is worth noticing the significant increase in ASA value for R134 compared to F135. R134 shows an ASA average value of 21.77 Ų (SD=10.96 Ų) in the KirBac3.1 WT and 41.05 Ų (SD=18.19 Ų) in the mutant W46R. F135 shows an average value of 38.90 Ų (SD=13.87 Å) and 44.27 Ų (SD=17.59 Ų) in KirBac3.1 WT and W46R mutant, respectively. These results are explained by the fact that R134 is closer to the bottom end of TM2 and, therefore, more accessible to the solvent. It is also interesting to note that R46 has a higher ASA value than R134, indicating the significant exposure and flexibility of the latter.

The distribution of shortest distances between residues W46/R46 and I131 calculated on the MDeNM set of conformations shows that the shortest distance is higher (for all the chains) in the mutant (Figure 4D). The average values are 2.45 Å (SD=0.37 Å) and 6.20 Å (SD=0.9 Å) for the WT and the W46R mutant, respectively.

All the evidence gathered with this study points to a clear disruption of these crucial interactions between TM1 and TM2 in the case of the W46R mutant, compared to the WT protein.

Impact of the mutation on the gating

In order to investigate the effects of the mutation W46R on various dynamical components of the gating mechanism from the selected normal modes described in Materials and Methods, we carried out MD simulations using MDeNM including the entire environment (water, lipids, ions). Structural and dynamical features taken into account are i) the movement of the slide helix of each chain, ii) the movement of the whole cytoplasmic domain, and iii) the coordinated movement of the transmembrane helices.

•

Upward movement of the slide helix

The W46R mutation's impact on the motion of the slide helix was analyzed considering the interaction of the R46 residue with residues of the slide helix of the adjacent protein monomer (n-1). To this end, we calculated the correlations between the upward movement of the slide-helices (definition of the angle in Material and Methods and Figure 5B, in pink) and the shortest distances between R46 at the extremity of TM2 and D36 located at the extremity of the slide helix. This movement has been previously highlighted as important in the gating of the channel [17]. Figure 5A shows the positive correlation between helix movements and inner-residues distances in blue circles, while red circles indicate negative correlations. The diameter and color intensity of each circle are proportional to the strength of the correlation. The shortest distances between R46 and D36 of neighboring chains (n-1) are mainly correlated with the upward movement of slide helices. Therefore, it can be inferred that a smaller distance between these two residues induces a larger upward movement of slide helices.

More precisely, i) the shortest distance d46a36d, d46b36a, and d46c36b (see Figure 6's caption for definitions) are correlated with the upward movement of the chain A (upa); ii) distances d46c36b, and d46d36c are correlated with the upward movement of the chain B (upb); iii) the distances d46d36c, and d46a36b, are correlated with the upward movement of the chain C (upc). Altogether, this evidence points towards a clear correlation in the mutated protein between the upward movement of the slide helices and shortened distances between R46 and D36 residues belonging to the adjacent chain (n+1 or n-1). In the WT protein, which is mostly in flipped-in conformation, (98.68% of the relaxed MDeNM structures), such correlations are still visible but involve the adjacent chain (n+1) (Figure 5C). 

•

Movement of the cytoplasmic domain

We analyze here the movement of the cytoplasmic domain since it has been considered an essential factor in gating [17,[25][26][27][28]. To investigate its relation with the upward movement of the slide helices, the shortest distance between D35, the first residue of the slide helix, and R167, located at the top of the cytoplasmic domain on the CD-loop, was taken as a measure of the proximity of these two structural regions. Also, inter-chain distances were taken into account to corroborate the findings. Significant correlations were observed between these distances and the upward movement of the slide helices, as shown in Figure 5A. Furthermore, strong negative correlations are present between inter-chain distances and the upward movement of the slide helices to the membrane. When these distances decrease, the slide helices come closer to the membrane. More precisely, d35a167b and d35d167a are inversely correlated with the upward movement of the chain A (upa), and d35b167c and d35c167d are inversely correlated with a similar upward movement of the chain C (upc); similarly, d35d167a has an inverse correlation with the upward movement of chain D (upd). Interestingly, the WT protein structure displays the same type of correlations (Figure 5C).

For each monomer of the protein, the comparison of correlations involving the distance between residue 46 and residue 36 (d46n36n-1) on the neighboring chain (n-1) and the distance between residue 35 and residue 167 (d35n167n+1) on the neighboring monomer (n+1) for KirBac3.1 WT and KirBac W46R reveals clear differences. Indeed, these distances are correlated in the case of KirBac3.1 W46R but not in the case of the KirBac3.1 WT. We hypothesize that this is the consequence of a new interaction present in the W46R mutant but not in the WT protein between R46 and D36 on the slide helix. While in the WT, the residue D35 interacts with R167 on the same polypeptide chain, the mutation at position 46 creates an inter-chain interaction between D36 and R46. The slide-helix is, therefore, held in place by two interactions in different directions. In the case of the WT, the interaction D35-R167 promotes the orientation of the slide-helix towards the cytoplasmic domain, significantly reducing its upward movement. On the contrary, the formation of the new R46-D36 interaction in the W46R favors the movement of the slide-helices toward the transmembrane domain.

•

Movement of the transmembrane helices

The correlation between the upward movement of the slide helix and the tilting of the inner and outer transmembrane helices may affect the channel's gating at the constriction points L124 and Y132. Definition of the inner and outer tilts is shown in Figure 6B in red and blue, respectively, and Materials and Methods. The MDeNM sets for the mutant protein were analyzed to highlight correlations between structural determinants involved in the slide-helix movement and the tilting of the transmembrane helices (Figure 6A). High correlation values indicate the interplay between the inner and outer helices' tilt angles with the movement of the slide helices. Similar correlations were obtained for the WT (Figure 6C).

In the center of the channel, two constriction points corresponding to residues L124 and Y132 are important for the gating as they control the passage of the potassium ions through the channel. In more detail, the gating at L124, represented by inter-chain distances g124ac and g124bd is correlated with the upward movement of the slide-helices (upa,b,c,d). In addition, the g124ac distance is correlated with the tilt of the transmembrane helices (tiltin, tilton). On the contrary, the opening of the gate at the level of the residue Y132 represented by the inter-chain distances g132ac and g132bd has an inverse correlation with the upward movement of the slide-helices (upa,b,c,d) and the tilt of the transmembrane helices (tiltin, tilton). In the case of KirBac3.1 WT, data from the MDeNM set show no clear correlation between the gating at the level of residue L124, while the opening of the gate at the level of the residue Y132, specifically for chains B and D is mainly correlated with the upward movement of the slidehelices and the tilting of the transmembrane helices (contrarily to KirBac3.1 W46R).

The upward motion of the slide-helix causes the tilt of both transmembrane helices in such a way that the central portions of the transmembrane helices move away from the center of the channel (L124) while their cytoplasmic ends get closer to the bottom of the channel (Y132). This causes the increase of the opening of the channel at the level of L124 but a decrease in the channel's opening at the level of Y132. 

Population of open and closed states corresponding to the MDeNM relaxed structures

Note that in this work, a "closed" state is defined by a conduction pathway that is sterically occluded and an "open" state in which the pathway is sufficiently wide to accommodate at least a non-hydrated potassium ion. Four channel-gating states can be defined based on the open or closed conformation of the two main constriction points (L124 and Y132) as observed in the relaxed structures (for more details, see [17]): 1) Fully open state when the shortest distances at the two constriction points are larger than the ionic diameter of K + (diameter of K + ion considered 3.53 Å); 2) Fully closed state when both distances are smaller than the ionic diameter of K + ; 3) Half-open state 1 when the gate at residue L124 is open and the gate at residue Y132 is closed; 4) Half-open state 2 when the gate at residue Y132 is open and the gate at residue L124 is closed. Interestingly, the fully open state structures constitute about 7.4% of the whole population for the mutant protein, a slightly higher percentage (0.5%) than KirBac3.1 WT (6.8% Table 2). Furthermore, we can notice that the gate at residue Y132, closer to the cytoplasmic domain, is more often closed than the gate at residue L124 (32.5% versus 10.8%, respectively). It follows that the residue Y132 in both protein WT and the W46R mutant protein is the most restrictive point of the ion pathway. A more significant observation is that the 'gate' at L124 is more open in the case of the mutant W46R compared with WT (33% and 29%, respectively). On the contrary, the gate at Y132 is less open in the mutant W46R than WT (11% and 14%, respectively). More details about the amplitude of the channel opening at the gating points on the scatter plots of shortest distances between the opposite chains A and C and those between chains B and D at both constriction points over all the MDeNM relaxed structures are shown in Figure 7A and 7B for the WT and the W46R mutant proteins, respectively. The shortest distance between opposite chains at the level of the two constriction points is always lower than 15 Å for WT protein (Figure 7A) but higher than 15 Å for a small population of the simulated structures of the W46R mutant (Figure 7B). Interestingly, for this population, the opening is more prominent at residue Y132 compared with residue L124. 

Functional studies of the W46R protein

Purified W46R was incorporated in a preformed lipid bilayer. Figure 8A shows single-channel traces for a 3-min consecutive recording at +100 mV and channels gating with multiple sub-states as described for the Kirbac3.1 WT channels [17]. Analysis of the amplitude value versus the dwell confirms seven levels during this recording time (Figure 8B inset). Fits of the histogram of all levels versus current amplitude reveal a single-channel conductance value of 36 pS, similar to that recorded for the WT channels (47 pS at -80 mV [17]). From this recording, the open probability (Po) was 0.071 (Table 2). We performed recordings at other potentials that led to Po in the same order of magnitude (data not shown). 

Discussion

Characteristics of mammalian Kir6.2 channel

Tryptophan at residue 68 of Kir6.2 subunit is critical for correct channel function [12]. Most of the W68 mutants in Kir6.2 cause a gain in channel function. In all Kir crystal structures, the residue corresponding to W68 in Kir6.2 lies at the N-terminal end of TM1, close to the hinge region that leads to the slide helix. As seen in most of the X-ray structures of WT Kir channels, this highly conserved residue is in the flipped-in conformation, tightly packed against the C-terminal end of TM2 in a hydrophobic cluster (Figure S3 and Video S1), with the tryptophan side-chain pointing toward the center of the channel. The residue also interacts with I131, F135, and R134 at the bottom of the TM2. These interactions favor the closed state of the channel. However, it has been suggested that the flipped-out conformation of W68 is required for the movement of TM2 that leads to an open state [12].

Multiple residues in Kir6.2 (more than 70) are known to cause neonatal diabetes mellitus. They can be divided into three classes: the class of residues that act directly by increasing the opening probability of the channel, the class of residues that participate in ATP binding (including those who lie in close vicinity), and the residues that are acting as a conformational relay by which ATP binding is translated into pore closure [30].

