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Abstract 27 

Glycine receptors (GlyR) are ligand-gated ion channels mediating signal transduction at 28 

chemical synapses. Since the early patch-clamp electrophysiology studies, the details of 29 

the ion permeation mechanism have remained elusive. Here, we combine molecular 30 

dynamics simulations of a zebrafish GlyR-⍺1 model devoid of the intracellular domain 31 

with mutagenesis and single-channel electrophysiology of the full-length human GlyR-⍺1. 32 

We show that lateral fenestrations between subunits in the extracellular domain provide 33 

the main translocation pathway for chloride ions to enter/exit a central water-filled 34 

vestibule at the entrance of the transmembrane channel. In addition, we provide evidence 35 

that these fenestrations are at the origin of current rectification in known anomalous 36 

mutants and design de novo two inward-rectifying channels by introducing mutations 37 

within them. These results demonstrate the central role of lateral fenestrations on synaptic 38 

neurotransmission. 39 

 40 

Teaser 41 

Extracellular chloride ions access the glycine receptor pore via lateral fenestrations 42 

outdating the standard apical model. 43 
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 44 

MAIN TEXT 45 

 46 

Introduction 47 

Glycine receptors (GlyRs) contribute to fast synaptic inhibition and mediate muscle tone 48 

regulation, motor coordination, processing of vision and audition, and pain sensation (1, 49 

2). Several inherited mutations of GlyRs are linked to autism, temporal lobe epilepsy and 50 

hyperekplexia (startle disease) (3). GlyRs are pentameric ligand-gated ion channels 51 

(pLGICs) that are found as homopentamers of ⍺ subunits (⍺1 to ⍺4) or heteropentamers 52 

combining ⍺ and β subunits. The ⍺1 GlyR is a symmetrical homopentamer, each subunit 53 

being composed of an extracellular domain (ECD) folded into a β-sandwich, a 54 

transmembrane domain (TMD) containing four ⍺-helical strands (M1 to M4), and an 55 

intracellular domain (ICD) between M3 and M4, whose structure has partly remained 56 

elusive (4). The ion transmembrane pore is lined by the M2 helices of the five subunits 57 

and displays a strong selectivity for anions over cations (5, 6). The main selectivity filter is 58 

thought to be located within the ion pore at the cytoplasmic end, since mutations at this 59 

level are sufficient to convert GlyR-⍺1 into a cationic channel (7). Consistently, the 60 

chimeric construct obtained from the fusion of the ECD of the cation-selective channel 61 

GLIC with the TMD of the anionic channel GlyR-α1 displays anionic selectivity with a 62 

unitary conductance identical to that of the full-length GlyR-α1 (8). Glycine-activated 63 

currents display multiple conductance states (86 pS; 64 pS; 46 pS; 30 pS; and 18 pS), with 64 

the predominant one (71%) being at 86 pS (9). 65 

At the structural level, GlyR is among the best-characterized pLGIC, since several 66 

high-resolution structures in complex with modulatory ligands and in different 67 

conformational states have been deposited (4, 10–14). Among them, multiple structures 68 

have been annotated as representative of the open, ion-conductive state. An early “wide-69 

open” structure of the zebrafish GlyR-⍺1 determined by cryo-EM with detergents (4) 70 

displays an ion pore with a minimum diameter of 8.2 Å , which is inconsistent with the 71 

diameter of 5.3 Å  estimated by electrophysiological recordings of polyatomic anions (5). 72 

By relaxing the wide-open conformation in room-temperature MD simulations within a 73 

native lipid environment, a distinct open-channel state with a minimum pore diameter of 74 

5.0 Å  was isolated by us (15). This open state, referred to as “MD-open”, was stable, ion-75 

conductive and anion-selective in semi-quantitative agreement with experiments (16). 76 

During the preparation of this report, a glycine and picrotoxin-bound (GlyR-Gly/PTX) 77 

structure of the zebrafish GlyR-⍺1 was solved in lipid nanodiscs and assessed as an open 78 

state by MD simulations with correct anionic selectivity and a computed conductance of 79 

20 pS (14). Another GlyR-⍺1 structure in complex with glycine was published last year 80 

using the styrene maleic acid polymer (SMA) strategy (4). This structure, referred to as 81 

“GlyR-SMA-gly-open”, displays a minimum pore diameter of 5.6 Å  consistent with an 82 

ion-conductive state.  83 

While the transmembrane pore allows for the selective translocation of ions across 84 

the membrane, chloride permeation in GlyR also involves the translocation of ions 85 

through the ECD and ICD, which contribute to the overall efficacy (conductance) of the 86 

channel. In fact, although complete suppression of the ICD has minimal (if any) effect on 87 

the conductance (17–19), mutations of R377, K378, K385 and K386 in the putative MA 88 

stretch of GlyR-⍺1 into negatively charged glutamates cause reduction of the single-89 

channel conductance up to 35%, with a more marked effect on inward currents (i.e., when 90 

chloride transits from the cytoplasm to the extracellular medium) (20). More importantly, 91 

mutations in the ECD that correspond to charge reversal or charge annihilation, such as 92 

K104A/G105D and D57I/R59T, reduce the outward conductance up to 70% (21). The 93 
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anomalous mutation K104E by Moroni et al. (22) entails an asymmetric decrease of the 94 

conductance in both homomeric and heteropentameric GlyR, i.e. 22% of inward currents 95 

and up to 72.4% of outward currents, highlighting a marked inward rectification behavior. 96 

To rationalize these findings, it was proposed that residues located in the vestibule, i.e., 97 

K104, G105 and R59, contribute to a large and water-filled ion-conducting pathway in the 98 

ECD that mediates ion translocation via an apical opening (23). 99 

To provide a description of the ion-permeation pathway(s) in GlyR with atomic 100 

resolution and explore the origin of rectification in its anomalous mutants, we performed a 101 

series of unbiased MD simulations of the “MD-open” model of GlyR-⍺1 in the presence 102 

of a transmembrane potential of varying strength and direction. Analysis of 469 chloride-103 

permeation events on the wild type (WT) reveals that lateral fenestrations in the ECD, 104 

rather than the apical entrance, provide the main translocation pathway for chloride to 105 

reach the vestibule at the entrance of the ion transmembrane pore. The simulation results 106 

were used to construct a minimal kinetic model for chloride permeation that accounts for 107 

both conductance and rectification in GlyR WT and anomalous mutants. In-silico 108 

electrophysiology of a series of mutations bordering the lateral fenestrations predict 109 

marked decreases in conductance, which we validate by single-channel patch-clamp 110 

electrophysiology. Our results provide the first complete description of the ion permeation 111 

pathway(s) in a prototypical pLGIC. The significance of these findings on the regulation 112 

of GlyR function and other pLGICs is discussed. 113 

Results  114 

Computational electrophysiology of the MD-open model  115 

In a previous study (15), we investigated chloride permeation in the isolated TMD of the 116 

zebrafish GlyR-⍺1 embedded in a lipid bilayer. To maintain this “TMD-only” model in an 117 

open and conductive conformation, we applied harmonic restrains on the protein 118 

backbone. Here, we carry out a similar analysis using the cryo-EM construct of Du et al. 119 

