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Abstract

Pentameric ligand-gated ion channels (pLGICs) are the targets of several clinical and endogenous 

allosteric modulators including anesthetics and neurosteroids. Molecular mechanisms underlying 

allosteric drug modulation are poorly understood. Here, we constructed a chimeric pLGIC by 

fusing the extracellular domain (ECD) of the proton-activated, cation-selective bacterial channel 

GLIC to the transmembrane domain (TMD) of the human ρ1 chloride-selective GABAAR, and 

tested the hypothesis that drug actions are regulated locally in the domain that houses its binding 

site. The chimeric channels were proton-gated and chloride-selective demonstrating the GLIC 

ECD was functionally coupled to the GABAρ TMD. Channels were blocked by picrotoxin and 

inhibited by pentobarbital, etomidate and propofol. The point mutation, ρ TMD W328M, 

conferred positive modulation and direct gating by pentobarbital. The data suggest that the 

structural machinery mediating general anesthetic modulation resides in the TMD. Proton-

activation and neurosteroid modulation of the GLIC-ρ chimeric channels, however, did not simply 

mimic their respective actions on GLIC and GABAρ revealing that across domain interactions 

between the ECD and TMD play important roles in determining their actions. Proton-induced 

current responses were biphasic suggesting that the chimeric channels contain an additional proton 

sensor. Neurosteroid modulation of the GLIC-ρ chimeric channels by the stereoisomers, 5α-

THDOC and 5β-THDOC, were swapped compared to their actions on GABAρ indicating that 

positive versus negative neurosteroid modulation is not encoded solely in the TMD nor by 

neurosteroid isomer structure but is dependent on specific interdomain connections between the 

ECD and TMD. Our data reveal a new mechanism for shaping neurosteroid modulation.
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1. Introduction

Many clinically important drugs such as anesthetics, barbiturates and neurosteroids exert 

their CNS effects by binding to gamma-aminobutyric acid type-A receptors (GABAARs). 

These drugs bind to distinct sites located far from the orthosteric GABA binding sites, and 

allosterically modulate GABAAR function (Forman and Miller, 2011; Miller and Smart, 

2010). The structural mechanisms by which these different classes of drugs either enhance 

or inhibit GABA-activated currents remain poorly understood and represent a major 

challenge in developing novel therapeutics that target GABAARs.

GABAARs are members of the pentameric ligand gated ion channel superfamily, which 

include nicotinic acetylcholine receptors (nAChR), serotonin type 3 receptors (5HT3R) and 

glycine receptors (GlyR), Pentameric ligand-gated ion channels (pLGICs) mediate fast 

synaptic neurotransmission, and signaling in the brain depends on their activity. For these 

receptors, neurotransmitter binding promotes opening of an integral membrane-spanning ion 

channel, which allows ions to flow across the membrane and change the cell’s activity 

(Miller and Smart, 2010). In the last decade, prokaryotic pLGIC homologs GLIC 

(Gloeobacter ligand-gated ion channel) (Bocquet et al., 2009; Bocquet et al., 2007; Hilf and 

Dutzler, 2009) and ELIC (Erwinia ligand-gated ion channel) (Hilf and Dutzler, 2008) have 

been identified.

With the goal of dissecting molecular mechanisms underlying how different classes of 

allosteric drugs modulate GABAAR function, we constructed a chimeric pLGIC by fusing 

the extracellular domain (ECD) of the prokaryotic proton-gated ion channel GLIC with the 

transmembrane domain (TMD) of GABAAR ρ subunit. We examined how anesthetics, 

barbiturates and neurosteroids modulate chimeric channel function and tested the hypothesis 

that drug actions are regulated locally in the domain that houses its binding site.

Based on high-resolution structures of prokaryotic (Bocquet et al., 2009; Cecchini and 

Changeux, 2015; Hilf and Dutzler, 2008; Sauguet et al., 2014) and eukaryotic pLGICs 

(Althoff et al., 2014; Du et al., 2015; Hassaine et al., 2014; Hibbs and Gouaux, 2011; Miller 

and Aricescu, 2014), pLGICs have a modular architecture. The N-terminal extracellular 

domain (ECD) consists mostly of beta sheets and houses the neurotransmitter binding site 

(Brejc et al., 2001; Miller and Smart, 2010). The transmembrane domain (TMD) consists of 

alpha helices that span the lipid bilayer, and contains the ion-conducting channel as well as 

the binding sites for various drugs including anesthetics, barbiturates and neurosteroids 