KirBac3.1 W46R: a good model for studying analogous W68R mutation in mammalian Kir6.2

Here we investigate the effect of one particular mutation on the bacterial homolog KirBac3.1 channel and compare our findings to the mammalian Kir6.2. We support the idea that the KirBac3.1 W46R mutant characterized here may represent a good model for studying the analogous mutation in the human channel and that it can help provide insights into the molecular mechanisms responsible for the gain of function of the channel. Therefore, we solved the structure of KirBac3.1 W46R at 2.8 Å resolution and used this model to investigate the dynamics of the protein. Structural comparison between Kir6.2 and KirBac3.1 is shown in Figure S5.

In the case of the mutant KirBac3.1 W46R, replacing the hydrophobic residue tryptophan with a positively charged arginine in this region is likely to have a destabilizing effect. Analysis of the X-ray structure of KirBac3.1 W46R and the modeled structure from 2WLJ, with an rmsd of 1.712 Å between the two structures, shows that the residue R46 does not point toward the center of the channel but resembles the flipped-out conformation of W46 pointing away from the channel pore. As a consequence, the previously described interaction with the cytoplasmic end of the TM2 helices and the hydrophobic cluster around W46 are disrupted (this hydrophobic cluster is also present in Kir6.1 and Kir6.2 [29]), and the R46 residue forms a new network of interactions with the slide helix of the neighboring subunit (n-1) involving D36 and W38 residues. Note that D36 is also highly conserved among the Kir channels (Figure 1C). W46R does not appear to increase the opening probability of the KirBac3.1 channel.

Our functional and structural experiments showed no significant difference between the opening probabilities of the WT and mutated channels. The fully open state structures constitute about 7.4% of the whole population, compared to KirBac3.1 WT (6.8%, Table 2). The functional studies confirm these data and show that the open probability (Po) for the W46R is even slightly smaller than the WT (7.1% compared with 9.9%, respectively). The HDX studies show that the only region that is less flexible compared with the WT structure is at the cytoplasmic bottom end of the TM1, including the R46 mutation, suggesting that the network of interactions formed between the mutated residue R46 and the slide helix increases the rigidity of this protein segment. This suggests that the mutation does not affect the channel's intrinsic open probability, as other neonatal diabetes mutations do with the human isoform [30].

Gating transitions of KirBac3.1 W46R revealed by molecular dynamics simulations

Despite the similar open probabilities between the KirBac3.1 WT and W46R, the mutant describes a different behavior. Indeed,the detailed dynamical view of the entire mutant channel during the gating associated with the open/closed transition was uncovered by in silico studies that show a sequence of molecular events that, due to lack of interactions between TM1 and TM2, trigger the opening of the channel. In the WT state, the tryptophan residue at position 46 forms contacts with transmembrane domain 2 (TM2) that hamper its movement and gate opening. In the W46R mutant, the arginine side-chain is flipped away from the channel pore, enabling the movement of TM2 and the establishment of new contacts with the slide helix of the neighboring subunit (n-1) that aid in the gating mechanism and increased open state stability. The gating mechanism can be summarized as a succession of events: i) R46 interacts with slide helix (D36); ii) The upward movement of the slide helices induces the bending of the TM1 and TM2; ii) this, in turn, causes a larger opening of the channel at the level of the residue L124 but a closer interaction between the sub-units at the level of residue Y132. Interestingly, some of these events can be correlated between the different chains, unlike what happens for the WT [17] where there is no correlation between the different chains. Therefore, these particular synchronized steps could help for the opening of the channel.

To further assess the flexibility of the structures of KirBac3.1 WT and W46R mutant, we compared the rms fluctuations between the two structures. The results are shown in Figure S4 where KirBac3.1 WT seems, in general, more flexible than the mutant KirBac3.1 W46R. However, the stretch that includes the very end of the slide helix, R46 mutation, and the bottom half of the TM1 external helix (aa [START_REF] Uchimura | Inward Rectification in rat nucleus accumbens neurons[END_REF][START_REF] Moldenhauer | Effective pore size and radius of capture for K(+) ions in K-channels[END_REF][START_REF] Yang | Microrna Biophysically Modulates Cardiac Physiology via Directly Binding to Ion Channel[END_REF][START_REF] Garneau | Contribution of cytosolic cysteine residues to the gating properties of the Kir2.1 inward rectifier[END_REF][START_REF] Li | Three pairs of weak interactions precisely regulate the G-loop gate of Kir2.1 channel[END_REF][START_REF] Hartmann | Heterologous Expression of Membrane Proteins: Methods and Protocols[END_REF][START_REF] Zheng | MotionCor2: anisotropic correction of beam-induced motion for improved cryo-electron microscopy[END_REF][START_REF] Rohou | CTFFIND4: Fast and accurate defocus estimation from electron micrographs[END_REF][START_REF] Wagner | SPHIRE-crYOLO is a fast and accurate fully automated particle picker for cryo-EM[END_REF][START_REF] Scheres | RELION: implementation of a Bayesian approach to cryo-EM structure determination[END_REF][START_REF] Zivanov | New tools for automated high-resolution cryo-EM structure determination in RELION-3[END_REF][START_REF] Liebschner | Macromolecular structure determination using X-rays, neutrons and electrons: recent developments in Phenix[END_REF][START_REF] Yang | The I-TASSER Suite: protein structure and function prediction[END_REF][START_REF] Emsley | Features and development of Coot[END_REF] is not as flexible as the WT, as noticed in HDX-MS.

Suggestions to Kir6.2 by analogy

W68 does not directly participate in ATP binding

The ATP-binding site on Kir6.2 lies at the interface between two Kir6.2 subunits and close to the L0 loop of SUR. While the resolution of the cryo-electron microscopy density does not allow precise determination of atomic-level ATPprotein interactions [31,32] (see structures PDB 6C3P and PDB 6C03), when combined with the finding of functional studies, it provides an accurate model of the ATP-binding site. The amino acids belonging to the ATP-binding site using Kir6.2 numbering are R50 and N48 for chain A, and I182, K185, Y330, F333, and G334 for chain B. The other residues lying nearby (such as H46, E51, Q52, R201, and G53) are important for stabilizing the interaction with ATP. Even if residue 68 was previously reported as not directly implicated in the interaction with ATP, the introduction of a mutation could lead to a destabilization of the nearby region responsible for ATP binding, as reported for other neonatal diabetes mutations [30]. This destabilization of the closed channel by disrupting the nearby hydrophobic cluster in the closed state (Figure S3) has been reported previously for other mutations such as K170 (K170T) and I167 (I167L) in Kir6.2. These mutations result in neonatal diabetes by reducing inhibition by ATP [START_REF] Heyda | Attractive interactions between side chains of histidine-histidine and histidine-arginine-based cationic dipeptides in water[END_REF][START_REF] Fuerst | Identification of a Cholesterol-Binding Pocket in Inward Rectifier K + (Kir) Channels[END_REF]. Various mutations at residue T171 can also cause a significant increase in the open probability [START_REF] Zangerl-Plessl | Atomistic basis of opening and conduction in mammalian inward rectifier potassium (Kir2.2) channels[END_REF]. All these residues are known to interact with W68.

Therefore, it is possible that the substitution of W68 by R may result in a pathogenic reduction of ATP sensitivity (inhibition) by disrupting the normally present interaction between the bottom of TM1 and the slide helix. This is in line with the reduced sensitivity toward ATP inhibition already reported for the corresponding human mutant W68R, which also has been characterized by increased currents [12]. Furthermore, W68 could be necessary for the conformational relay by which ATP binding in mammalian Kir6.2 is translated into pore closure. The mutation could then alleviate the functional inhibition due to ATP binding. Although our results on the KirBac3.1 mutant channel do not allow to conclude on this aspect, they provide structural insights that may be useful for understanding Kir6.2-associated disorders.

In conclusion, W68 represents a highly conserved residue among the Kir channels, also conserved in the human K-ATP channels. Here we show, by analogy with KirBac3.1 W46R mutant, that W68 and its network of interactions are crucial for the healthy activity of this channel, as it is involved in controlling channel gating. In the human channel, mutations of this residue lead to neonatal diabetes. Our findings may represent the basis for further investigations on the homologous human KATP channel to provide novel insights into the molecular mechanisms responsible for the pathological gain of function of the channel.

Materials and Methods

Experimental Data

Protein expression and purification

The W46R mutation was introduced using site-directed mutagenesis into a synthetic KirBac3.1 gene inserted in pET30a. The open reading frame of this construct had been codon-optimized for expression in Escherichia coli. Protein expression and purification of this mutant channel were performed as outlined before [START_REF] Mouawad | Motions in hemoglobin studied by normal mode analysis and energy minimization: Evidence for the existence of tertiary T-like, quaternary R-like intermediate structures[END_REF]. Briefly, after cell disruption by the French press, the protein was directly solubilized with 45 mM DM (Decyl β-D-maltopyranoside), centrifuged, and the supernatant was loaded onto a Co 2+ affinity column. The protein was promptly purified on a Superdex 200 10/300 column pre-equilibrated with 2 mM TriDM buffer. Concentrated preparations (1-2.5 mg/mL) of purified proteins were stored at -80 °C in buffer containing 20 mM Tris, pH 7.4, 150 mM KCl, and 0.2 mM TriDM.

Protein Crystallization

We used the experimental procedures and equipment available in the crystallography core facility at the Institut Pasteur, Paris, [START_REF] Bahar | Global dynamics of proteins: bridging between structure and function[END_REF] to perform the crystallization screening trials. Briefly, with a MosquitoTM nanoliter-dispensing system (TTP Labtech), we set up crystallization sitting drops of 400 nL containing a 1:1 mixture of protein and crystallization solutions (672 different commercially available conditions). The protein drop was equilibrated against a 150 μL reservoir in multiwell plates (Greiner Bio-One). The crystallization plates were stored at 18 °C in a RockImager (Formulatrix) automated imaging system to monitor crystal growth. Manual optimization was performed in Linbro plates with the hangingdrop method by mixing 2 µL of KirBac3.1 W46R protein at 10 mg/mL with 2 µl of reservoir solution. The best crystals were obtained under the conditions containing 15% (w/v) PEG-MME 5k, 15% (v/v) glycerol, 1 M LiCl, and 100 mM MES pH 6.5. For data collection, the crystals were flash-cooled in liquid nitrogen using the reservoir solution as cryo-protectant.