(10) from zebrafish GlyR-⍺1 in the “MD-open” conformation, which is devoid of the ICD 120 

but includes the ECD and does not require the use of harmonic restraints; see Fig. 1A. 121 

To investigate the mechanism of chloride permeation, we performed 122 

computational electrophysiology in 150 mM symmetrical sodium chloride at 123 

transmembrane potentials from         to         for a total simulation time of 124 

        (see Table 1 and Table S1). As done in Cerdan et al. (15), the transmembrane 125 

potential was modeled using a constant electric field perpendicular to the membrane plane 126 

(see Methods). Overall,    to     chloride-translocation events across the membrane 127 

were collected at each voltage yielding a statistically meaningful representation of the 128 

chloride flux through the channel over a broad range of experimental conditions. The 129 

results in Fig. 1B (blue) show that at physiological conditions (i.e.,             130 

        ) the I-V relationship is almost linear yielding a single-channel slope 131 

conductance of ~27 pS in agreement with single-channel recordings of GlyR-α1 from 132 

zebrafish and human that show similar conductances, i.e. 19-90 pS (9, 24, 22, 25, 18). 133 

Perhaps surprisingly, outside the physiological range, the channel conductance is 134 

nonlinear with voltage, showing marked deviations both at positive and negative voltage. 135 

Intriguingly, when the same analysis was repeated on the “TMD-only” system, no 136 

rectification was observed (Fig. S1). 137 

Existence of a central vestibular cavity accessible through five lateral fenestrations 138 

and a single apical entrance  139 

To extract information on the ion translocation pathway(s), the cumulated distributions of 140 

sodium and chloride ions were visualized during a 1µs MD simulation with no voltage 141 
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applied. As shown in Fig. 2, the simulations highlight that the extracellular cavity 142 

corresponding to the channel vestibule is split into two water-filled compartments that 143 

promote an effective separation of ions within the ECD, with chloride and sodium 144 

occupying predominantly the lower and the upper region, respectively. These lower and 145 

upper compartments, here referred to as the central and the outer vestibule, respectively, 146 

are separated by a ring of amino acids (residues 105-109, GAHFH motif) that produce a 147 

physical constriction. Moreover, at both sides of the constriction the compartments are 148 

lined by charged amino acids, which include rings of R20, D91, and D114-K116-E110 in 149 

the outer vestibule, and rings of K104-R59 and K276 in the central vestibule; see Fig. 2. 150 

Surprisingly, chloride ions were also found in between the central vestibule and the EC 151 

medium, suggesting the existence of lateral fenestrations at the subunits interface for 152 

chloride translocation to the vestibule. To explore this hypothesis, the chloride density 153 

sampled by MD at         was analyzed in greater detail. As shown by Fig. 3, 154 

chloride-filled lateral fenestrations appear as narrow tunnels running approximately 155 

parallel to the membrane and opening to the EC medium right below the orthosteric 156 

glycine-binding site. Among the five interfaces, the widest tunnel has a diameter of 6-8 Å 157 

and is lined by positively charged residues at both the entrance (R59 and K104) and the 158 

exit (R180, K184 and R197), and by hydrophobic residues in the middle. Of note, N102 159 

and A137 from the principal subunit and S47 from the complementary subunit form the 160 

constriction point of these fenestrations for chloride ions with a minimum diameter of 5 Å 161 

(Fig. 3D) that is comparable in size with the lumen of transmembrane pore. To investigate 162 

whether similar openings exist in the most recent cryo-EM structures of GlyR, we 163 

visualized the protein cavities of the GlyR-SMA-gly-open state using the web-server 164 

MOLEonline (https://mole.upol.cz) (26). The result reveals the existence of six pathways 165 

connecting the EC milieu and the central vestibule (Fig. 3A). Altogether, the simulations 166 

highlight the existence of a central vestibular cavity that is connected to the EC solution 167 

via six narrow tunnels, i.e., five lateral fenestrations between subunits and one apical 168 

pathway. 169 

Lateral fenestrations provide the main pathway(s) for chloride translocation between 170 

the EC medium and the central vestibule in the WT receptor  171 

In addition to 469 ion permeation events across the membrane, the combined MD 172 

simulations sampled 748 chloride translocations between the EC medium and the central 173 

vestibule in both inward and outward directions. Strikingly, among them only 4% (31 174 

events) of the total chloride flux proceeds via the apical pathway. Therefore, the lateral 175 

fenestrations provide by far the main chloride permeation pathway (96% or 717 events) to 176 

the central vestibule. To probe the existence and the functional relevance of lateral 177 

fenestrations in other GlyR structures, chloride permeation was probed by MD simulations 178 

with no transmembrane potential (i.e., at zero voltage) started with the most recent cryo-179 

EM structures annotated as representative of the active or the desensitized state, i.e., 180 

“GlyR-SMA-gly-open” α1 (pdb: 6PM6), GlyR α2β (pdb: 5BKF), and the X-ray structure 181 

of GlyR α3 (pdb: 5VDH). In all cases, lateral fenestrations appear open and conductive 182 

with permeation rates comparable to those recorded in the “MD-open” conformation of 183 

the zebrafish GlyR-⍺1, i.e., 0.07±0.02, 0.06±0.04, 0.07±0.01 permeation/ns in GlyR α1, 184 

α2β and α3, respectively, versus 0.04±0.01 permeation/ns in MD-open (Table S3).  185 

MD simulations recapitulate the rectification phenotype of K104E that lines the 186 

lateral fenestrations  187 

The simulation results above predict that mutations in the lateral fenestrations could alter 188 

the GlyR conductance. Interestingly, such a phenotype was already reported for mutations 189 

https://mole.upol.cz/
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of K104 (21, 22) and R59 (21), which line the lateral fenestrations, with the K104E 190 

mutant showing an inward-rectification behavior (22). To explore the origin of such an 191 

anomalous phenotype, the mutation K104E was introduced in the MD-open model and 192 

analyzed by computational electrophysiology. The results in Fig. 1 (green data points) are 193 

in quantitative agreement with the electrophysiological data showing 91% outward-current 194 

and 25% inward-current reductions relative to WT. Interestingly, the fraction of apical 195 

translocation events in the mutant increases from 4% to 67% at        (Table S1). 196 