(Baenziger and Corringer, 2011; Cecchini and Changeux, 2015; Du et al., 2015; Fourati et 

al., 2017; Hibbs and Gouaux, 2011; Nemecz et al., 2016; Nury et al., 2011; Spurny et al., 

2013). At the ECD-TMD interface, connections between flexible loops in the extracellular 

binding domain (loops 2, 7, 9) with the transmembrane channel domain (M2–M3 loop) 

structurally link the two domains and are essential for coupling ligand binding to channel 
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gating (Miller and Smart, 2010). Agonist-mediated closed to open channel gating transitions 

are accompanied by substantial rearrangements of this interface (Bertozzi et al., 2016; 

Dellisanti et al., 2013; Gupta et al., 2017; Lee and Sine, 2005; Velisetty et al., 2014; Xiu et 

al., 2005). In chimeric channels assembled by combining the ECD and TMD of two distinct 

pLGICs, substantial loop substitutions are required to maintain complementarity and ensure 

normal channel function (Bouzat et al., 2008; Bouzat et al., 2004; Eisele et al., 1993).

In this study, we were interested in determining whether allosteric drug modulators, 

especially those that bind to the TMD, rely on the ECD-TMD interface for coupling their 

binding to modulation of channel activity. Previous studies using chimeric pLGICs, 

constructed from different eukaryotic ECDs and TMDs (Eisele et al., 1993; Mihic et al., 

1997; Serafini et al., 2000) as well as prokaryotic-eukaryotic (Duret et al., 2011; Moraga-

Cid et al., 2015) and prokaryotic-prokaryotic (Alqazzaz et al., 2017) domains, have shown 

that the pharmacological and functional properties of each domain are retained suggesting 

that a drug’s actions on channel activity are regulated locally in the domain that houses its 

binding site. However, in an ELIC(ECD)-nAChR(TMD) chimera, only when the ECD-TMD 

interfacial loops were identical to those of nAChR did nAChR-specific drugs modulate 

chimeric currents (Tillman et al., 2014), suggesting that across-domain interactions may play 

important roles in mediating the actions of some drugs..

Crystal structures of prokaryotic pLGICs homologs, GLIC (Gloeobacter ligand-gated ion 

channel) and ELIC (Erwinia ligand-gated ion channel), in different conformational states 

and in the presence of various therapeutic drugs (Bocquet et al., 2009; Fourati et al., 2017; 

Hilf and Dutzler, 2008, 2009; Nury et al., 2011; Pan et al., 2012a; Pan et al., 2012b; Spurny 

et al., 2012) have been solved making them attractive models to study pLGIC structure and 

function (Sauguet et al., 2015). However, common GABAAR ligands bind with low affinity 

and have modest effects on GLIC and ELIC (Alqazzaz et al., 2011; Chen et al., 2010; 

Thompson et al., 2012; Weng et al., 2010). Recently, Moraga-Cid et al. showed that the 

chimera approach can be used to great advantage to study the structural properties of the 

glycine receptor, and understanding its physiological role in hyperexplexia (Moraga-Cid et 

al., 2015). Here, we report the construction and characterization of a chimeric pLGIC 

consisting of the ECD from the proton-activated bacterial channel GLIC and the TMD from 

the chloride-selective GABAAR ρ subunit. As expected, this chimeric subunit formed 

functional Cl− conducting, proton-gated channels demonstrating that the ECD of GLIC was 

functionally coupled to the GABAAR TMD. However, proton-activation and neurosteroid 

modulation of the chimeric GLIC-rho receptor did not simply mimic their respective actions 

on GLIC and GABAAR ρ revealing that across domain interactions between the ECD and 

TMD play important roles in determining a ligand’s actions.

2. Methods

2.1 Generation of chimeric receptors

GLIC-GABAρI chimeric subunits were constructed by fusing the ECD of GLIC ending at 

pre-M1 R191 with the human GABAA receptor ρ subunit TMD beginning at H259 (Fig. 1). 

GLIC was previously cloned into the pUNIV expression vector (Ghosh et al., 2013; Laha et 

al., 2013; Venkatachalan et al., 2007). To remove the TMD of GLIC, a unique enzyme 
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restriction site XmaI was introduced after Arg191 in pUNIV GLIC by site directed 

mutagenesis (Quickchange, Strategene). A MluI restriction site was already present at the 3’ 

end of GLIC. GABAρ TMD cDNA was PCR amplified between Arg 258 and the C-

terminus of the human GABAρ1 subunit using primers with overhanging ends containing 

XmaI and MluI restriction sites at the 5’ and 3’end, respectively. pUNIV GLIC vector and 

the amplified GABAρ TMD were digested with the XmaI and MluI enzymes and then 

ligated overnight using T4 DNA Ligase (Promega). After transformation into E.coli, positive 

colonies containing GLIC-ρ were identified by colony PCR. The resulting GLIC-ρ chimeric 

construct was then mutated to remove the introduced restriction site in GLIC ECD and 

restore wild-type GLIC coding sequence upstream of the chimeric junction. This construct 

was called GLIC-ρ1 (Fig. 1 A).