•

Data collection and structure determination

The X-ray diffraction data were collected at 100K on the PROXIMA-1 beamline (Synchrotron SOLEIL, St Aubin, France) using a Dectris pixel-array PILATUS 6M detector at a wavelength of 1.07114 Å to a resolution of 2.80 Å. The diffraction images were integrated with the program XDS [START_REF] Kaynak | Sampling of Protein Conformational Space Using Hybrid Simulations: A Critical Assessment of Recent Methods[END_REF]. The KirBac3.1 W46R crystals belong to the P21212 space group with cell dimensions of 106.77 Å 113.98 Å 89.18 Å. Molecular replacement was carried out with Phaser (CCP4 suite), using a search model derived from the closed structure of KirBac3.1 closed state at 2.85 Å (PDB 2WLJ). Five percent of the reflections were set aside in the free R set. The asymmetric unit has a solvent content of 69.4% and contains two polypeptide molecules. The model was refined in real space interactively using Coot [START_REF] Scheres | Processing of Structurally Heterogeneous Cryo-EM Data in RELION[END_REF] and refined using BUSTER-TNT [START_REF] Lu | Electrostatic tuning of Mg2+ affinity in an inward-rectifier K + channel[END_REF], which included a final round of translation, vibration, and screw-rotation (TLS) anisotropic refinement, as implemented in BUSTER-TNT. An additional restrained refinement was carried out using REFMACS [START_REF] Kubo | Control of rectification and permeation by two distinct sites after the second transmembrane region in Kir2.1 K + channel[END_REF]. The final model contains two polypeptide chains with 276 and 265 residues out of 301, respectively. The model also contains 23 solvent molecules and four ions (three K + and one Mg 2+ ). The final model having 99.3% of all residues in the favored or allowed regions of the Ramachadran plot was validated using MolProbity [START_REF] Fujiwara | Functional roles of charged amino acid residues on the wall of the cytoplasmic pore of Kir2.1[END_REF]. The crystals parameters, data statistics, and refinement parameters are shown in Table 1. All structural figures were generated with PyMOL (version 1.3r1). The PDB accession code of this structure is 7ADI. 4.1.3 Pepsin Digestion, Hydrogen/Deuterium exchange approach coupled to mass spectrometry (HDX-MS) and HPLC Peptide Separation of this mutant channel was performed as outlined before [17]. Briefly, all protein digestions in solution were performed in an ice bath at 0 °C. Protease solutions were prepared in 500 mM glycine (pH 2.2). KirBac3.1 proteins samples were digested in the same buffer for 2-5 min using a protease/substrate ratio of 1:1 or 1:10 (wt/wt) for pepsin and nepenthesin, respectively, either in solution or immobilized on a resin. The increase in digestion time did not affect the proteolysis.

HDX-MS reactions were carried out on KirBac3.1 W46R at a protein concentration of about 10 μM. The reaction was initiated by a 10x dilution of the protein samples (10 μL) into a deuterated buffer containing 50 mM KCl and 0.2 mM TriDM. The time course of the HDX was followed over a 20-min period by sequential withdrawing 120 μL of deuterated samples, which were immediately added to 26 μL of quenching buffer (8 M guanidium chloride, 500 mM glycine HCl, pH 2.2), rapidly mixed, and flash-frozen in liquid nitrogen. After protease digestion in solution or on column in an ice bath at 0 °C, the peptides were loaded onto a peptideMicroTrap (Michrom Bioresources) column and washed with 0.03% TFA in water (HPLC solution A). They were then separated on a reversed-phase C12 column as previously described [19].) during 26 min. The column was connected to the electrospray source of the mass spectrometers until 30% (vol/vol). The valves, trap cartridge, and column were cooled to 0 °C by immersion in an ice bath as outlined before [19]. The tandem MS (mapping) analyzes were performed on an ion trap mass spectrometer (Esquire 3000+; Bruker Daltonics) to identify the peptides after separation on HPLC. Mass measurements and local deuteration kinetics analysis were performed on a time-of-flight (TOF) mass spectrometer (6210; Agilent Technologies) equipped with an electrospray source. Each deuteration experiment was performed in triplicate. Data were processed with MassHunter software (Agilent Technologies). The qualitative analysis, the deconvolution, and calculation of the average masses were carried out in Magtran [START_REF] Uchimura | Inward Rectification in rat nucleus accumbens neurons[END_REF].

Functional studies of the KirBac W46R protein in black lipid membrane

Purified KirBac3.1 W46R (130 μg/mL) in DM (decylmaltoside) detergent (1.5 mM) was added to the upper chamber (150 μL) to a preformed bilayer. The Orbit mini apparatus was used (Nanion, Germany, horizontal planar lipid bilayer system), with two chambers separated by a partition with a 100-µm hole where the lipid bilayer is formed by 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC,10-30 pF). The lower chamber contained 150 mM KCl, 10 mM MOPS, pH 7.4. After membrane bilayer formation, the upper chamber solution was changed to 150 mM KCl, 10 mM MOPS pH 8. Currents were recorded using Elements Data Reader (Nanion, Germany) and analyzed using Clampfit (Axon Instrument Inc, USA) software, sampled at 100 μs, and filtered at 1.25 kHz. The recording was performed at 24 C using Nanion temperature control unit.

Theoretical data

Modeling and Dynamics

The X-ray structure of KirBac3.1 with an atomic resolution of 2.6 Å (PDB 2WLJ) [13] was used to model the complete WT structure. As the first 34 residues were missing in the X-ray structure, this segment was excluded from our model, and the missing atoms were constructed using the CHARMM program [START_REF] Moldenhauer | Effective pore size and radius of capture for K(+) ions in K-channels[END_REF]. Residues 1 to 34 of the protein are not likely to be involved in the gating process. The tetrameric complex was built by applying a two-fold symmetry axis for this structure using the "Protein Interface Surface and Assemblies" software through Pisa [START_REF] Yang | Microrna Biophysically Modulates Cardiac Physiology via Directly Binding to Ion Channel[END_REF] at EBI. The W46R mutation was achieved with Chimera [START_REF] Garneau | Contribution of cytosolic cysteine residues to the gating properties of the Kir2.1 inward rectifier[END_REF], considering the modeled WT structure. The ionization states of residues in both structures were established using PROPKA3 [START_REF] Li | Three pairs of weak interactions precisely regulate the G-loop gate of Kir2.1 channel[END_REF][START_REF] Hartmann | Heterologous Expression of Membrane Proteins: Methods and Protocols[END_REF]. A complete system comprising a DOPC membrane, TIP3P type water molecules [START_REF] Zheng | MotionCor2: anisotropic correction of beam-induced motion for improved cryo-electron microscopy[END_REF], and KCl ions at 150 mM concentration within a box of 116.243 Å x 116.243 Å x 133.255 Å was built using the membrane-builder module of Charmm-Gui webserver [START_REF] Rohou | CTFFIND4: Fast and accurate defocus estimation from electron micrographs[END_REF][START_REF] Wagner | SPHIRE-crYOLO is a fast and accurate fully automated particle picker for cryo-EM[END_REF]. This web server uses the "Orientations of Proteins in Membranes" (OPM) [START_REF] Scheres | RELION: implementation of a Bayesian approach to cryo-EM structure determination[END_REF] software to imbed the protein into the membrane. We used the charmm36 force field [START_REF] Zivanov | New tools for automated high-resolution cryo-EM structure determination in RELION-3[END_REF]. The WT and mutant structures were first energy minimized, then further relaxed by carrying out short molecular dynamics simulations for 600 ps at a constant temperature of 300 K using the Nose-Hoover thermostat and constant pressure of 1 atm using the Langevin piston. Such a structure constituted the starting point for the Normal Mode calculations and MDeNM simulations. The Leapfrog Verlet algorithm was used for propagating the movement. The cut-on and cut-off distances for nonbonded interactions were set at 10 Å and 12 Å, respectively, and between these values, a switching function was applied [17].

Normal Modes

The first 200 lowest frequency normal modes (NMs) of the structure KirBac3.1 W46R structure were calculated with the DIMB method [START_REF] Liebschner | Macromolecular structure determination using X-rays, neutrons and electrons: recent developments in Phenix[END_REF] in CHARMM. A switching function was applied to the nonbonded interactions by setting a cut-on distance of 10 Å and a cut-off of 12 Å. A distance-dependent dielectric constant of 2r (r being the interatomic distance) was used. The minimization was carried out under harmonic restraints applied to atomic positions, which were gradually reduced and finally continued without restraints by performing 50,000 steps of CG (Conjugate Gradient) followed by ABNR (Adopted Basis Newton Raphson) minimization until reaching an RMS energy gradient of 10-5 Kcal mol-1 Å-1. The NMs of this minimized structure were then computed. We selected from these modes those directly involved in the channel gating to be used in MDeNM (Molecular Dynamics using excited Normal Modes) simulations, following the same procedure as for KirBac3.1 WT [17]. 8 contributing modes were selected, with the ranking numbers 85, 86 106, 150, 153, 154, 166, and 171 ordered in increasing frequencies. We selected these modes according to their contributions to the opening/closing of the channel by following a list of criteria as explained in [17,22].

Molecular Dynamics using excited Normal Modes

The MDeNM method [21] was applied to explore the large-scale conformational changes in the protein. This method allows an extensive conformational exploration in the normal mode space coupling global and local motions. It consists of propagating the movements by kinetic excitations along the different linear combinations of mode vectors in MD simulations, each one of these simulations constituting a replica. These combined vectors are chosen to point to different regions of the normal mode space allowing an extensive exploration. Substantial conformational changes could then be explored in a series of relatively short MD simulations to obtain a set of structures that would require at least simulations in the range of ms with conventional MD. Our study, considered 130 replicas for KirBac3.1 W46R, which allowed for an extensive conformational sampling (total simulation time = 0,4 ns x 130 replicas = 52 ns). A filtering procedure was used to determine the mode combinations allowing an isotropic distribution of the vectors [17]. We considered for each replica a series of 7 kinetic energy excitations for each replica, each lasting 1.5 ps, and corresponding to an 8 K temperature increase of the protein. These simulations were carried out with the CHARMM program using a dedicated script (available upon request).

•

Relaxation of the excited MDeNM structures

MDeNM provided 910 excited structures (7 excitations for every 130 replicas). This set of structures contained a few similar structures despite the rms filtering. Therefore, we proceeded to a clustering of the structures based on the channel rmsd (1.0 Å for KirBac3.1 W46R), carried out with the clustering tool of VMD, yielding 85 clusters. The structure closest to the average structure within each cluster was chosen as the representative of the group. They were then relaxed during 0.4 ns standard molecular dynamics performed with NAMD using the same force field as before. Finally, we considered the last 0.3 ns of the trajectories in which the remaining excitation energy is substantially dissipated, providing 25415 structures used in our analysis.

Interaction networks

The interaction networks around the residue 46 in KirBac3.1 WT (flipped-in and flipped-out configurations) and KirBac3.1 W46R mutant were determined using the Ring Web server of the University of Padova [START_REF] Yang | The I-TASSER Suite: protein structure and function prediction[END_REF] and Cytoscape [START_REF] Emsley | Features and development of Coot[END_REF]. The nodes of the network correspond to the residues, and the edges to the physicochemical interactions, hydrogen bonds, or Van der Waals interactions. In addition, specific sub-networks were established by Cytoscape, which reads the files created by Ring and extracts information related to the residues of interest and their neighbors and the interactions between them.

Structural determinants

Accessible Surface Area (ASA) was calculated with a Tcl script in VMD [START_REF] Huang | CHARMM36 all-atom additive protein force field: Validation based on comparison to NMR data[END_REF], the shortest distance between residues with the CHARMM program [START_REF] Moldenhauer | Effective pore size and radius of capture for K(+) ions in K-channels[END_REF], and the Pearson correlation coefficients with the cor module of the R software (https://www.R-project.org/)

•

Upward angle of the slide-helices

The upward angle of a given chain's slide-helix (residues from T43 to D35) is defined as the angle between its axis and the membrane plane (Figure 5B, in pink). It measures its proximity to the membrane; the higher the value, the closer to the membrane. The upward angles of the A, B, C, and D chains' slide-helices are denoted upa, upb, upc, and upd, respectively.