These observations thus indicate that chloride translocation via the lateral fenestrations is 197 

strongly hindered in the K104E mutant and becomes rate limiting on the outward current 198 

(i.e., chloride influx). Since K104E has a weaker effect on the inward current (i.e., 199 

chloride efflux), this mutation results into inward rectification. Therefore, the simulations 200 

highlight the critical role of the lateral fenestrations on chloride permeation in GlyR and 201 

account for the electrophysiological data of the anomalous mutant K104E. 202 

A minimal two-step translocation kinetic model qualitatively accounts for the K104E 203 

rectification mechanism  204 

The simulations suggest that the rectification phenotype in the anomalous mutant K104E 205 

is linked to the architecture of the receptor, i.e., the existence of a central vestibule 206 

connecting the extracellular milieu with the cytosol via narrow pores or tunnels (i.e., the 207 

apical pathway, the lateral fenestrations, and the transmembrane pore). In addition, they 208 

reveal that: i. chloride translocation through the lateral fenestrations is more frequent than 209 

permeation across the membrane and it is bi-directional (i.e., reversible) at all 210 

transmembrane potentials (Fig. 4A); ii. chloride translocation across the membrane is 211 

bidirectional at zero voltage but becomes quasi-unidirectional (i.e., irreversible) at higher 212 

transmembrane potentials; iii. the average number of chloride ions in the vestibule is about 213 

four at physiological conditions (              ), but it increases to six at         214 

and decreases to three at         (Fig. 4B).  215 

To explore the origin of rectification, the kinetics of chloride permeation were 216 

modeled using a two-step translocation process involving three compartments, i.e., the 217 

extracellular and intracellular milieu with same ion concentrations and the central 218 

vestibule, separated by two layers of energy barriers (Fig. 5A). For the modeling, we 219 

assumed that all chloride permeation events are reversible and that the translocation rate 220 

across the membrane is linear with voltage along the electrochemical gradient (27), while 221 

it decays exponentially with voltage in the reversed direction (i.e. against the 222 

electrochemical gradient). And we assumed that chloride translocation via the lateral and 223 

apical pathways is voltage independent. In the limit of these hypotheses, we solved the 224 

model analytically to yield expressions for the vestibular concentration of chloride and the 225 

net translocating currents at steady state (see Supplementary Text). The results are 226 

summarized below. 227 

At positive voltage (chloride influx), chloride ions are pumped out of the vestibule 228 

via the ion transmembrane pore and filled back via the lateral and apical pathways. Since 229 

chloride translocation across the membrane increases linearly with voltage, while the 230 

lateral and apical permeations are not, the model predicts that chloride is depleted from the 231 

vestibule with increasing voltage (Fig. 5B, red line) until the net chloride flux is limited by 232 

the lateral or apical translocation rates. If so, at large positive voltage chloride 233 

translocation across the membrane becomes voltage independent (Eq. A8 in SI and Fig. 234 

5C, red line) thereby decreasing the channel conductance. In addition, the model predicts 235 

that if the permeability of the lateral portals is reduced, e.g., by mutations that hinder or 236 

partly occlude chloride translocation, the net translocating current will decrease until the 237 

lower bound imposed by the apical permeation is reached (Fig. 5C, black lines). Hence, 238 
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simple kinetic modelling suggests that strong deviations from linearity of the I-V curve at 239 

positive voltage, in particular for K104E (22), are due to the existence of additional 240 

barriers along the chloride permeation pathway(s) that are essentially voltage independent. 241 

At negative voltage (chloride efflux), chloride ions translocate to the central 242 

vestibule via the ion transmembrane pore and exit it through the lateral and apical 243 

pathways (Fig. 5A). Assuming that the rate constants for lateral and apical chloride 244 

translocations are voltage insensitive, the model predicts that the vestibular concentration 245 

of chloride increases with voltage and may reach levels higher than extracellularly, i.e., 246 

chloride ions are pumped into the vestibule (Fig. 5B, green line). Nonetheless, the model 247 

predicts that the deviation from a linear I/V relation is weaker than at positive voltage 248 

because chloride pumping to the vestibule accelerates ion permeation through the lateral 249 

and apical pathways by a concentration effect and the unitary conductance will be only 250 

marginally affected (Fig. 5C, green line). Insightfully, the kinetic equations predict that 251 

the smaller but detectable deviation from Ohm’s law at negative voltage in the anomalous 252 

mutant K104E (22) is due to a non-negligible chloride flux against the electrochemical 253 

gradient in the low-voltage range. This effect disappears in the limit of large 254 

transmembrane potentials when chloride translocation across the membrane becomes 255 

essentially irreversible (Eq. A12 in SI). 256 

Hence, simple kinetic modeling provides evidence that rectification originates 257 

from the existence of multiple barriers along the ion permeation pathway with some of 258 

them being voltage insensitive. Moreover, the model predicts that mutations hindering or 259 

blocking ion translocation to the vestibule introduce asymmetries in the I/V curve 260 

consistent with patch-clamp electrophysiology of the anomalous mutant K104E. 261 

In silico analysis of mutations predicted to hinder lateral permeation  262 

To further challenge the functional relevance of the lateral fenestrations for ion 263 

conductance in GlyR, several mutations were explored in silico. For this purpose, three 264 

positively charged residues at the periphery of the ECD (i.e., R180, K184 and R197), three 265 

neutral amino acids in the middle of the lateral pathways (i.e., N102, A137 and S47), and 266 

four residues at their vestibular end (i.e., D57, R59, K104, and G105) were considered for 267 

mutagenesis. Since known anomalous mutants, i.e., K104E, D57I/R59T, and 268 

K104A/G105D, involve charge reversal or annihilation, mutations promoting positive 269 

charge neutralization or negative charge addition were explored. In addition, taking 270 

inspiration from the concept of hydrophobic gating (28), neutral residues in the inner 271 

portion of the fenestrations were substituted by bulkier and more hydrophobic side chains 272 

(i.e. leucine, isoleucine, and phenylalanine) or mutated into negatively-charged residues 273 

such as aspartate and glutamate.  274 

Nineteen single-point mutations were introduced in the full-length receptor and 275 

corresponding mutants explored by in-silico electrophysiology at        . To 276 

characterize the mutant phenotype, lateral permeability ratios were computed and 277 

compared (see Methods). The results highlight that the introduction of a negative charge 278 

within the vestibule (i.e., A137E or S47D) may promote a significant reduction of the 279 

lateral permeability ratio akin the anomalous mutant K104E (Fig. S2). At the same time, 280 

mutations that do not involve changes in the electrostatic potential of the vestibule (i.e., 281 