To remove the 78 residue GABAρ M3–M4 loop from GLIC-ρI and replace it with the tri-

peptide (SQP) sequence of GLIC M3–M4 loop, AgeI and SacII restriction sites were 

introduced at the C-terminal end of M3 and N-terminal end of M4 respectively in pUNIV-

GLIC-ρI. A double-stranded oligonucleotide, encoding the tri-peptide M3–M4 loop of 

GLIC, was custom synthesized with AgeI and SacII restriction sites on its 5’ and 3’ end, 

respectively. The oligonucleotide insert and the pUNIV-GLIC-ρI vector with the introduced 

restriction sites were double digested with AgeI and SacII restriction enzymes. The insert 

was ligated to the vector overnight to obtain a chimeric construct with the tri-peptide M3–

M4 loop. This construct was called GLIC-ρII (Fig. 1 B). The chimeric construct, GLIC-ρIII, 

was made by introducing a point mutation, W328M (ρ numbering) in the M3 helix of GLIC-

ρII using site-directed mutagenesis (Fig. 1 C). All of the constructs were verified by double 

stranded DNA sequencing.

2.2 GLIC-ρ electrophysiology

GLIC, GABAρ, GLIC-ρI, II and III chimeric ion channels were expressed in Xenopus laevis 
oocytes and functionally characterized using two-electrode voltage clamp. Heterologous 

expression of channel proteins in Xenopus laevis oocytes is a well-established and widely 

used approach for measuring drugs effects on ion channel function. The large size of the 

oocytes, their ability to express large numbers of channel proteins and the relative absence of 

endogenous channels that might complicate analysis of electrophysiological measurements 

make them an ideal model system. (Stühmer and Parekh, 1995). Capped cRNAs were made 

by transcribing linearized GLIC, GABAρ, GLIC-ρI, II and III chimeric subunits in pUNIV 

using the mMessage mMachine T7 kit (Life Technologies (Ambion), Carlsbad, CA). 

Oocytes were obtained from an in-house Xenopus colony and prepared as described 

previously (Boileau et al., 1998; Ghosh et al., 2013). Briefly, oocytes were injected 24 hours 

after harvest with 27 nl of cRNA at 100–500 ng/l concentration. Injected oocytes were 

incubated at 16° C in ND96 (5 mM HEPES pH 8.5, 96 mM NaCl, 2 mM KCl, 1 mM MgCl2, 

1.8 mM CaCl2) supplemented with 100 µg/ml of gentamycin and 100 µg/ml of bovine serum 

albumin for 2–5 days before use for electrophysiological recordings.

Two electrode voltage clamp electrophysiology was performed as described previously 

(Boileau et al., 1998; Ghosh et al., 2013). Oocytes expressing the respective channels were 

voltage clamped at −60 mV (for GLIC) or −80 mV (for GABAρ and GLIC-ρI, II and III) 
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and continuously perfused with ND96 at pH 8.5 at a flow rate of 5 ml/min in a bath volume 

of 200µl. Borosilicate glass electrodes (Warner Instruments, Hamden, CT) were filled with 3 

M KCl and had resistances of 0.4 to 1.0 MΩ. Electrophysiological data were collected at 

room temperature using GeneClamp 500 (Axon Instruments, Foster City, CA) interfaced to a 

computer with a Digidata 1200 A/D device (Axon Instruments). Data acquisition and 

analysis was performed using the Whole Cell Program, version 4.0.2 (provided by J. 

Dempster, University of Strathclyde, Glasgow, UK).

Proton induced currents from GLIC and GLIC-ρI, II and III chimeric channels were 

measured by perfusing ND96 buffered at various pHs (pH 7.6 - 2.5). We used three different 

buffers to ensure optimal buffering capacity for the different pH solutions needed to activate 

GLIC and the chimeric channels. For pH > 6.5, 5 mM HEPES (pKa = 7.55, buffering range 

6.8–8.2) was used. For pH6.5 - 6.0, 5mM MES (pKa = 6.16, buffering range 5.5–6.7) was 

used. For pH 5.0 - 2.5, 5mM Na Citrate (pKa = 6.4, buffering range 3.0–6.2) was used. 