• Tilt angle of the transmembrane helices

The tilt angle of a transmembrane helix is defined as the angle between its axis and the perpendicular to the membrane plane (Z-axis) (Figure 6B). The inner helix of each chain is delimited from A109 to F135 and the outer helix from the residue 46 (in W/R46 or WT) to Cys71. The tilt angles of the inner transmembrane (TM) helices are named inclia, inclib, inclic, inclid for the chains A, B, C, and D, respectively, and similarly incloa, inclob, incloc, and inclod concerning the outer TM helices.

Introduction

A detailed study of function requires careful dissection of the mechanistic steps. Protein engineering can provide a powerful tool for studying the relationships between structure and function. The design of various potassium channels with carefully chosen replacement residues has helped describe the gating mechanism of these channels. For instance, we can mention mutations close to the selectivity filter [1], on the wall of the cytoplasmic pore [2], on the cytoplasmic domain [3], at the end of the cytoplasmic pore [4], at the extracellular domain of Kir2.2 [5], at the bottom of the bundle crossing [6], or at the level of the cytoplasmic domain subunit interfaces [7]. All these investigations, either in silico or experimental (NMR, FRET, etc.) provided valuable information. A few years ago, the open state kir channel's crystal structure was revealed by KirBac3.1 S129R [8,9], which was designed so that the channel was trapped in an open conformation. Indeed, before the publication of this structure, most structures were known in the closed state, with the conduction pathway occluded. The use of an engineered protein made it possible to observe for the first time at high resolution the KirBac channel with the bundle-crossing gate in an open conformation, where the constriction points (Leu124 and Tyr132) are released [8] as shown in Figure 1. This structure allowed proposing a mechanism for opening the channel. In this structure, we noticed that the mutated residue Arg was facing the channel's center and therefore could create the condition for another unexpected constriction point. However, this channel is functionally open [10] and we did not notice any toxic effect of this engineered protein on the host cell [11]. We then decided to investigate further this mutated channel's function and dynamics using an experimental and in silico study, allowing us to explain its particular behavior, which, despite unexpected characteristics, provided valuable information on the open state structure. 

Results and discussion

1 Hydrogen/Deuterium exchange approach coupled to mass spectrometry (HDX-MS)

We investigated the protein conformational flexibility of the S129R mutant protein (open state) using HDX-MS. This technique is based on the exchange of deuterium atoms at the amide backbone of a protein, reflecting its conformational dynamics, followed by proteolytic digestion and spectrometry analysis. HDX has been widely used on soluble and membrane proteins [12]. HDX was performed on the purified KirBac3.1 S129R mutant protein in the presence of detergent (Figure 2B). We have established in previous work that the presence of detergent does not affect conformational changes of the KirBac channel [13,14]. The results were compared to those of WT for which the same detergent was used ( [14] and Figure 2A), the comparison is shown in Figure 2C where red shows a S129R segment more flexible compared with the same segment in WT. The Optimized conditions resulted in sequence coverage of 86% with nepenthesin [14]. However, this enzyme did not allow covering the regions 57-87 (top half of the TM1 and the beginning of the pore helix), 143-147 (β3) and 195-203 (second half of the β7) for nomenclature see Figure 2C. Deuterium incorporation was monitored as a function of time for each peptide generated from the S129R mutant (Figure S1). 

Comparison between the KirBac3.1 WT (closed conformation) and S129R mutant (open state).

Our data shows that the most flexible regions for KirBac3.1 S129R are the loops extending outside the CTD (aa 271-285 between β14 and β15, in red Figure 2B; see also Figure 2C for the nomenclature). This external loop is subjected to the swinging movement during the gating [14]. If we compare the closed state of KirBac3.1 and the open state of KirBac3.1 S129R, the latter shows slightly more pronounced flexibility with a maximum value for the HDX of 68 % ± 2.2 (Mean ± S.D n=3) against 59.1% ± 2.5 for the closed state as shown in Figure 2C.

Structural flexibility of the transmembrane domain during the gating:

The largest change in the deuteration exchange percentage in the S129R mutant (35% versus 21%, compared with WT) is observed for the Thr93-Leu112 peptides (end of 3 (pore helix), selectivity filter and top of 4, (TM2)) , a feature described previously [13]. This includes the Met94 which is located towards the base of the pore-loop helix and packs closely with the Gly120 in TM2. Based on deuterium exchange percentages, the inner helix in the mutant S129R appears more flexible than in WT. At the TM1 level, there is an increase in deuteration, particularly at the bottom of the external helix, of 53.7% ± 2.2 against 45.2% ± 1.3 (Figure 2C).

Cytoplasmic domain:

These domains do not remain static during gating, and conformational changes should occur as the channel opens and closes. For both closed and open states, the greatest flexibility is found at the external loop. The KirBac3.1 cytoplasmic domain consists of two major β-sheets, one (which we refer to as βI, includes the large β6, β10 and β11), that is tilted about 45° to the membrane plane, and a second referred to as βII (which includes the shorter β3, β5 and β9) is approximately parallel to the pore axis as described in [15]. Our flexibility measure shows that the main βI sheet is more rigid than the other major βII sheet for both the WT (closed) and S129R mutant (open). The cytoplasmic domain's interior is more rigid than the exterior, with the highest values of flexibility for the open state.

On the contrary, the G-loop, located next to the CD loop is slightly less flexible in the S129R mutant (open state) (9% ± 1.2 against 12% ± 0.8 in the close state). The G-loop has been described as very flexible [4,11,16,17]. The five amino acids, 162 to 174 of the CD-loop, are also more rigid in the S129R mutant (open state) than in the WT (closed state) (49% ± 2.3 vs. 58% ± 2.5). The decrease in deuteration in these two loops shows that they are involved in a network of interactions with neighboring amino acids, which are therefore less flexible. This was also found in [13].

1.4 To further assess the structural deviations of these two states, we compared the root mean square displacements (rmsd) of the residues (equation given in Materials and Methods) calculated over the MDeNM relaxed structures of KirBac3.1 WT (closed) and KirBacS129R (open). The results are shown in Figure S2. Minor rmsd values were observed in the closed state, particularly in the transmembrane region. For both structures, the smallest rmsd values (less than 2.8Å) are in the transmembrane region. The open state shows slightly higher values, particularly in the region of TM1, the pore helix, and the bottom of TM2 with a high value at the position of the S129R mutation. The cytoplasmic domain exhibits higher rmsd values particularly the external loop, which reaches 5.8 Å and 5.2 Å, for the open and closed states, respectively. This is in agreement with HDX-MS data, for which the highest flexibility is in this region.

When reconstituted into black lipid membranes, the KirBac3.1 S129R channels exhibit significant gating activity as shown by current recordings for 6 min at +150 mV (Figure 2D). As reported for the KirBac3.1 WT and KirBac 1.1, the KirBAc 3.1 S129R gates with multiple subconductance states [18,19]. The amplitude values for these levels are 0.40 ± 0.001 pA, 1.32 ± 0.002 pA, 1.94 ± 0.003 pA, 2.41 ± 0.001 pA, 2.88 ± 0.002 pA, 3.31 ± 0.001 pA, 3.71 ± 0.002 pA, and 4.50 ± 0.007 pA (Figure 2E). Fits of Gaussian distributions of amplitude histograms resulted in a single channel current level of 4.5  0.007 pA, corresponding to a conductance value of 30 pS (Figure 2F). A value similar to that has been obtained for KirBac 3.1 WT (47 pS) [14]. KirBac S129R gates with subconductance level activity that increases the Po to levels as high as 44.05 ± 2.6 % (Mean± S.D. n= 16107, number of events). Plotting dwell time versus current amplitude of all the events shows that the S129R mutant gates with more subconductance levels, than the WT, that are contributing to the overall Po as follow: 7%, 3%, 11%, 9%, 5%, 6%, 4%, and 1%, respectively (Figure 2G). We have already shown that WT channels gate with only 2 subconductance levels (1 pA and 2 pA current amplitude) [14].

Theoretical Results

The theoretical results presented in this section are based on MDeNM (Molecular Dynamics with excited Normal Modes) simulations in which different linear combinations of a selected set of normal modes (NMs) related to the opening/closing of the channel are excited in molecular dynamics (MD) simulations [20]. Through such a combined use of both methods, MDeNM allows a realistic exploration of the normal mode space relevant for the opening/closing mechanism taking into account the full environment (membrane, water, ions) of the protein at the ambient temperature. Standard MD simulations were thereafter carried out on a uniformly distributed set of structures obtained from MDeNM, which provided a reasonably good estimate of the populations of open/closed (and partially open) states. MDeNM is based on covering uniformly without any bias the whole normal mode space defined by a selected set of low frequency modes. In our study the normal modes that were chosen are all those that are involved in the opening/closing motion of the channel. Therefore, the open and closed states were equally and uniformly sampled. The tests that were done in the original article [20] has shown an extensive not biased sampling, giving a good estimation of the probabilities of different states.

Constriction points along the channel in the KirBacWT and the S129R mutant

In this work, a 'closed' state is defined by a conduction pathway which is sterically occluded and an 'open' state in which the pathway is sufficiently wide to accommodate at least a non hydrated potassium ion. The channel encompasses the region between residues 121 and 133. The constriction points in this region for the WT are located at the levels of Leu124 and Tyr132 (Figure 1B). To have a dynamical view of the relaxed structures obtained in the MD simulations (that follow the MDeNM), we calculated the shortest atom-atom distance (including hydrogens) between the same residues that are at the opposite chains at a given constriction level (Tyr132 or S/R129). The distances were calculated on KirBac3.1WT (closed state) and the KirBac3.1 S129R (open state) (Figure 3A and Figure 3B, respectively). The average shortest distance at the level of Ser129 in KirBac3.1 WT is 9.53Å (SD=0.47Å) (Figure 3A in red) and that at the level of Arg129 in S129R mutant is narrower with a value of 4.46Å (SD=1.28Å) (Figure 3A in blue). This is a marked decrease in the channel diameter at the level of the mutation. Interestingly, the mutation at residue 129 introduces another constriction point in the channel which should not allow the K + ion to pass easily. Figure 3 shows a set of distances situated in the gray zone which is indicative of a closed state. Tyr132 has been described as a constriction point in KirBac3.1 WT confirmed with an average shortest distance obtained of 3.72Å (SD= 0.87Å) [14] In the KirBac3.1 S129R mutant, the average shortest distance, at this constriction point is larger with a value of 5.75Å (SD 0.87Å) (Figure 3B points in blue and Figure 1B in orange). This point of constriction is therefore released. The Leu124 constriction point is also in an open configuration in the KirBac3.1 S129R mutant (Figure 1B in brown). We provided in Table S1 the radius values of the pore (computed with the HOLE program) at the constriction levels, as well as the kink angle values of the TM1 for the KirBac3.1 WT and KirBac3.1 S129R crystallographic structures, and KirBac3.1 S129R simulated structures in one of their closed or open conformations. It is worth to notice that the pore at the level of the mutation can adopt a narrower radius in a representative MDeNM structure comparatively to its X-ray structure. We also notice that at the level of the residue 132 we have a larger pore radius for the simulated closed structure than in the X-ray structure. The kink angles of TM1 in three chains out of four are also larger in the chosen simulated open structure than in the closed one, but their mean values (Figure 4) are all larger in the mutant than in the WT, a trend similar to what is observed when comparing both X-ray structures.