A137L or S47I) may have non negligible effects. Synergistic effects of multiple 282 

hydrophobic substitutions were also explored. In contrast to single-point mutations, 283 

double and triple mutants produced much stronger reductions of the lateral permeability 284 

ratio (Fig. 6). In particular, the S47I/N102I and S47I/N102F mutations decreased the 285 

lateral permeability ratio by 50% (0.44 ± 0.13 and 0.49 ± 0.07, respectively), S47F/A137F 286 

by 75% (0.25 ± 0.0), and the triple phenylalanine mutant S47F/N102F/A137F by 86% 287 
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(0.14 ± 0.11). Last, the A137E mutation was explored in combination with K104A. The 288 

double mutant K104A/A137E reduced the lateral permeability by 64% (0.36 ± 0.27), 289 

which is more pronounced than the effect introduced by either mutation alone, i.e., 42% 290 

and 49% reduction for A137E and K104A, respectively; see Fig. 6. Therefore, the 291 

simulations predict that charge reversal at the vestibular end of the lateral fenestrations, 292 

i.e. A137E/K104A, or hydrophobic substitutions in their inner region, i.e., S47F/A137F or 293 

S47F/N102F/A137F, profoundly affect the permeability of the ECD to chloride thereby 294 

affecting channel conductance. These three mutants were engaged in experimental testing. 295 

Single-channel analyses of mutants predicted in silico establish the key contribution 296 

of lateral fenestrations to chloride translocation in human ⍺1 GlyR  297 

Outside-out single-channel recordings were performed on HEK-293 cells transiently 298 

transfected with the full-length human GlyR-⍺1 using symmetrical ionic concentrations at 299 

various potentials from         to         with a step interval of       (see 300 

Methods). Currents were recorded for the WT receptor and the three anomalous mutants 301 

K104E, K104A/A137E and S47F/A137F (see Table S7 and Table S6 for the 302 

determination of the EC50 of these mutants). The triple mutant S47F/N102F/A137F was 303 

also explored but yielded no significant current. 304 

The WT receptor displays I/V relationships at negative and positive voltage that 305 

can be fitted by two linear slopes, yielding an inward (slope) conductance of 85 pS and an 306 

outward (slope) conductance of 60 pS, consistent with previous work (21, 22); see Fig. 7B 307 

and Table 2). The rectification index for WT, here      for inward/outward slope, is in 308 

close agreement with the work of Moorhouse et al. (24). For K104E, we measured a slope 309 

conductance of 64 pS (inward) and 20 pS (outward), highlighting a stronger effect of the 310 

mutation on the chloride influx. Of note, the outward slope conductance measured for the 311 

K104E mutant was 19.8 ± 0.7 pS in Moroni et al. (22), while we found 20.19 ± 0.91. 312 

However, the inward slope conductance, i.e., 85.16 ± 2.584 pS (WT) and 64.78 ± 3.25 pS 313 

(K104E), were different from those measured by Moroni et al. (22), i.e., 47.3 ± 2.1 pS 314 

(WT) and 36.9 ± 0.6 pS (K104E), although the relative change upon mutation was 315 

remarkably similar, i.e., 22% reduction in Moroni et al. (22) and 24% here. 316 

Discrepancies at negative voltage can be explained considering that Moroni et al. (22) did 317 

not use the same solutions for recording at negative or positive voltages and their 318 

experiments were carried out in the cell-attached configuration. 319 

On K104A/A137E, we measured a reduction of 74% in the outward conductance 320 

and 38% in the inward conductance as compared to WT, yielding a rectification index of 321 

     that is three-fold higher than that of K104E (Table 2). On S47F/A137F, we 322 

measured a reduction of 12% and 53% in inward and outward ionic conductance, 323 

yielding a rectification index of      that is two-fold higher than that of K104E (Table 2). 324 

Altogether, these findings provide direct evidence that lateral fenestrations in the ECD are 325 

key determinants of chloride permeation in GlyR. Note that the anomalous mutants 326 

K104E, D57I/R59T or K104A/G105D, and now K104A/A137E and S47F/A137F, which 327 

alter channel conductance without drastically affecting the gating process, can be 328 

classified as mutations of the γ phenotype (29). 329 

Discussion  330 

Ion permeation in response to increased levels of neurotransmitters is at the very core of 331 

signal transduction at chemical synapses. Using a synergistic combination of all-atom 332 

molecular dynamics simulations and single-channel electrophysiology, we provide here 333 

unprecedented insights onto ionic translocation through the homomeric GlyR-α1 with 334 

possible implications for the pLGIC superfamily. Note that our simulation analysis was 335 
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carried using a receptor construct devoid of the ICD, so that its effect on ion permeation 336 

and/or rectification could not be accounted for. However, our experimental validation of 337 

the computational predictions was done in a full-length receptor including the ICD.   338 

The spatial distribution of the chloride density map sampled by molecular 339 

dynamics reveals the existence of a central vestibular cavity in the ECD of the receptor 340 

that is made accessible from the EC medium by five lateral fenestrations and one apical 341 

entrance. Statistics over chloride translocation in computational electrophysiology support 342 

the conclusion that the lateral fenestrations provide the main translocation pathway for 343 

chloride to enter and exit the vestibule. In addition, amino-acid substitutions that introduce 344 

a negative charge (K104A/A137E) at the vestibular end of the lateral pathways or bulky 345 

and hydrophobic side chains (S47F/A137F) near their constriction point were found to 346 

alter the unitary conductance in single-channel electrophysiology. Altogether, the 347 

combined simulations and electrophysiology data demonstrate that the chloride flux 348 

within the ECD of GlyR-α1 is controlled by lateral fenestrations. This discovery provides 349 

an unanticipated pathway for chloride permeation that challenges the apical translocation 350 

model commonly accepted in pLGICs (30–32). 351 

The inward rectification of the landmark mutant K104E by Moroni et al. (22) was 352 

reproduced here in simulations and single-channel electrophysiology. The existence of 353 

lateral pathways for ion translocation that open in correspondence of this lysine residue 354 

provides a novel interpretation of the anomalous mutant phenotype. In fact, our analysis 355 

suggests that the inward rectification of K104E is most likely due to a reduced 356 

permeability of chloride through these lateral pores in the ECD, rather than a change in the 357 

electrostatics along the apical pathway. Consistent with this hypothesis, the newly 358 

identified S47F/A137F mutant was shown to produce a similar inward rectification with 359 

no change in the electrostatic potential of the vestibule. In addition, using a minimal 360 

kinetic model, we show that impairing the passage of chloride ions through the lateral 361 

fenestrations strongly decreases the vestibular concentration of chloride at positive 362 

voltage, thereby decreasing the unitary inward chloride conductance. On the other hand, 363 

the outward chloride conductance at negative voltage is predicted to be only marginally 364 

affected in the mutant because chloride pumping to the vestibule forces the passage of 365 

ions through both the lateral and apical pathways by a mechanism resembling a “pressure 366 

valve”. These predictions are consistent with the single-channel electrophysiology of the 367 