GABA-induced currents from GABAρ receptors were measured by perfusing GABA 

dissolved in ND96 at pH 7.5.

2.3 Reversal potential and ion replacement

Reversal potential (Erev) of GLIC, GABAρ, GLIC-ρII and GLIC-ρIII channels were 

determined by measuring GABA- or proton-induced currents from oocytes clamped at 

voltages between −80mV and −20mV for GABAρ, GLIC-ρII and GLIC-ρIII and between 

−60mV and +20mV for GLIC. To test whether GLIC-ρ ion channel is selective for [Cl−], 

Erev was measured in extracellular solutions where NaCl was replaced with 96 mM 

NaGluconate. The relative permeability of GABAARs for Gluconate and Cl−, , is 

reported in different sources to be 0.05 and 0.2 (O'Toole and Jenkins, 2011; Zhang et al., 

1991). Using these values, the expected shift in reversal potential, ΔErev, upon replacing 

extracellular Cl− with Gluconate, was calculated from the following equation, assuming the 

membrane was exclusively permeable to anions:

(1)

where Erev2 and Erev1 are reversal potentials in 96 mM NaGluconate and 96 mM NaCl 

respectively, [Gluconate]out2, [Cl−]out2, [Cl−]out1, are the extracellular [Gluconate] in 96 mM 

NaGluconate, extracellular [Cl−] in 96 mM NaGluconate and extracellular [Cl−] in 96 mM 

NaCl (ND96) respectively. The expected ΔErev was compared with the measured ΔErev to 

validate anion-selectivity of the chimeric channels.

2.4 Concentration response curves

Proton dose–response curves were obtained by applying successive pH buffer jumps from 

pH 8.5 to pH 2.5, separated by 3 – 7 min washes (Ghosh et al., 2013). Biphasic pH dose 

response data were fit using Prism software (GraphPad) to the equation:
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(2)

where, I is the peak response at a given pH, Imax is the maximum amplitude of current, 

pH501 and pH502 are the pH inducing half maximal response for each component, and nH1 
and nH2 are the Hill coefficients of each components, Fraction indicates the relative 

contribution of the 1st component to the response.

GLIC–ρIII, which contains the W328M substitution, was activated by pentobarbital (PB) in 

the absence of external acidic pH. PB concentration response curves were measured by 

applying 4–5 PB concentrations between 30 µM – 10 mM at room temperature, separated by 

3–7 minute washes. At high µM concentrations and above, PB blocks current responses. The 

relief of channel block upon drug washout yields a rebound tail current. At high PB 

concentrations, PB tail current amplitudes were measured. PB dose responses were fit using 

Prism software (GraphPad) with the following one-site equation:

(3)

where I is the peak current elicited by a given [PB], Imax is the maximum PB elicited current 

amplitude, EC50 is the [PB] eliciting half maximal response and nH is the Hill coefficient.

2.5 Modulation of GLIC-ρII and III, GABAρ and GLIC by allosteric drugs

Drug modulation of the various ion channels were measured as described previously (Ghosh 

et al., 2013; Sancar and Czajkowski, 2011). We tested pentobarbital (PB) (Sigma, St.Louis, 

MO), 5-αTetrahydrodeoxycorticosterone (5α–THDOC) (Steraloids, Newport, RI), 5β–

THDOC (Steraloids, Newport, RI), etomidate and propofol (Sigma, St.Louis, MO) 

modulation of GLIC-ρII, GLIC-ρIII, GLIC and GABAρ currents. We measured equilibrium 

agonist-mediated currents in the presence and absence of the drug tested. First a 

concentration of agonist that elicited 20–30% of the maximum current was applied alone. 

When agonist-elicited current was stable, the perfusion was switched to a solution 

containing the same concentration of agonist along with appropriate concentrations for the 

drug to be tested, until a new stable current level was recorded. For GABA-ρ channels, the 

agonist was first applied alone followed by a buffer wash and then the drug was co-applied 

with the same concentration of agonist. The continuous method was not used for GABA-ρ 
because GABA-ρ currents developed with slower kinetics, and it was difficult to accurately 

measure drug effects on the slowly developing agonist currents. Both methods record 

equilibrium agonist-elicited currents in the absence and presence of the drug. Modulation 

was defined as (I+drug/I − 1) × 100, where I is current elicited by agonist in the absence of 

drug and I+drug is the current elicited when agonist is co-applied with the drug. The 

concentrations of the various drugs used were: pentobarbital - 100 µM, etomidate - 100 µM, 

propofol - 100 µM, 5α–THDOC - 10 µM (for GABAρ) or 30 µM (for GLIC and GLIC-ρ 
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chimeras), 5β–THDOC - 10 µM (for GABAρ) or 30 µM (for GLIC and GLIC-ρ chimeras). 