Interactions of the residue 129

We investigated the interactions of residue 129 with its neighboring residues and the changes in the interaction network caused by the mutation in all the relaxed MDeNM structures [14].

The probability density of the distances between two adjacent Ser129 in WT showed a single peak around 5.9Å, the two residues being quite distant (Figure 3G, in red). Note that higher density of probability means more favorable interactions. For the mutant, the distances between two adjacent Arg129 are distributed into two populations centered around 2.7Å and 4.8 Å (Figure 3G, in blue). The first peak corresponds to a close interaction between the two arginine heads which point towards the center of the channel and therefore obstructing it (Figure3F in cyan), the second representing more distant residues similar to KirBac3.1 WT. The interaction energy computed between pairs of Arg shows that those belonging to opposite chains can interact favorably as shown in the scatter plot of the interaction energy versus the shortest distance in Figure S3 computed for the ensemble of the MDeNM relaxed structures. It is seen that interaction energies can reach values close to -4 kcal/mole. The representative structure corresponding to the lowest interaction energy is also displayed in this figure. Although Arg has a positive charge it was shown that they can interact favorably between them adopting different orientations [21].

Note that the distribution of shortest distances depend on which chains are considered. Indeed, the crystallographic structures of KirBac can exhibit four-fold symmetry, but more often two-fold symmetry or even no symmetry [8,11,19]. Moreover, the side chains in these crystallographic structures are slightly asymmetric.

We investigated the interaction between the mutated residue and Tyr132 which constitutes a region of constriction along the channel in WT (Figure 3H). The most populated shortest distance is greater for WT (3.3Å) than for mutant (2.5Å). The contact between the two residues for the mutant is shown in Figures 3D-E.

In the closed state, residue 132 points towards the center of the channel and obstructs the passage of the K + ion (Figure 3C in red). In the mutant, Tyr132 is displaced from the channel's center coming in contact with Arg129, as shown in Figure 3D (See also Figure S4 for details).

The interaction energies between the Arg129 and Tyr132 as a scatter plot are given in Figures S5 andS6 with the molecular graphics of the most favorable structures. They show that they can interact strongly with an interaction energy around -10 kcal/mol in the case of Arg129B and Tyr132C forming a hydrogen bond between them (Figure S6), and around -5 kcal/mol between Arg129B and Tyr132B. Interestingly, the Arg129 residues in all four chains point either to the center of the channel and thus block the passage of K + ion (Figure 3F) or interact with the aromatic ring of Tyr132 residues (Figure 3D).

Open and closed state populations

Four channel-gating states can be defined based on the open or closed conformation of the two main constriction points (Leu124 and Tyr132) as observed in relaxed structures (for more details, see [14] Figure S7): 1) Fully open state, sufficiently wide to accommodate at least a non-hydrated K + ion, that is, when the shortest diametrically opposed inter-chain atomic distances at the two constriction points are greater than the ionic diameter of K + (diameter of K + ion considered 3.5275Å [22]); 2) fully closed state, when both distances are less than the ionic diameter of the potassium ion; 3) partially open state 1, when the gate at residue Leu124 is open, and the gate at residue Tyr132 is closed; 4) partially open state 2 when the gate at residue Tyr132 is open, and the gate at residue Leu124 is closed. Considering the previous observation showing that the side chain of the mutant Arg129 can point towards the center of the channel and constitutes another constriction point, we therefore added another partially closed configuration at the level of Arg129.

We analyzed 34086 relaxed structures issued from MDeNM simulations for KirBac3.1 WT and 29600 for KirBac3.1 S129R to have important information on these states' populations. The populations of the different WT and mutant states are shown in Table 1, indicating that the fully open state in KirBac3.1 WT is only populated by about 6.8%. Such a low value is consistent with the population obtained by previous electrophysiological experiments [14]. In contrast, the S129R mutant is mostly open by about 53%, the Arg129 keeping the two Leu124 and Tyr132 restriction points, always open. Interestingly, the Arg can adopt two conformations: one in which it interacts directly with Tyr132, and the other where it points to the channel's center obstructing it. Therefore, the closed state of the mutant depends only on the conformation of Arg. Ironically, the mutated residue, which was introduced in the protein to force the channel to open, by trapping the bundle crossing in an open conformation, causes some obstruction to the potassium ion's passage. 

Kink of the outer helix TM1

The TM1 outer helices' kink angles were calculated to determine the extent to which their bending is involved in the channel's opening. We compared the kink angles for the TM1s for KirBac3.1 WT and S129R, which are given in Figure 4. ). These results highlight that the presence of the mutation S129R on TM2 has a knock-on effect on TM1, triggering a greater kink of this outer helix as noticed in the cryo-EM analysis [10].

Rotation of the cytoplasmic domain

Motions of the cytoplasmic domain that couple ligand binding to the gating of the channel have been thoroughly investigated and various models have been proposed. From the KirBac3.1 S129R mutant's crystallographic data, a model described as "twist to open" has been proposed, on which a rotation of about 25° of the CTD around the central axis of the channel perpendicular to the membrane is crucial to allow gating. This is why we performed a thorough examination of the angle of rotation of each chain's cytoplasmic domain around the central axis on all the relaxed structures (See the definition of the rotation angle Figure 5A). To study the S129R mutation effect on the interaction between the cytoplasmic domain and the membrane interface, we calculated two distances: i) between His35 on the slide helices and Arg167 (CD-loop on the CTD); ii) between Pro138 (the linker between the transmembrane and the cytoplasmic domain) and Phe250 (G-loop on the CTD). The G-loop has been described as being mobile during gating in molecular dynamics studies [23,24] and X-ray data [4]. The location of residues is indicated in Figure 6C. The structures resulting from the dynamics highlight the differences between WT and the mutant.

Figure 6A shows that the interaction between Pro138 and Phe250 (chain B) is stronger in S129R compared to WT. The distances between the amino acids are from 1.91 Å to 5.06 Ȧ in the S129R mutant (in blue) and from 1.82Å to 7.70Ȧ in KirBac3.1 WT (in red) predominantly closed (93.2% of the structures). The same trend is observed for the chain C, shown in Figure 6C, as they do not exceed 2.34 Å while the range of values for WT extends over 9.58 Å (Figure . 6B). The distances between the residues His35 Chain B and Phe167 Chain C are also lower in S129R

The S129R mutant shows a stronger interaction between the cytoplasmic domain (G-loop and C loop) and the membrane interface (slide helix and linker) and a greater stability.

Conclusion

Our MDeNM simulations on S129R show clearly that the mutation leads to a greater opening probability of about 52.8 % compared to 6.8% in the WT, which is corroborated by functional data from single channel recordings 44.05 (± 2.6 % Mean± S.D. n= 16107) compared with 9.9 (±1.3, n = 1803) in the WT. In this study, we observed the opening of the constriction points in the channel and the inherent motions of KirBac3.1 S129R associated with the gating in the absence of K + inside the pore. Our in silico results, in the estimation of open state population, carried out in the absence of K + ions, are very similar with experimental electrophysiological accounting of these ions. The gating is therefore mainly linked to the intrinsic dynamical properties of the channel and not dependent only on the presence of the K + ions. The presence of the Arg mutation triggers the release of the two constriction points that existed in WT protein, but at the same time, this residue can block the passage of the K + ion through the channel. Indeed, Arg can adopt two conformations, pointing either towards the channel's center or standing parallels to the channel and interacting with Tyr132. This explains why the opening probability is only 52.8% and not 100%. Also, the transmembrane external helices (TM1) show a more pronounced kink and flexibility in the case of the S129R mutant in agreement with our HDX-MS experiments. In addition, the contacts between Pro138 and Phe250 (G-loop), and the inter-chain contact between His35 (slide-helix) and Arg167 (CD-loop) are stabilized, and the mutant shows a greater stability.

One of the conclusions of this study is that care must also be taken when selecting replacement residues since this could affect importantly the structural and dynamical behaviour of the system under consideration as it is the case here.

Materials and Methods

This article focuses on understanding the structural behavior of KirBac3.1 S129R, making the comparison with the KirBac3.1 WT necessary to detect its specific aspects. The data and details concerning the latter were described in our previous article [14].

Protein expression and purification

Same construct as for the protein used for the structure determination was used [8]. Protein expression and purification of this mutant channel were performed as outlined before [11].

Briefly, after cell disruption by French press, the protein was solubilized with 45 mM DM (Decyl β-D-maltopyranoside), centrifuged, and the supernatant was loaded onto a Co2+ affinity column.

The protein was promptly purified on a Superdex 200 column pre-equilibrated with 2mM TriDM buffer. Concentrated preparations (1-2.5 mg/ml) of purified proteins (>95% purity, judged by SDS-PAGE) were stored at -80°C in a buffer containing 20 mM Tris, pH 7.4, 150 mM KCl and 0.2 mM TriDM.

2 Pepsin Digestion, Hydrogen/Deuterium exchange approach coupled to mass spectrometry (HDX-MS) and HPLC Peptide Separation and Mass spectrometry of peptides.