K104E mutant (22). More generally, our observations support the conclusion that inward 368 

rectification in this ion channel has a kinetic origin and is a direct consequence of the 369 

molecular architecture of the receptor featuring a reservoir (i.e., the central vestibule) that 370 

can be filled by or depleted of ions in a voltage-dependent manner. This architectural 371 

element introduces additional voltage-insensitive barriers along the chloride permeation 372 

pathway(s) that strongly reduce channel conductance when the vestibular chloride is 373 

depleted (positive voltage) and have only minor effects when chloride concentrates in the 374 

vestibule (negative voltage), thereby promoting current rectification. Intriguingly, a 375 

similar mechanism might explain why substitutions of positively charged residues (R377, 376 

K378, K385, K386) at the ICD of GlyR-α1, which is likely to form another (smaller) 377 

cavity at the bottom of the receptor, strongly decrease the unitary conductance 378 

preferentially in the outward chloride direction (20). Note that the rectification mechanism 379 

emerging from this analysis involves no voltage-dependent channel block as established in 380 

glutamate-gated NMDA receptors or the inward-rectifier K
+
 channels (33, 34) nor the 381 

inactivation ball for the N-type inactivation of voltage-gated channels (35), and it is novel 382 

in nature. Interestingly, voltage-dependent block by intracellular polyamine has been 383 

shown for neuronal nAChRs (36, 37), causing inward rectification that can possibly occur 384 

together with a pressure-valve type of rectification. 385 
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Several lines of evidence suggest that lateral fenestrations for ion permeation in the 386 

ECD exist and contribute to ion conductance in other pLGICs. First, sequence alignment 387 

of a set of pLGICs (Fig. S5 from Ref. (38)) shows that anionic channels carry an excess of 388 

positively charged residues near the vestibular end of the lateral fenestrations, whereas 389 

cationic channels feature a nearly conserved negatively charged aspartate. Second, amino-390 

acid substitutions at the position corresponding to K104 in GlyR-α1 with residues that 391 

annihilate (23) or revert the charge (21, 22) strongly affect the unitary conductance in both 392 

anionic and cationic pLGICs (i.e., GABAAR K105, 5-HT3R D132 and muscle nAChR 393 

D97) without altering the charge selectivity (39). Third, lateral fenestrations have been 394 

already detected in GABAAR (40, 41), 5HT3R (42), STeLIC (43) and ELIC (44) and these 395 

observations are now extended to a larger set of pLGICs (Table S8). Fourth, the existence 396 

of lateral fenestrations for ion conductance appears to overcome the problem of glycans in 397 

recent cryo-EM structures of GlyR α2β (45) and GABAR α1β1γ2 (46) or α1β3γ2 (47)  398 

where sugar moieties located at the apex of the receptor clearly hinder and possibly 399 

occlude the apical pathway. Fifth, MD simulations of 5-HT3R captured the spontaneous 400 

translocation of sodium ions via similar lateral tunnels along with an effective separation 401 

of anions/cations in the ECD (42). Last, a similar permeation mechanism has been 402 

described in trimeric channels, e.g., P2X receptors, based on modeling and crosslinking 403 

experiments (48, 49). Altogether, functional, structural, and simulation studies support the 404 

conclusion that lateral fenestrations for ion translocation to the vestibule are relevant if not 405 

an absolute functional requirement for synaptic transduction by pLGICs. 406 

The discovery that ion conductance in pLGICs involves the translocation of ions 407 

through narrow tunnels located >40 Å  away from the transmembrane pore yields new 408 

mechanistic insight onto neurotransmitter receptors function that offers opportunities to 409 

control synaptic transduction allosterically. In this context, protein-receptor interactions 410 

hindering or occluding ion-translocation to the vestibule or the application of drugs 411 

targeting protein cavities overlapping with the lateral fenestrations emerge as new 412 

modulatory strategies. The pharmacological potential of the lateral fenestrations in GlyR 413 

and other pLGICs remains to be explored. 414 

 415 

 416 

 417 

Materials and Methods 418 

 419 

Modeling of the active state. The relaxation of the glycine-bound, cryo-EM structure of 420 

GlyR-α1 (10)  was repeated in its physiological environment using the protocol described 421 

in Ref. (15) ; the latter involves a room-temperature relaxation of the protein coordinates 422 

by explicit water/membrane MD in the presence of a symmetry restraint on the pentameric 423 

organization of the receptor and positional restraints on the backbone atoms that are 424 

progressively removed over 50 nanoseconds. At the end of the relaxation, a long 425 

equilibration run by unbiased MD was carried out for a total simulation time of 450 ns; 426 

see Fig. S3. Analysis of the ion transmembrane pore during the last 50 ns by the program 427 

HOLE (50) indicates that the pore lumen at the constriction point is 2.67 Å with a standard 428 

deviation of 0.32 Å. These results indicate that the MD-relaxed structure of GlyR-α1 is :  429 

physically open to chloride; it is structurally consistent with the open-channel state 430 

isolated in our previous analysis (15, 16); and it presents a pore lumen in excellent 431 

agreement with the experimental predictions based on permeability to polyatomic anions 432 

(5). In addition, the large fluctuations sampled by MD at the constriction point (Fig. S4) 433 

highlight a highly dynamic behavior of the gate, which is likely to assist chloride 434 

permeation. Based on these observations, we decided to randomly extract 10 snapshots of 435 
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the protein structure from the last 50ns of the trajectory, which were used to start the 436 

computational electrophysiology experiments.  437 

 438 

System preparation. PDB structures of the GlyR-α1 extracted from the initial trajectory 439 

(see above) were embedded in a POPC membrane bilayer of 120×120 Å
2
, solvated with 440 

TIP3P water molecules (22.5 Å at the top and the bottom of the protein), and solvated 441 

with 150 mM of NaCl, using CHARMM scripts from CHARMM-GUI (51, 52) but 442 

executed locally. Concerning the mutants of GlyR-α1, the mutations were introduced by 443 

modifying the name of the concerned residues in the initial PDB prior to follow the same 444 

procedure of setup with CHARMM (53). The system prepared using these parameters are 445 

constituted of about 230k atoms and measured 120×120×170 Å
3
.  446 

 447 

Molecular Dynamics simulations. All-atom MD simulations were run with GROMACS 448 