The concentrations used were based on maximum effective concentrations reported in 

previous studies on GABAA receptors (Amin, 1999; Bali and Akabas, 2012; Belelli et al., 

1999; Hosie et al., 2006; Li et al., 2006; Rusch et al., 2004).

2.6 Statistics

Data visualization and statistical significance tests were performed using Prism 7 software 

(GraphPad Software Inc., San Diego, CA). All data sets were from ≥3 oocytes from at least 

2 different frogs. Significant differences in reversal potential and drug modulation between 

GLIC, GABAρ and GLIC-ρ chimeras were determined by one-way analysis of variance 

followed by a post-hoc Tukey test. Modulation of the constructs by different drugs was 

determined to be significantly different from zero effect by one-sample t-test.

3. Results

3.1 GLIC-GABAρ chimeric subunits form functional channels

GLIC-GABAρ chimeric subunits were generated by fusing the ECD of GLIC with the TMD 

of GABAρ at a conserved arginine residue in the pre-M1 region (Fig. 1A, Arg 191 in GLIC 

and Arg 258 in GABAρ). GLIC-ρI contained the entire TMD of GABAρ. For GLIC-ρII, we 

replaced the ρ subunit M3–M4 loop (78 amino acids) with the 3 residue GLIC M3–M4 loop 

(SQP, Fig. 1B). For GLIC-ρIII, Trp328 (ρ numbering) in the M3 helix of GLIC-ρII was 

mutated to methionine (W328M, Fig. 1C). This single amino acid substitution confers 

barbiturate sensitivity to GABAρ receptors (Amin, 1999).

All of the GLIC-GABAρ chimeric subunits formed proton-activated channels when 

expressed in Xenopus laevis oocytes indicating that the GLIC ECD is functionally coupled 

to the GABAρ TMD (Fig. 1). Expression of the chimeric subunits gave rise to higher than 

normal resting leak currents. Picrotoxin (2 mM), an open channel blocker of GABAρ 
receptors (Wang et al., 1995), elicited outward currents indicating that a proportion of the 

chimeric channels were constitutively open at pH 8.5, which accounted for the high resting 

conductance (Fig. 1). The ratio of pH 3-induced currents to constitutive (leak) current 

amplitudes was 0.6 ± 0.1 for GLIC–ρI (8 oocytes) and 3 ± 1 for GLIC-ρII (5 oocytes) 

indicating that GLIC–ρII channels were less leaky than GLIC-ρI channels. In general, the 

proton-activated currents from GLIC-ρII and GLIC–ρIII were larger and, rose and decayed 

faster than GLIC-ρI channel currents (Fig. 1). Due to these enhanced functional properties, 

the rest of our analyses were focused on GLIC-ρII and GLIC–ρIII chimeric channels.

3.2 Ion selectivity of the GLIC-ρ chimeric channels

Homomeric GABAρ receptors are Cl− conducting channels, whereas GLIC is a mixed 

cationic channel (Na+/K+) activated by protons. Since the chimeric channels contain the 

GABAρ TMD, we expected them to be Cl− selective. pH 3-elicited currents from GLIC-ρII 

and GLIC–ρIII reversed at −34 ± 2 mV (n=5) and −32 ± 3mV (n=5), respectively, similar to 

the reversal potential of −28 ± 2 mV (n=4) measured for GABAρ receptors (Fig. 2A). GLIC-

ρII spontaneous currents at pH 8.5 also reversed near the Cl− reversal potential at −32 ± 5 

mV (n=6) (Fig 2A) indicating that the constitutively open chimeric channels were also Cl− 
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selective. In contrast, proton-activated currents from GLIC reversed at −1.2 ± 4 mV (n=4) as 

expected for a cation-conducting ion channel (Fig. 2A). A one-way ANOVA with post hoc 

Tukey test showed that GLIC vs GABA-ρ reversal potentials and GLIC vs GLIC-ρ II values 

were significantly different from each other (p<0.01). GABA-ρ vs GLIC-ρ II values were 

not different (p=0.74).