These experiments were performed as outlined before [14]. Briefly, all protein digestions in solution were performed in an ice bath at 0 °C. Protease solutions were prepared in 500 mM glycine (pH 2.2). KirBac3.1 S129R protein samples were digested in the same buffer for 2-5 min using a protease/substrate ratio of 1:1 or 1:10 (wt/wt) for pepsin and nepenthesin, respectively, either in solution or immobilized on a resin. The increase in digestion time did not affect the proteolysis. HDX-MS reactions were carried out on KirBac3.1 S129R at a protein concentration of about 10 μM. The reaction was initiated by a 10x dilution of the protein samples (10 μL) into a deuterated buffer containing 50 mM KCl and 0.2 mM TriDM. The time course of the HDX was followed over a 20-min period by sequential withdrawing 120 μL of deuterated samples, which were immediately added to 26 μL of quenching buffer (8 M guanidium chloride, 500 mM glycine HCl, pH 2.2), rapidly mixed, and flash-frozen in liquid nitrogen. After protease digestion in solution or on column in an ice bath at 0 °C, the peptides were loaded onto a peptideMicroTrap (Michrom Bioresources) column and washed with 0.03 % TFA in water (HPLC). They were then separated on a reversed-phase C12 column (1 × 50 mm, Jupiter; Phenomenex) using a linear gradient of 15-45 % (vol/vol) of solution B (CH3CN 95 % and TFA 0.03 %) during 26 min. The tandem MS (mapping) analyzes were performed on an ion trap mass spectrometer (Esquire 3000+; Bruker Daltonics) to identify the peptides after their separation on HPLC. Accurate mass measurements and local deuteration kinetics analysis were performed on a time-of-flight (TOF) mass spectrometer (6210; Agilent Technologies) equipped with an electrospray source. Each deuteration experiment was performed in triplicate. Data were processed as described in [14] 3 Electrophysiology

An Orbit mini was used (Nanion, Germany, horizontal planar lipid bilayer system), where two aqueous chambers (150 µL) are separated by a partition with a 150-µm hole where the lipid bilayer is formed by 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC,15-50 pF). The lower chamber contained 150 mM KCl, 10 mM MOPS, pH 7.4. After membrane bilayer formation, the upper chamber solution was changed to 150 mM KCl, 10 mM MOPS pH 8. 1 µL of purified KirBac3.1 S129R (90 µg/mL) in DDM (n-DoDecyl-β-D-maltoside) detergent (0.015%) was added to the upper chamber to a preformed bilayer. Currents were recorded using Elements Data Reader (Nanion, Germany) and analyzed using Clampfit (Axon Instrument Inc, USA) software, sampled at 100 µs and filtered at 1.25 kHz. Recordings were performed at 24 C.

Molecular Modelling

KirBac3.1 was modelled in two different states, the closed one, modeled from the PDB structure of the wild type, 2WLJ (at 2.60Å atomic resolution) described also previously [14], and the open one, modeled from the PDB structure 3ZRS (KirBac3.1 S129R at 3.05Å resolution). KirBac3.1 S129R had missing C and N-terminal fragments, so the modeled structure describes the protein from residue 35 to 295; other missing atoms were rebuilt using the CHARMM program. We applied the P4212 symmetry to the 3ZRS PDB structure using the Protein Interface Surface and Assemblies software [25] to build the tetramer. We applied the "Orientation of Proteins in Membranes" (OPM) software [26] and the protein was then included into a 114.566 x 114.566 x 128.572 Å 3 water box containing 36 629 water molecules with 150 mM KCl, and an 1,2-dioleoylsn-glycero-3-phosphocholine (DOPC) membrane using CHARMM-GUI [27,28] .

5 Normal Modes.

Structures were minimized using the steepest descent (SD) and conjugate-gradient (CG) methods followed by Adopted Basis Newton Raphson (ABNR) algorithm. Harmonic restraints were applied during SD minimization, which were gradually reduced. Then the system was subjected to 50000 CG steps without restraints followed by ABNR minimization until a convergence of 10 -5 Kcal mol - 1 Å -1 RMS energy gradient was reached. The first 200 lowest frequency normal modes, ranged in ascending order of frequencies, with all the atoms taken into account were computed using the iterative DIMB method [29,30] in CHARMM.

It was necessary to select the modes that contribute the most to the channel's conformational changes to proceed with the MDeNM calculations. The channel was defined from residues 121 to 133. For each normal mode, the minimized energy structure was first globally displaced by 2Å of RMSD. To select them, a process similar to the one used for the KirBac3.1 WT was applied [14]. Firstly, the ten normal modes showing the highest variations at the level of the channel were retained. To evaluate these variations, the distances between the residues 125 of opposite chains were considered. Secondly, only the normal modes describing spherical and elliptical opening of the channel were taken into account. Redundant modes were excluded keeping only the lowest frequency normal modes. This protocol allowed us to select 4 modes that affect the most the gating of the S129R.

Molecular Dynamics using Excited Normal Modes

The Molecular Dynamics using excited Normal Modes (MDeNM) method [20], promotes large conformational changes while taking into account the coupling with local fluctuations. This method allows a larger exploration of the conformational space and the generation of a wide variety of different structures at a lower computation time, which would not have been possible using only the standard MD. The method consists first to achieve different linear combinations of the selected normal mode vectors such that the combined vectors describe different movements of a given region (here the channel region). They are chosen such that the displaced structures along them up to a given distance (1 Å) display a uniform distribution of local RMSDs between them (see ref [20]for more details).

In a second stage these directions are used in MD simulations for defining additional velocities oriented along these very directions, and corresponding to a given kinetic energy, that are added to the current MD velocities. Such a kinetic excitation was periodically repeated at a given period of time (called the relaxation time) for propagating the movement to larger distances and allowing the coupling with local motions. A sufficient number of excitations were applied to reach an energetically acceptable large displacement. The simulations were carried out independently for every NM combined vector, each of these simulations being called a replica simulation. For each replica 10 successive excitations were applied, each one corresponding to a 4K rise of the overall temperature; the relaxation time between two excitations was 1 ps. The numbers of replica used are 62 and 66 for KirBac3.1 WT and KirBac3.1 S129R, respectively.

Relaxation of the MDeNM structures

Free MD simulations were carried out on MDeNM structures to relax them further energetically and release the excess kinetic energy that would have been accumulated during the excitations. These relaxation simulations were carried out on a limited number of representative structures obtained by clustering the MDeNM structures to save simulation time. The VMD clustering tool [31] was used to find at least 100 different clusters separated by a distance greater than an RMS threshold of 0.9Å on the channel (from Met121 to Ala133). A representative structure was chosen for each cluster, which was the closest to the cluster's average structure. Unique structures not belonging to any cluster were also selected. Overall, 114 and 99 clusters were obtained for KirBac3.1 WT and KirBac3.1 S129R, respectively. Each representative structure was subjected to a free MD simulation of 0.4 ns to release the excess kinetic energy and allow local movements to occur, amounting to a total of 39.6 ns for all the KirBac3.1 S129R's structures considered. The simulations were carried out with NAMD v2. 10[32] at constant temperature of 300K and constant pressure of 1 atm using Langevin piston. Periodic Boundary Conditions and the Particle Mesh Ewald method were used for the electrostatic interactions. The motion propagation is driven by the Leapfrog Verlet algorithm. Concerning the non-bonded interactions, the cut-on and the cut-off were 10 and 12Å, respectively. Charmm36 force field was used for the simulations. The parameters used were the same for the MDeNM simulations.

Analysis of Molecular Dynamics simulations.

The results presented in this article are based on the relaxed structures from free MD simulations in which only the last three-quarters of the trajectories were kept, that represents 29 600 structures.

The shortest distance between two residues was calculated considering the distances between all their respective atoms including the hydrogens with the CHARMM software. The shortest distances calculated at the different levels of the channel and different pairs of residues were used to define the various open/closed states. Six shortest distances were considered: i) between Leu124 of chain A and Leu124 of chain C, ii) between Leu 124 of chain B and Leu124 of chain D, iii) between Tyr132 of chain A and Tyr132 of chain C, iv) between Tyr132 of chain B and Tyr132 of chain D, v) between Arg129 of chain A and Arg of chain C, iv) between Arg129 of chain B and Arg129 of chain D.

The kink of each of the outer helices is defined by the angle between the axis of the first part of the helix going from Trp46 to Leu56 and that of the second part going from Leu56 to Asp80.

The cytoplasmic domain rotation for each of the chains was calculated as the pseudo bonds' dihedral angle defined by four successive points defined by Leu108, its projection on the central Z-axis passing through the channel, the projection of Ile266 on the same axis, and Ile 266 itself.

The kink and the dihedral angles were calculated using the CHARMM software.

The Root-Mean-Square Deviation of a given atom i (RMSDi) was computed over the ensemble of all the MDeNM relaxed structures for KirBac3.1 WT (34086 structures) and KirBac3.1 S129R, (29600 structures), respectively. The RMSDi is defined by the equation

𝑅𝑀𝑆𝐷 𝑖 = √ 1 𝑁 ∑|𝑟 𝑖 (𝑛) -𝑟 𝑖 𝑟𝑒𝑓 | 2 𝑁

𝑛=1

where i is the atom number, N the total number of structures considered, 𝑟 𝑖 (𝑛) the position of the atom i in the structure n, 𝑟 𝑖 𝑟𝑒𝑓 the position of the atom i in the reference structure . The RMSD of a given residue was calculated by averaging the RMSDi of atoms belonging to the given residue.
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Fig. 1

 1 Fig. 1 Cryo-EM map and atomic structure of the human Kir2.1 channel. (A) Sharpened cryo-EM map of human Kir2.1 obtained at 4.3 Å resolution (bottom, side, and top views). (B) Side view of human Kir2.1 atomic structure fitted in the cryo-EM map (white surface). The chains A and C are in cartoon and highlight the typical structural features of Kir channels: Outer helix (M1, yellow), inner helix (M2, cyan), pore helix (dark blue), slide helix (red), selectivity filter (magenta), extracellular region (light blue), G-loop (black) and helix bundle crossing (HBC) region. The Sr 2+ (green) and K + (purple) ions inside the pore channel are represented as spheres. Chains B and D are in gray ribbons for clarity. Gray horizontal bars indicate the plasma membrane. The TMD and CTD are indicated. (C) Top view of the human Kir2.1 atomic structure fitted in the cryo-EM map. The four chains (A, B, C, and D) are in a blue cartoon. The cysteine residues (C122 and C154) involved in the intra-subunit disulfide bridge are highlighted as red sticks. Protein dimensions are shown.

Fig. 2

 2 Fig.2Ions' location along the pore in the human Kir2.1 channel cryo-EM structure. Cryo-EM densities modeled as Sr 2+ (blue mesh at 5 σ) and K + (green mesh at 2.5 σ) ions inside the pore of human Kir2.1 cryo-EM atomic structure (blue ribbon). Insets: detailed views of the regions where the ions are located. The distances between these ions and the negatively charged atoms of the closest residues (yellow sticks) inside the pore channel are indicated.

Fig. 3

 3 Fig. 3 Pore radius analysis of human Kir2.1 channel structure and constriction points. (A) Plot of the pore radius between van der Waals surfaces. The constriction points (selectivity filter, I176, M180, and A306) and the position of the two Sr 2+ ions are highlighted. (B) Three constriction points below the selectivity filter: I176 (yellow sphere), M180 (orange sphere), and A306 (purple sphere). Chains A and C are in light blue and green cartoons, respectively. Chains B and D are in gray ribbons for clarity. Sr 2+ (blue) and K + (red) ions are represented as spheres. The insets show the zoom of the three constriction points, where the spheres represent the van der Waals surfaces. (C) Comparative analysis of pore radius (stippled surface) between van der Waals surfaces among human Kir2.1, chicken Kir2.2, and mouse Kir3.2 channel structures (light gray ribbons). Along the central ion conduction, red: insufficient space for a water molecule, green: one or two water molecules could fit, and blue: many water molecules could fit. Constriction points were considered where the red volume was visualized. Horizontal dashes were placed to compare the constriction points in human Kir2.1, apo-Kir2.2, and apo-Kir3.2 pore channels. Molecular graphics images were prepared with VMD. Pore radius was analyzed using the HOLE software.