2019.4 (54), using periodic boundaries conditions, and the CHARMM36 forcefield (55, 449 

56) with CHARMM36m modifications (57). The minimization and equilibration protocols 450 

used default parameters generated by CHARMM-GUI (58) for GROMACS. In short, after 451 

5,000 steps of energy minimization using the steepest-descent algorithm, the system was 452 

heated at 300K by generating random velocities with the Berendsen thermostat for 50 ps 453 

using a 1 fs integration timestep. Then, the system was coupled semi-isotropically to a 454 

Berendsen barostat and further equilibrated for 25 ps using 1 fs timestep, and 200 ps with 455 

a 2 fs timestep. During the equilibration, atomic positions restraints on the protein heavy 456 

atoms were gradually relaxed from 4,000 and 2,000 kJ mol
-1

 nm
-2

 to 0 for protein 457 

backbone and side-chains atoms, respectively. The production runs were carried in the 458 

NVT ensemble using a modified Berendsen thermostat (59) to maintain the temperature at 459 

300K, and the Parrinello-Rahman barostat (60) to set the pressure at 1 bar. The LINCS 460 

algorithm was used to constrain bonds involving hydrogens (61) and Particle Mesh Ewald 461 

(PME) to treat the long-range electrostatic interactions (62). 462 

 463 

Computational electrophysiology. To quantify channel conductance in simulation, we 464 

introduced a constant electric field Ez along the z direction that is perpendicular to the 465 

membrane plane. The resulting transmembrane potential Vm is proportional to the strength 466 

of the electric field and the length of the simulated box Lz as Ez = Vm/Lz (63). Estimates of 467 

ionic currents were obtained by counting the number of permeation events per unit of time 468 

using the FLUX module in Wordom (64, 65). Error estimates δ on the calculated current I 469 

were obtained assuming a Poisson distribution of the permeation events such that δ = 470 

I/ N, with N the number of permeation events (66). Finally, channel conductance g was 471 

computed as g = I/Vm. Ion permeation events through the lateral/apical pathways as well 472 

as the number of chloride ions in the vestibule were computed using in-house TCL scripts 473 

in VMD (67).  474 

Computational electrophysiology of engineered mutants was carried out at a 475 

transmembrane potential of −280 mV. Although non-physiological, the use of a large and 476 

negative voltage ensures significant amplitude of the ionic current even in the presence of 477 

mutations hindering chloride translocation (e.g., K104E in Fig. 1), which grants for 478 

meaningful statistics on the simulation time scale. The effect of the mutation was then 479 

quantified by measuring the fraction of the chloride flux exiting the vestibule laterally, 480 

here termed lateral permeability ratio, which was computed as the outward chloride 481 

permeation rate via the lateral fenestrations over the inward permeation rate across the 482 

membrane. This observable was found to be robust against sampling inefficiency as it 483 

normalizes the lateral permeation rate by the chloride translocation rate across the 484 

membrane, which may differ from replica to replica particularly at low voltage. This 485 
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analysis carried out on the anomalous mutants K104E from Moroni et al. (22) and 486 

D57I/R59T and K104A/G105D from Brams et al. (21) provides lateral permeability ratios 487 

of 0.27±0.17 and 0.21±0.04 for D57I/R59T and K104A/G105D, respectively, and 488 

0.29±0.10 for K104E, which are significantly lower than 1.00±0.02 for WT; see Fig. 6. 489 

Therefore, quantification of the lateral permeability ratio at strong and negative voltage 490 

provides a computationally efficient way to probe for the effect of mutations hindering ion 491 

translocation through the lateral fenestrations. 492 

 493 

Lateral tunnels automatic detection. We used the MOLEonline webserver  494 

(https://mole.upol.cz) (26) to detect lateral tunnels within PDB structures of various 495 

conformational states of the receptor. We employed default parameters but the following: 496 

Probe radius set to 40, Interior Threshold to 1.4, Bottleneck Radius to 1.4, Bottleneck 497 

Tolerance to 0, and Max Tunnel Similarity to 0.15.  498 

 499 

Molecular biology. Mutations were introduced into the ⍺1 wild-type human glycine 500 

receptor subcloned in pmt3 vector using the CloneAmp HiFi PCR Premix kit of PCR 501 

(Takara). All introduced mutations were confirmed by DNA sequencing (Eurofins 502 

Genomics). 503 

 504 

Expression in cultured cells. Human Embryonic Kidney 293 (HEK-293) cells were 505 

cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% FBS (Invitrogen) in 506 

an incubator at 37°C and 5% CO2. After being PBS washed, trypsin-treated (Trypsine-507 

EDTA; ThermoFisher Scientific) and seeded on petri dishes, cells were transiently 508 

transfected using calcium phosphate-DNA co-precipitation with glycine receptor 509 

constructs (2 µg DNA) and a construct coding for a green fluorescent protein (0.2 µg). 510 

One day after transfection cells were washed with fresh medium and recordings were 511 

carried out within 24 hours. 512 

 513 

Outside-out recordings. Recording currents are obtained with a RK-400 amplifier 514 

(BioLogic) using pClamp 10.5 software, digitized with a 1550 digidata (Axon 515 

instruments). Recording pipettes were obtained from thick-wall borosilicate glass (1.5 mm 516 

× 0.75 mm × 7.5 cm, Sutter Instrument) using a micropipettes puller (P-1000, Sutter 517 

Instrument) and fire-polished with a micro-forge (MF-830, Narishige) to be used at 518 

resistances between 7 and 15 MΩ. Micro-pipettes were filled with internal solution (that 519 

contain in mM: 152 NaCl, 1 MgCl2, 10 BAPTA, 10 HEPES; pH adjusted to 7.3 with 520 

NaOH solution, osmolarity measured at 335 mOsm). Extracellular solution (in mM: 152 521 

NaCl, 1 MgCl2, 10 HEPES; pH adjusted to 7.3 with NaOH solution and osmolarity was 522 

adjusted to 340 mOsm with glucose) was delivered by an automated perfusion system 523 

(RSC-200, BioLogic). Agonists' solutions are freshly made before sessions of recordings 524 

and are obtained with extracellular solution added with 1 to 10 µM of glycine (dissolved 525 

from stock solution of 1M in water). Acquisition of recordings was performed at the 526 

sampling of 20 kHz and low-pass filtered at 1 kHz (using the amplifier 5-pole Bessel 527 

filter).  For the establishment of IV curves, voltage is first clamped at −60 mV. Sweeps of 528 

10000 milliseconds are performed containing following steps: voltage held at −60 mV in 529 

external solution (843.8 ms); voltage held at x mV in external solution (1000ms); voltage 530 

held at x mV in external solution containing 1-10 µM glycine (4000ms); voltage held at x 531 

mV in external solution (1000ms); voltage held at −60 mV in external solution 532 