To further demonstrate that GLIC-ρ chimeric channels were Cl− selective, we measured the 

reversal potential of GLIC-ρ III channels in extracellular solution where NaCl (96 mM) was 

replaced with 96 mM NaGluconate. Relative gluconate vs Cl− permeability for GABAARs 

has been reported to range between 5% (Zhang et al., 1991) and 20% (O'Toole and Jenkins, 

2011). Using these values and assuming exclusive permeability to anions, we calculated that 

the estimated shift in Erev for a GABAAR chloride channel on replacing Cl− with the less 

permeable gluconate anion should be between +35 to +55 mV (See Methods). As expected 

Erev for GLIC–ρIII currents shifted by +45mV to +13 ± 2 mV (n=3) (Fig. 2B). Our 

measured +45mV shift provides confirmation that the GLIC-ρ chimera is a Cl− selective ion 

channel.

3.3 pH responses of GLIC-ρ chimeric channels

Others and we have shown that wild-type GLIC proton-dependent current responses have a 

pH50 of ~5 and are well fit with a single-site model (Fig. 3B), (Bocquet et al., 2007; Ghosh 

et al., 2013; Laha et al., 2013). Surprisingly, proton-induced current responses from oocytes 

expressing GLIC–ρII were biphasic and best fit with a two-site model with pH50 values of 

6.9 ± 0.3 and 4.6 ± 0.3 (Fig. 3B) suggesting that the chimeric channel contains an additional 

proton sensor. For GLIC–ρIII, the W328M substitution right-shifted the sensitivity of both 

sites by ~1 pH unit to pH50 5.9 ± 0.1 and 3.5 ± 0.2 (Fig. 3B). pH 3 induced currents from 

GABAρ receptors were < 200 nA and comparable to currents elicited from uninjected 

oocytes (Fig. 3C) suggesting that extracellular proton activation of GLIC–ρII and GLIC–ρIII 

is due to proton sensors located in the GLIC-derived ECD. Determining the precise positions 

of the proton sensors in the chimeric channels will require further testing, especially since 

the location of proton binding site(s) in GLIC is still under debate (see Discussion).

3.4 Pentobarbital modulation and activation of GLIC-ρ chimeric channels

We examined the ability of pentobarbital to modulate and directly activate proton-mediated 

currents from GLIC and GLIC-ρ chimeric channels. Previous studies showed that 

homomeric GABAρ receptors are insensitive to pentobarbital except at high channel 

blocking concentrations (Amin, 1999; Belelli et al., 1999; Shimada et al., 1992), and that a 

single mutation in M3 (W328M) imparts positive modulation and direct activation by 

pentobarbital (Amin, 1999). Pentobarbital (100 µM) inhibited proton-mediated currents from 

GLIC by 26 ± 6 % (n=3, p=0.043 compared to no effect, one sample t-test) and GLIC-ρII by 

46 ± 11 % (n=4, p= 0.023) (Fig. 4A, B). At high concentrations, pentobarbital (10 mM) 

applied alone blocked GLIC–ρII constitutive currents (Fig. 4C). Pentobarbital (100 µM) 

potentiated proton-induced currents from GLIC–ρIII, which contains the W328M point 

mutation, by 109 ± 12 % (n=4, p=0.0025) (Fig. 4A, B). Pentobarbital modulation of GLIC–

ρIII was significantly different from that of GLIC and GLIC-ρII (p<0.01, one-way ANOVA 

with Tukey’s multiple comparisons test). We next examined the effect that W328M had on 
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etomidate and propofol modulation of GLIC-ρ chimeric channels. Both etomidate (100 µM) 

and propofol (100 µM) inhibited proton elicited currents from GLIC-ρII (data not shown) 

and GLIC–ρIII (Fig. 5). These data indicate that W328M specifically confers pentobarbital 

positive modulation to the chimeric channels and does not influence the actions of other, 

structurally distinct, anesthetics.

When applied alone, 30 µM to 10 mM pentobarbital directly activated GLIC–ρIII (Fig 4C). 

Following washout, pentobarbital at concentrations of 1 mM and above gave rise to a 

rebound current (i.e. transient increase in current, Fig. 4C) indicating that GLIC–ρIII 

channels were blocked by high mM concentrations of pentobarbital. Unlike proton-induced 

channel opening, pentobarbital activated currents were fit with a single site dose response 

curve with an EC50 of 836 ± 115 µM (n=3) (Fig. 4D) similar to the pentobarbital potency 

measured for GABAρ W328M receptors (Amin 1999). Overall, pentobarbital modulation 

and activation of the GLIC-ρ chimeric channels emulated GABAAR pharmacology 

suggesting that the structural machinery mediating pentobarbital actions is contained in the 

TMD.