Fig. 4

 4 Fig. 4 Biophysical and functional assays on Kir2.1 WT and R312H mutant. (A-B) Comparative binding kinetics of PIP2 on Kir2.1 WT (A) and R312H mutant (B) immobilized on a CM5 chip. Five sequential injections of PIP2 are shown, 1.25-20 µM, at 25 µL/5min. In color, experimental data; in black, fitted curve. The single-cycle kinetics assays were carried out in triplicate; only one replica is shown. The SPR response is expressed in response units (RU) relative to the time in seconds. (C-D) Electrophysiological recordings of Kir2.1 WT (C) and R312H (D) reconstituted in lipid bilayers in the presence of 1% PIP2 at -100 mV. Kir2.1 WT shows an open probability (Po) of 70%, and Kir2.1 R312H has a Po of less than 1%.

Fig. 5

 5 Fig. 5 Interaction network between R312, H221, and E303 residues in the human Kir2.1 channel cryo-EM structure. Cartoon representation of the human Kir2.1 channel cryo-EM structure highlighting (inside the circle) the location of the R312 residue. The insets show the intersubunit interaction network of R312 in the WT (top) and that of H312 in the R312H mutant (bottom) between chains A and B. The chains A, B, C, and D are shown in green, blue, gray, and yellow, respectively. Residues R218, K219, H221, E303, and A306 are represented as yellow sticks. The chains are indicated in parenthesis. Salt bridge distances are highlighted in red dashes and the other distances in black dashes.

Fig. 6

 6 Fig. 6 Description of extension/compression conformational movement of the human Kir2.1 channel using normal mode analysis. (A) Ribbon representation of the human Kir2.1 cryo-EM structure after displacement of -3 Å (green; compacted structure) and +3 Å (blue; expanded structure) along mode 5. The longitudinal length and the Cα-Cα distance between residues D78 and K219 (represented by spheres) are indicated in Å. (B) Description of the compression movement on the cartoon representation of the human Kir2.1 structure (cyan). Red arrows show Cα displacement from the reference structure toward the -3 Å compacted structure along the mode 5. Orange spheres represent D78 and K219. Gray horizontal bars indicate plasma membrane boundaries.

Fig. 7

 7 Fig. 7 Description of the opening of the PIP2 binding site of the human Kir2.1 channel using normal mode analysis. (A-B) Description of the conformational movement on the cartoon representation of the human Kir2.1 structure. Chains A, B, C, and D in cyan, orange, green and yellow, respectively. Red arrows show Cα displacement from the reference structure toward the displacement of +3 Å and -3 Å along the modes 1 (A) and 2 (B).

Fig. 8

 8 Fig. 8 Tethering of K64 and R67 to the membrane displayed in molecular dynamics simulations. (A) Human Kir2.1 cryo-EM structure and membrane (POPC bilayer) system used in MD simulations. The Kir2.1 channel structure is represented in a green cartoon, and the residues K64 and R67 of chain B are highlighted. (B-E) show the trajectories analysis of the K64 and R67 residues along the 200 ns of MD simulations in some representative chains of the three replicates. In each of these panels, snapshots along MD simulations are shown: 0 ns (green), 50 ns (cyan), 100 ns (magenta), 150 ns (yellow), and 200 ns (salmon). K64 and R67 residues are highlighted in sticks. (B-E) show the distances between the K64 and R67 residues to the plane of the phosphate groups from the inner membrane. To calculate these distances, the inner membrane was centered at Z=0. The 0 value represents the membrane level. (B) Chain B, replica 2. (C) Chain D, replica 1. (D) Chain B, replica 3. (E) Chain D, replica 2.

Fig. S1 .

 S1 Fig. S1. Sample preparation. Gel-filtration profile of human Kir2.1 obtained on a Superdex 200 10/300 column with absorbance measured at 280 nm at 0.3 mL/min in 0.5 mL fractions. Analysis of SDS-PAGE (insert left) and Western Blot detection using anti-His antibodies (insert right) show one band at 50 kDa, corresponding to Kir2.1 monomer. The sample has been identified by LC-MS/MS.

Fig. S2 .

 S2 Fig. S2. Data processing workflow for the single-particle cryo-EM analysis of the human Kir2.1 channel. All steps to obtain the final cryo-EM map of the human Kir2.1 channel at 4.3 Å resolution are shown, including the number of particles presented in all steps, the maps from all classes obtained in the three rounds of 3D classification and the symmetry applied. Red and blue squares indicate the classes whose particles were subjected to a round of 3D

Fig. S5 .

 S5 Fig. S5. Structural comparison between Kir2.1 and Kir2.2 structures. Cα atoms superposition between the human Kir2.1 channel cryo-EM structure and crystal structures of mouse Kir2.1 CTD (1U4F) and chicken Kir2.2 (in the absence and presence of PIP2; 3JYC and 3SPI, respectively). (A) Cα atoms superposition of TMD and extracellular region (a.a 72-182) between the four chains of human Kir2.1 channel. (B) Cα atoms superposition of TMD and extracellular region (a.a 72-182) between the chain A of human Kir2.1 channel cryo-EM structure and one chain of crystal structures of chicken Kir2.2 in the absence and presence of PIP2. The chains B, C, and D of the human Kir2.1 channel are also represented. The extracellular region and the typical features of TMD (M1 and M2 helices, selectivity filter and slide helix) are indicated. (C) Cα atoms superposition of CTD (a.a 192-364) between the four chains of human Kir2.1 channel. (D) Cα atoms superposition of CTD between the chain A of human Kir2.1 channel cryo-EM structure and the four chains of the crystal structure of mouse Kir2.1 CTD. The regions with the highest RMSD are indicated (a.a 281-291, a.a 330-340, and C-terminal end). The G-loop is also indicated.

Fig. S6 Impact

 S6 Fig. S6 Impact of the R312H mutation on the human Kir2.1 channel structure. (A) Intersubunit interaction network of R312 in the WT (top) and that of H312 in the R312H mutant (bottom) between chains B and C. (B) idem for chains C and D. (C) idem for chains D and A. The chains A, B, C, and D are shown in green, blue, gray, and yellow, respectively. The chains are indicated in parenthesis. Residues R218, K219, H221, E303, and A306 are represented as yellow sticks. Salt bridge distances are highlighted in red dashes and the other distances in black dashes.

Fig. S7 Electron

 S7 Fig. S7 Electron density maps of the residues R312, E303, and H221 in the human Kir2.1 cryo-EM structure. The residues are shown as yellow sticks, and the chains A, B, C, and D are in green, blue, gray, and yellow cartoons, respectively. The respective chains are indicated in parenthesis. Maps at 4 σ.

Fig

  Fig. S8 Contribution of normal modes to extension/compression movements and tethering of the CTD to the TMD. Left panel: human Kir2.1 cryo-EM structure 121 Å long (gray ribbon). Residues D78 and K219 are shown as spheres and the Cα-Cα distance is indicated. Middle panel: reference structure after energy minimization, used for NM calculation. Cα-Cα distance of residues D78 and K219 is indicated. Right panel: Mode 5 was the only NM in which both Cα K117-E363 (red bars) and D78-K219 (black bars) distances were reduced by at least 6 Å (dashed line) between the calculated structures after +3 Å and -3 Å RMSD displacement along the NMs.

Fig. S9

 S9 Fig. S9 Contribution of normal modes to opening of the PIP2 binding site in the human Kir2.1 channel. Ribbon representation of the human Kir2.1 channel cryo-EM structure after ±3 Å RMSD displacement along the modes number 1 (panel A) and 2 (panel B). The reference and the displaced structures are shown in green and orange, respectively. The residues R82, K187, and K219 are shown in sticks. The lateral graphs display the solvent accessible area (SASA) of K187 and the Cα-Cα distance between R82 and K219 residues from adjacent chains over ±3 Å RMSD displacement along the modes 1 and 2. Gray horizontal bars indicate plasma membrane boundaries.

Fig. S10 3D

 S10 Fig. S10 3D Classification of the particles from the class 3 of the second round of 3D classification (see Fig. S2) using fine angular searches. The maps and the number of particles for the six classes obtained in this 3D classification are shown. The maps of two of these classes were subequently subjected to 3D Auto-Refine and after detergent masking, handness correction and sharpening provided two different maps that illustrates the compact and the extended conformations of the Kir2.1 channel (size in length of 113 Å and 120 Å, respectively).

Fig. S11 .

 S11 Fig. S11. 3D Classification of the particles from the class 3 of the first round of 3D classification (see Fig. S2) using fine angular searches. The maps and the number of particles for the six classes obtained in this 3D classification are shown.

Fig. S12 .

 S12 Fig.S12. K64 and R67 tethering to the membrane emerging from molecular dynamics simulations. Analysis of the 200 ns MD trajectories concerning K64 and R67 residues in the four chains in the three replicates. In each of these panels, snapshots at different times along the MD simulations are shown: 0 ns (green), 50 ns (cyan), 100 ns (magenta), 150 ns (yellow), and 200 ns (salmon). K64 and R67 residues are highlighted in sticks. These panels also contain the distances between the K64 and R67 residues to the plane of the phosphate groups from the inner membrane. To calculate these distances, the inner membrane was centered at Z=0. The 0 value represents the membrane level.

Fig

  Fig. S13. Root mean square deviation (RMSD) and root mean square fluctuation (RMSF) analysis of MD simulations of the human Kir2.1 cryo-EM structure. (A) Cα RMSDs of the protein in the three 200 ns long MD replica trajectories. Replica 1, 2, and 3 are shown in black, red, and green, respectively. (B) Cα RMSF of the residues from one representative replica (Replica 3) MD trajectory. Chains A, B, C, and D are shown in black, red, green, and blue, respectively. The most important structural regions, and the regions that present high RMSF values are indicated.

Fig. S15 .

 S15 Fig. S15. Activation of CM5 sensor chip with NHS/EDC and immobilization of Kir2.1_R312H. 50 mM Kir2.1 (in sodium acetate pH 4.5) was injected at 50 µL/5 min. The surface chip was saturated with ethanolamine pH 8.

Fig

  Fig. S16. Negative control: Comparative binding of PIP2 on Kir2.1 WT and Ferritin on CM5 chip. 20 µM PIP2 was injected at 25µL/5min. PIP2 binding is specific to Kir2.1 as no PIP2 bound to Ferritin.

Fig. S17 .

 S17 Fig. S17. Comparative binding of PIP2 on Kir2.1 WT at different concentrations on a CM5 sensor chip.

Fig. S18 .

 S18 Fig. S18. Activation of NTA sensor chip with NiCl2 and immobilization of Kir2.1 WT. 50 mM Kir2.1 was injected at 50 µL/5 min. The surface chip was saturated with ethanolamine pH 8.

Fig. S19 .