(2843.7ms). The x voltage is exchanged (−100; −80; −60; −40; −20; 0; +20; +40; +60; 533 

+80; +100) allowing to perform 11 sweep-long recordings for each outside-out patch. 534 

Openings are analyzed using Clampfit 10 software and currents were calculated by fitting 535 

https://mole.upol.cz/
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the all-points histogram distributions of current amplitudes with the sum of two gaussians 536 

curves. No further filtering is performed for the analysis. Outside-out recording analyses 537 

were obtained for the 11 sweeps (referring to each voltage) in the same outside-out patch 538 

if not otherwise stated. 539 

 540 

Expression in oocytes. Ovarian fragments from Xenopus laevis (European Xenopus 541 

Resource Centre, Portsmouth) were bathed into ORII solution (in mM: 82.5 NaCl, 2.5 542 

KCl, 1 MgCl2, 5 HEPES, pH adjusted to 7.6 with NaOH). Enzymatic treatment is 543 

performed by collagenase II (1 mg/mL; 1h at room temperature in gentle agitation) to 544 

isolate oocytes and remove follicular membranes. Oocytes were then selected and bathed 545 

into Barth’s medium (in mM: 88 NaCl, 1 KCl, 0.33 Ca(NO3)2, 0.41 CaCl2, 0.82 MgSO4, 546 

2.4 NaHCO3, 10 HEPES) at 18°C. Wild-type glycine receptor and mutant DNAs were 547 

injected (10 ng) with a fluorescent green protein containing vector (25 ng) in the oocyte 548 

nucleus. Fluorescent oocytes were then recorded 48 to 72 hours after injection. 549 

 550 

TEVC in oocytes. Oocytes were placed in a recording chamber and perfused with ND96 551 

solution (in mM: 96 NaCl, 2 KCl, 5 HEPES, 1 MgCl2, 1.8 CaCl2; freshly made, adjusted 552 

at pH 7.6 with NaOH concentrated solution) and glycine-containing solutions. Micro-553 

electrodes of resistances comprised between 0.2 and 2 mΩ (pipette puller PC-10, 554 

Narishige) were used and oocytes were clamped at -60 mV. Recordings are performed 555 

with an oocyte clamp OC-725C amplifier (Warner Instrument Corp.), digitized with an 556 

AxonInstrument 1550 and pClamp software. Analyses were made with Clampfit 557 

(Molecular Devices, Sunnyvale, CA).  Dose response curves, EC50 and Hill coefficients 558 

are obtained by the normalization of glycine-induced currents followed by the fitting of 559 

curves by one-site Hill equation (GraphPad Prism). 560 

 561 
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 757 

 758 

Figures and Tables 759 

 760 
 761 

 762 

Fig. 1. Computational electrophysiology of GlyR. (A) Atomistic representation of the 763 

simulation box with GlyR (orange) embedded in a POPC lipid bilayer (pink), water 764 

solvated (light blue) and in presence of 150 mM of NaCl (yellow/green). The coordinates 765 

of the protein correspond to the MD-open state captured by Cerdan et al. (15). Our 766 

computational electrophysiology setup consists in the application of a constant electric 767 

field perpendicular to the membrane plane (red arrow). The resulting transmembrane 768 

potential Vm is proportional to the strength of the electric field, Ez, and the size of 769 

simulation box along the z axis, Lz. Overall, the simulated molecular system includes 770 

~220k atoms. (B) I-V curve obtained from computational electrophysiology of WT (blue) 771 

and the anomalous mutant K104E (dashed green). Each data-point corresponds to the 772 

average current measured from a series of replicas simulated at one transmembrane 773 

potential. Currents were computed by counting the number of ion translocation events 774 

across the membrane per unit of time. Error bars were estimated assuming a Poisson 775 

distribution of the permeation events, i.e., σ= I/√N with I being the current and N the 776 

number of permeation events. 777 

 778 

 779 

 780 

 781 

 782 

 783 

 784 
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 785 
Fig. 2. Identification of a central vestibular cavity in the ECD of GlyR that 786 

concentrates chloride at the entrance of the ion-transmembrane pore. (A) Amino-acid 787 

composition of the vestibule. Charged residues located within 2.5Å of sodium and 788 

chloride ions in the vestibule are represented as vdW spheres (i.e., the positively charged 789 

Lysine and Arginine residues are in cyan and green, respectively, whereas the negatively 790 

charged Aspartic and Glutamic acid residues are in red and pink, respectively). The grey 791 

mesh corresponds to residues (G105-H109) protruding from loop A, which form a 792 

constriction between the upper and lower portions of the vestibule. (B) Cumulated 793 

chloride (green) and sodium (yellow) ionic densities sampled by all-atom Molecular 794 

Dynamics at zero voltage. The distributions clearly show that the vestibule is split into two 795 

water-filled compartments that promote an effective separation of ions with chloride ions 796 

predominantly occupying the lower compartment, here referred to as the central vestibule. 797 

 798 

  799 

 800 

 801 

 802 

 803 
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 805 
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 806 
Fig. 3. Lateral fenestrations connect the extracellular milieu with the central 807 

vestibule for chloride translocation in GlyR. (A) Channels and tunnels detected with the 808 

webserver MOLEonline on GlyR-⍺1 cryo-EM structure (PDB:6PM6). The classical 809 

vertical pathway for chloride translocation (apical) is shown in dark green. The new lateral 810 

pathways that run almost parallel to the membrane and connect to the vestibule via 811 

openings at the subunit-subunit interfaces are shown in light green. (B) Sectional view of 812 

the lateral fenestrations with an indication of the lining residues. In green, the chloride 813 

density recorded over multiple simulation runs with a transmembrane potential of −250 814 

mV. The lining residues that were mutated in silico and tested by computational 815 

electrophysiology are represented in licorice. Bold names indicate residues found to 816 

modulate channel conductance upon mutation in silico. (C) Top view of the chloride 817 

pathway via the lateral fenestrations with a section just below the C-loop. The green mesh 818 

represents an iso-chloride density. (D) Pore radius along the lateral pathways aligned with 819 

the structural representation in panel C. The Hole profile was computed with Wordom. 820 

The blue line represents the average radius over multiple simulation replicas. The grey 821 

area corresponds to ± the standard deviation. Note that the constriction point of these 822 

lateral translocation pathways overlaps with residues (+)-N102, (+)-A137 and (−)-S47; + 823 

and − indicate residues from the principal or the complementary subunit, respectively. 824 