3.5 Neurosteroid modulation of GLIC-ρ chimeric channels

Neurosteroids also modulate pLGIC activity by binding in the GABAAR TMD (Akk et al., 

2008; Bracamontes et al., 2012; Hosie et al., 2006). To test whether the GLIC-ρ chimeric 

channels retained GABAAR neurosteroid pharmacology, we measured and compared 

neurosteroid modulation of agonist-mediated currents from GLIC, GABAρ receptors and 

GLIC-ρ chimeric channels. At 30 µM, both 5α-THDOC and 5β-THDOC inhibited GLIC 

proton-mediated currents by 11 ± 2 % (n=4, p=0.01) and 67 ± 3 % (n=3, p= 0.002) 

respectively and acted as negative allosteric modulators (Fig. 6). For GABAρ receptors, 10 

µM 5α-THDOC was a positive allosteric modulator and potentiated GABA currents by 42 

± 2 % (n=3, p=0.002) whereas 10 µM 5β-THDOC was a negative modulator and inhibited 

GABA currents by 25 ± 2 % (n=3, p=0.005) (Fig. 6). Surprisingly, even though GLIC–ρII 

and GLIC–ρIII chimeric channels contain the GABAρ receptor TMD, the effects of the 

neurosteroid isomers were opposite to their effects on GABAρ receptors. 5α-THDOC (30 

µM) inhibited GLIC–ρII and GLIC–ρIII chimeric channels by 46 ± 6 % (n=5, p=0.002) and 

32 ± 6 % (n=5, p=0.006) respectively whereas 5β-THDOC (30 µM) potentiated proton-

induced currents from GLIC–ρII and GLIC–ρIII chimeric channels by 68 ± 7 % (n=4, 

p=0.002) and 29 ± 6 % (n=3, p=0.035) respectively (Fig. 6). At 30 µM, THDOC had no 

observable agonist-like actions from GABAρ receptors and GLIC-ρ chimeric channels. At 

concentrations higher than 30µM, solubility of THDOC decreased and thus precluded our 

testing THDOC for agonist-like and blocking actions. Overall, the data suggest that 

neurosteroid modulation of the chimeric GLIC-ρ channels do not simply mimic their effects 

on GABAρ channels and that across domain ECD-TMD interactions shape neurosteroid 

modulation.

4. Discussion

Here, we report the construction and functional characterization of GLIC-GABAρ chimeric 

pLGICs. Consistent with previous studies (Alqazzaz et al., 2017; Bartos et al., 2009; Bouzat 
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et al., 2008; Bouzat et al., 2004; Cooper et al., 1999; Duret et al., 2011; Eisele et al., 1993; 

Grutter et al., 2005a; Grutter et al., 2005b; Henault and Baenziger, 2017; Moraga-Cid et al., 

2015; Schmandt et al., 2015; Tillman et al., 2014), our data underscore the modular nature of 

pLGICs. Several properties of the GABAρ TMD were preserved in our chimeric channels. 

First, the chimeric channels were Cl− selective the same as GABAρ receptors. Second, 

GLIC–ρ chimeric channel currents were blocked by picrotoxin and inhibited by the general 

anesthetics pentobarbital, etomidate and propofol similar to GABAρ receptors. Third, a 

point mutation, ρ TMD W328M, which confers positive modulation and direct gating by 

pentobarbital on GABAρ receptors (Amin, 1999), had the same effect on the chimeric 

channels. Notably, the pentobarbital EC50 we measured in our experiments (840 mM) was 

very similar to the EC50 for pentobarbital direct activation of GABAρ W328M (802 mM) 

reported by Amin (Amin, 1999). Since the chimeric channels have a high spontaneous open 

probability, the direct gating can be interpreted as positive modulation of spontaneously 

open channels. We envision that pentobarbital shifts the channel equilibrium towards an 

open state in GLIC-ρIII, which can explain both positive modulation and apparent direct 

activation. Consistent with this idea, the allosteric co-agonist model postulated by the 

Forman group posits that enhancement of GABAAR gating explains both positive 

modulation and direct activation by the allosteric activators etomidate (Rusch et al., 2004), 

propofol (Ruesch et al., 2012) and pentobarbital (Ziemba and Forman, 2016). Taken 

together, our data indicate that many of the functional and pharmacological properties of the 

GABAρ-TMD were preserved in the chimera.

However, some properties of the chimeric channels were distinct compared to GLIC and 

GABAρ receptors. The GLIC-GABAρ chimeric channels had unexpected biphasic proton 

concentration response curves (Fig. 3). Since GABAρ channels are not proton activated and 

GLIC proton concentration responses are well fit with a single-site model, these data suggest 

that the chimeric channels contain two proton sensors with different sensitivities. The lower 

affinity site (pH50 = 4.6) has similar proton sensitivity as GLIC (pH50 = 5) (Bocquet et al., 

2007; Ghosh et al., 2013) suggesting that this site stems from the GLIC-derived ECD. The 

higher affinity site (pH50 = 6.9) may represent a novel sensor that is formed in the chimera. 