 S19 Fig. S19. Binding kinetics of PIP2 on Kir2.1 WT on an NTA sensor chip. Five sequential injections of PIP2 are shown, 0.312-5 µM, at 25 µL/5min. In color, experimental data; in black, fitted curve. The single-cycle kinetics assays were carried out in duplicate; only one replica is shown. The SPR response is expressed in response units (RU) relative to the time in seconds. The KD determined 2.54 ± 1.45 µM, consistent with that observed with CM5 surface chip.
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 2 Figure 2. HDX-MS rates. A) HDX-MS rates of peptides reported for the KirBac3.1 WT [17] and B) for the mutant W46R. C) Rate difference between the W46R mutant and KirBac3.1 WT. The scale of the deuterium exchange rate is shown at the bottom of the figures, with blue corresponding to low exchange rate and high rigidity; and red to high exchange rate and high flexibility.
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 3 Figure 3. Overview of the network of interactions around W46 (KirBac3.1 WT) and R46 (KirBac3.1 W46R). A) KirBac3.1 WT: representation of the W46 flipped-in (in red, from X-ray structure PDB 2WLJ) and the flipped-out (in purple, from a representative structure issued from MDeNM simulations [17]. B) Superimposition of the residue W46 (flipped-in) in red and the mutation R46 in blue from our crystallographic structure. C) Network of interactions around W46. The chains A and D are colored in blue and magenta, respectively, and the residue W46 (flipped-in) is in red. D, E, F, and G) KirBac3.1 WT: Comparison of the interaction network of residue W46 in flipped-in and flippedout conformations for the chains A (panel D), B (panel E), C (panel F), D (panel G). The green lines indicate the interactions present in the flipped-in configuration but absent in the flipped-out one, and red lines those present in the flipped-out configuration but absent in the flipped-in one. Black lines are shared between the two conformers. H, I, J, and K) Comparison of the interaction network of residue W46 flipped-in (KirBac3.1 WT) and residue R46 (KirBac3.1 W46R) for the chains A (panel H), B (panel I), C (panel J), D (panel K). The green lines indicate the interactions present in KirBac3.1 WT but absent in W46R mutant, and the red lines the interactions present in the W46R mutant but absent in KirBac3.1 WT. For more details, see Figure S2.
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Figure 4 .

 4 Figure 4. Accessible surface areas and shortest distances on MDeNM structures. A) Histogram of Accessible Surface Area (ASA) values of residue W46 in KirBac3.1 WT (in red) and R46 in KirBac3.1 W46R (in blue) obtained on the set of relaxed MDeNM structures. B) Boxplot of ASA values of R134 in KirBac3.1 WT (in red) and in KirBac3.1 W46R (in blue) over the same set of structures. C) Boxplot of ASA values of F135 in KirBac3.1 WT (in red) and in KirBac3.1 W46R (in blue) over the same set of structures. D) Histogram of the shortest distances on MDeNM structures between residue 46 and I131 in KirBac3.1 WT (in red) and KirBac3.1 W46R (in blue).
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 5 Figure 5. Correlation between the interactions of the slide-helices and their upward movement in KirBac3.1 W46R and WT. A) Correlations in the W46R mutant. The upward movement of the slide-helix for the chains A, B, C, and D is denoted upx, where x is the letter of the chain. D46n36n-1 corresponds to the shortest distance between the R46 residue of the chain n and the D36 residue of the chain n-1, and d35n167n+1 to that between the D35 residue of the chain n and the R167 residue of the chain n+1. The blue circles correspond to positive correlations, while the red ones correspond to negative correlations. The diameter and the color intensity of a circle are proportional to the strength of the correlation. B) Locations of the residues and the slide-helix upward movement angle definition are considered in the correlations in pink. C) Correlations in the case of KirBac3.1 WT.

Figure 6 .

 6 Figure 6. Correlation between the gating and the upward movement of the slide-helices and inclinations of the transmembrane helices in KirBac3.1 W46R. A) Correlations in the W46R mutant. The shortest distance between the residues L124 belonging to the chains A and C defining the gating at this level is denoted g124ac, and similarly, for Y132, it is designated g132ac. The upward movement of the slide-helices of the chains A, B, C and D are denoted upa, upb, upc, upd, respectively. The tilt angle of the axes of the inner and outer helices from the perpendicular line to the membrane plane are denoted tiltin and tilton, respectively, where n is the name of the chain. Blue and red circles correspond to positive and negative correlations, respectively. The diameter and the color intensity of a circle are proportional to the strength of the correlation. B) Definition of the inner and outer tilts (brown and blue, respectively). The upward movement of the slide-helices is defined as in Figure 5B Constrictions points L124 and Y132 are shown. C) Correlations in the case of KirBac3.1 WT.

Figure 7 .

 7 Figure 7. Gating at the two constriction points L124 and Y132 A-B) Scatter plots of distances between Cα atoms of the residues 124 (in red) and 132 (in blue) for chains AC and BD. A: for KirBac3.1 WT B: KirBac3.1 W46R.

Figure 8 .

 8 Figure 8. Single-channel recordings of the Kirbac W46R channels A) Current traces from 3-min consecutive recordings at +100 mV test potential. The closed state is labeled as C. B) Amplitude histogram fits of all events for the selected seven levels gating between closed and open states during 3 min. Inset shows current amplitude values versus dwell time for all seven levels.

Figure 1 .

 1 Figure 1. Anatomy of KirBac3.1 S129R from the modelled KirBac3.1 S129R. A) The transmembrane portion of each monomer of KirBac1.1 is composed of four helices: slide helix (green), transmembrane helix 1 (red), pore helix (yellow), and transmembrane helix 2 (blue). The mutation S129R is situated at the level of the helix bundle (pink), at the bottom of the inner helix. B) Leu124 and Tyr132 are shown in color brown and orange respectively. Arg129 is shown in pink.

Figure 2 .

 2 Figure 2. HDX-MS and single channel recordings HDX-MS rates of peptides reported for A) KirBac3.1 WT [12] and B) the mutant S129R. Identified peptides are drawn with blue (low exchange and low flexibility) to red (high exchange and high flexibility) color according to their percentage of deuterium exchange after 1,200 s (scale of exchange shown at the bottom of the figures). C) Nomenclature of secondary structures and rate of exchanges between the mutant S129R and KirBac3.1 WT. Scale of deuterium exchange rate is shown at the bottom of the figures, same color code as for A and B. Red appears when S129R is more flexible than WT and blue when S129R is more rigid than WT. D) Single channel recordings from KirBac3.1 S129R channels., traces obtained from 6 min consecutive recordings at +150 mV holding potential. Closed state is labelled C. E, an enhancement of the upper trace to show the multiple sub states induced by the S129R mutant. F, amplitude histogram fits (gaussian) of all events for the selected levels gating between closed and open states during 6 min. G: S129R channels gate with multiple subconductance states. Dwell time for all events at 150 mV test potential is plotted for all current levels.

Figure 3 .

 3 Figure 3. Gating at the mutation S129R and at the constriction point Tyr132 A) Scatter plots of the shortest distances between the chains B and D and between A and C at the level of the residue 129. The shortest distance between two residues is that between their respective atoms including the hydrogens; B) Scatter plots of the shortest distances between the chains B and D and between A and C at the level of the residue Tyr132. A-B) Red and blue points correspond to the KirBac3.1 WT and KirBac3.1 S129R, respectively. The gray area delimits the region where the channel is closed. C-E: representation of the relaxed structures; C) Locations of the residues Tyr132 (red) and Ser129 (orange) in KirBac3.1 WT; D) Locations of the residues Tyr132 (dark blue) and Arg129 (cyan) in KirBac3.1 S129R; E) Zoom on the Van der Waals between Tyr132 and Arg129 in KirBac3.1 S129R; F) Locations of the residues Tyr132 (dark blue) and Arg129 (cyan) pointing toward the center of the channel in KirBac3.1 S129R; G) Histograms of the shortest distance between residue 129 of the chain n and the residue 129 of the chain n+1; H) Histograms of the values of the shortest

Figure 4 .

 4 Figure 4. Kink of the outer helices, TM1. Histograms of the values of the kink of the external helices during the relaxed simulations of molecular dynamics after MDeNM. The structures populations of KirBac3.1 WT are represented in red and the structures of KirBac3.1 S129R in blue. A) Kink of the outer helix of the chain A. B) Kink of the outer helix of the chain B. C) Kink of the outer helix of the chain C. D) Kink of the outer helix of the chain D. E) Representation of the outer kink angle (ke).

Figure 5 .

 5 Figure 5. Rotation of the cytoplasmic domain. A) Definition of the cytoplasmic domain rotation angle of a given chain; B) Boxplots of the rotation angle's values of the cytoplasmic domain for each chain for KirBac3.1 WT and KirBac3.1 S129R. The angles were computed on all the relaxed structures of KirBac3.1 WT (red) and KirBac3.1 S129R (blue). The middle line of each box corresponds on the median values. The variation of the 33° between the WT and mutant were obtained from these average values.We compared the rotation angles of the cytoplasmic domain of the KirBac3.1 WT and KirBac3.1 S129R, they are given in Figure5B. The mean cytoplasmic domain rotation values are 97.95° (SD = 5.13°) and 131.78° (SD=5.41°) for WT and mutant, respectively. An average difference of 33° is observed between the two systems. This is to be compared with the data obtained from crystallographic structures, which show a difference of the cytoplasmic domain rotation angle of 30° between the KirBac3.1 WT (closed state) and KirBac3.1 S129R (open state)[8]. It can be observed that both experimental and in silico studies are very comparable. The structures obtained by MDeNM appear very stable with very small variations.

Figure 6 .

 6 Figure 6. Interaction between the cytoplasmic and the membrane interface. Pink points are for KirBac3.1 WT, blue points for the S129R mutant. A) Shortest distance between the slide-helix (residue Asp35 Chain B and the CD-loop (residue Arg167 Chain C) versus the shortest distance between the linker (residue Pro138 Chain B) and the G-Loop (residue Phe250 Chain B); B) Shortest distance between the slide-helix (residue Asp35 Chain C) and the CD-loop

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 2 .

 2 Populations (in percentage) of different opening states in the relaxed structures of KirBac W46R obtained through MDeNM simulations and single-channel recording of the mutant and KirBac3.1WT

Table 1 .

 1 Populations (in percentage) of different opening states in the relaxed structures of KirBac S129R obtained through MDeNM simulations and single channel recording; comparison with KirBac3.1 WT is shown.

	Opening Types	KirBac3.1 WT (%)	KirBac3.1 S129R (%)
	Fully open	6.8	52.8
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Structural movement of the human

K64 and R67 tethering to the membrane displayed by molecular dynamics simulations.

200 ns of MD simulations of the human Kir2.1 channel. The chains B and D of replica 2 were chosen as representative models of the trajectories of the K64 and R67 residues. The protein is represented in cyan cartoon, and residues K64 and R67 are represented in yellow and red sticks, respectively. The membrane is represented as dots (carbon, phosphate, and oxygen atoms are represented in gray, blue, and red dots, respectively). The membrane was kept still for the purpose of visualizing the trajectories of both residues. Step size of 20 ps. Competing Interests: All authors declare no competing interests.