 825 

 826 

 827 
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 828 
Fig. 4. Chloride translocation via the lateral fenestrations of GlyR. (A) Chloride 829 

permeation via the lateral fenestrations is reversible at all voltages. The fraction of inward 830 

versus outward translocation is indicated in blue and orange, respectively. In the bars, the 831 

number of translocation events is given. At zero transmembrane potential, the inward and 832 

outward fluxes are in equilibrium. However, the inward/outward permeation ratio varies 833 

by two orders of magnitude from −250 mV to +250 mV. (B) The vestibular concentration 834 

of chloride is voltage dependent. The average number of chloride ions in the vestibule as 835 

measured from simulations at positive and negative voltage are given for WT and K104E. 836 

The data show that at negative voltages chloride ions are pumped into the vestibule, 837 

whereas at positive voltages the vestibular chloride is depleted. 838 

 839 
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 840 
Fig. 5. Minimalistic kinetic modeling of chloride permeation through GlyR wild type 841 

and anomalous mutants. (A) The model. Chloride permeation is modeled here as a two-842 

step translocation process involving three compartments (i.e., the extracellular medium, 843 

the central vestibule and the intracellular medium) separated by two layers of barriers. 844 

Each translocation step is considered as reversible (see Main Text). Here    and    are 845 

kinetic rate constants for lateral and apical translocations to the vestibule,    is the rate 846 

constant for translocation across the membrane; negative subscripts indicate translocation 847 

from the vestibule. In this model:           ,             , and        848 

   . (B) Vestibular concentration of chloride as a function of voltage at positive (red) and 849 

negative (green) transmembrane potentials. Values are normalized relative to the 850 

extracellular concentration of chloride as          (see Supplementary Text). Black thin 851 

lines correspond to mutants with hindered ionic translocations through the lateral 852 

fenestrations, i.e.,       or       . (C) Calculated I-V curve. Using the results of Eq. A5 853 

and Eq. A7 in SI, I-V curves for the wild-type receptor (red/green) and the anomalous 854 

mutants (black) at both positive and negative voltages were obtained. 855 

 856 

 857 
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 858 
 859 

Fig. 6. In-silico screening of mutations that reduce chloride permeability via the 860 

lateral fenestrations. The lateral permeability ratio is shown for the wild type (red), three 861 

ECD mutants from the literature that are known to reduce channel conductance (dark 862 

blue), and several mutations explored in silico in this work (grey). Lateral permeability 863 

ratios were determined by computational electrophysiology at a transmembrane potential 864 

of −280 mV and 150 mM concentration of NaCl; see Methods. The number of replicas and 865 

the simulation length per mutant are given in Table S4. Lateral permeability ratios < 1 866 

indicate a reduction of the lateral permeability relative to the wild type. Error bars were 867 

evaluated as SEM over 2 or more replicates. By setting a threshold of 0.4 in the lateral 868 

permeability ratio, which is consistent with numerical results obtained for three anomalous 869 

mutants from the literature (dark blue), the in-silico screening prioritizes two double 870 

mutants and one triple mutant (marked by *), which were tested by single-channel 871 

electrophysiology in this work. 872 

 873 
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 877 
 878 

Fig. 7. Single-channel electrophysiology. (A) Representative recordings of single-879 

channel outside-out currents for the four constructs transiently transfected in HEK293T 880 

cells explored at different voltages towards application of 1-10 µM glycine. Data points 881 

are color coded as follows: wild-type GlyR-α1 in black/circles; K104E in red/triangle; 882 

K104A/A137E in blue/diamond; S47F/A137F in purple/square. Recordings were 883 

performed in symmetrical chloride solutions. Histograms of mean currents are also 884 

represented (panel on the right for each construct) with c representing the closed state 885 

channel and o the open state channel. (B) Current-Voltage relationships were obtained by 886 

plotting the mean current versus the applied voltage with SEM as error bars.  Negative-887 

voltage and positive-voltage data points were fitted by lines separately to compare slope 888 

conductance at positive and negative voltages and evaluate the rectification index. For 889 

each point, results from n=5-7 cells were combined (except wild-type at +100 mV is n=4, 890 

K104A/A137E at +100 mV is n=4 and K104E at +100 mV is n=2). Inward and outward 891 

slope conductance values are: ○ wild-type: 85.16 pS and 60.47 pS ; △ K104E: 64.48 pS 892 
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and 20.19 pS; ◇ K104A/A137E: 52.89 pS and 15.52 pS and ☐ S47F/A137F: 74.82 pS 893 

and 28.52 pS (see also Table 2 and Table S7). 894 

Table 1. Computational electrophysiology. The experiments carried out on the GlyR-⍺1 895 

cryo-EM construct (i.e., devoid of ICD) in the WT and the K104E mutant are presented. 896 

Numerical results on the ion translocating current, which correspond to the number of 897 

chloride permeation events cumulated over multiple simulation runs, are given in Table 898 

S1. All MD simulations were produced in presence of a 150 mM symmetrical 899 

concentration of NaCl. 900 

 901 

Voltage (mV) −250 −200 −150 −80 80 150 200 250 −250 

K104E 

250 

K104E 

Total 

Cumulative simulation time (ns) 2045 1215 2520 926 2077 1663 2058 1442 1168 804 15918 

No. of independent runs 10 10 6 4 10 6 6 10 6 6 74 

 902 

 903 

Table 2. Single-channel electrophysiology. Inward and outward slope conductance 904 

values (Ɣ) and corresponding rectification index calculated for GlyR-⍺1 wild-type and 905 

mutants expressed in HEK293 cells and recorded in outside-out configuration. Statistical 906 

significances (P values) were obtained by one-way ANOVA followed by Dunnett’s 907 

multiple comparison test (compared to WT) - *( P >0,05) **( P >0,01) ***( P >0,001) 908 

(see also Table S7).  909 

 910 

Receptor construct inward Ɣ (slope at 

negative potential) (pS) 

outward Ɣ (slope at 

positive potential) 

(pS) 

Calculated 

rectification index 

(inward slope Ɣ / 

outward slope Ɣ) 

 

Wild-type 85.16 ± 2.584 60.47 ± 2.005 1.41  

K104E 64.78 ± 3.25* 20.19 ± 0.91** 3.2  

K104A/A137E 52.89 ± 3.598*** 15.52 ± 1.476*** 3.41  

S47F/A137F 74.82 ± 1.475 28.52 ± 1.453** 2.62  

 911 

 912 

Supplementary Materials 913 

 914 

This PDF file includes: 915 
Supplementary Text on kinetic modeling 916 

Figs. S1 to S5 917 
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Tables S1 to S8 918 

Reference to Nightingale, J Phys Chem 1959 (68). 919 

 920 