Alternatively, it is possible that GLIC has more than one pH-sensing site with similar proton 

sensitivities. In the GLIC-GABAρ chimeric channels, the affinity of one of the proton 

sensors may be left-shifted, which leads to the biphasic proton response. Regardless of 

whether a new proton sensor is created or proton sensitivity of an existing site is altered, the 

biphasic proton dose response curves stem from mismatched interactions between the GLIC 

ECD and GABAρ TMD. These data provide support for the idea that agonist-mediated 

pLGIC gating transitions are regulated by specific interdomain interactions between the 

ECD and TMD (Bertozzi et al., 2016; Gupta et al., 2017; Lee and Sine, 2005; Xiu et al., 

2005).

The precise location of the proton sensor in GLIC is still not clear (see (Alqazzaz et al., 

2017; Duret et al., 2011; Henault and Baenziger, 2017; Schmandt et al., 2015; Wang et al., 

2012)). Chimeric receptors containing the ECD of GLIC and the TMD of proton-insensitive 

pLGICs are activated by protons (Alqazzaz et al., 2017; Duret et al., 2011; Henault and 

Baenziger, 2017) suggesting that a proton sensor is located in the GLIC ECD. However, 

chimeric channels formed by fusing the proton-insensitive ECD of ELIC and TMD of GLIC 
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are also activated by protons (Henault and Baenziger, 2017; Schmandt et al., 2015) 

suggesting that there is a proton binding site(s) in the GLIC TMD. Protonation of a histidine 

residue in the TMD of GLIC has been shown to be crtical for GLIC activation suggesting it 

is a proton sensor in GLIC (Rienzo et al., 2014; Wang et al., 2012). We envision that 

multiple proton binding sites exist in GLIC with different sensitivities that are uncovered in 

different receptor configurations. Consistent with this idea, mutation of protonatable 

residues in the ECD had minimal effects on proton activation in GLIC but larger effects in a 

GLIC-ELIC chimera (Alqazzaz et al., 2017).

The biphasic proton concentration responses we observed in our GLIC-ρ chimeras have not 

been reported for other GLIC containing chimeras. For a GLIC-glycine receptor chimera 

(Duret et al., 2011) and a GLIC-ELIC chimera (Alqazzaz et al., 2017) the pH50’s of 

activation were reported to be 6.5 and 6.7, respectively; similar to the higher affinity site we 

measured for GLIC-ρII channels (pH50 = 6.9). A lower affinity proton site was not observed 

in these studies but might have been missed since current responses to pH changes more 

acidic than pH 5 were not measured. Henault and Baenziger (2017) also examined a GLIC-

ELIC chimera (Henault and Baenziger, 2017) and reported a reduced pH sensitivity with a 

pH50 of 3.63. Taken together, these data indicate that proton sensitivity of GLIC channel 

activation is sensitive to perturbations of the ECD-TMD interface.

Effects of neurosteroid isomers on GLIC-ρ chimera channel activity were also different 

compared to their actions on GLIC and GABAρ receptors. 5α-THDOC is a positive 

allosteric modulator and 5β-THDOC is a negative modulator of GABA ρ receptors (Fig. 6 

and (Li et al., 2007; Morris et al., 1999)). Surprisingly, in GLIC-ρII and GLIC-ρIII, current 

modulation by 5α–THDOC and a 5β–THDOC was switched to inhibiting and potentiating, 

respectively (Fig. 6) demonstrating that positive versus negative neurosteroid modulation is 

not encoded exclusively by neurosteroid isomer structure (Li et al., 2007; Morris et al., 

1999) but is also dependent on specific interdomain connections between the ECD and 

TMD.

The underlying mechanisms of differential modulation of GABAρ receptor by neurosteroid 

isomers are not clear. While some studies posit that distinct sites on the GABAρ receptors 

are responsible for the potentiating and inhibitory actions of 5α-reduced and 5β-reduced 

neurosteroid isomers (Li et al., 2006), neurosteroid structure activity relationships point 

towards overlapping binding sites (Li et al., 2007). In a voltage clamp fluorimetry study, 

dependent on whether it acted as positive or negative modulator, 5β pregnanolone induced 

different fluorescence changes in GABAρ receptors suggesting that allosteric mechanisms 

underlying neurosteroid potentiation and inhibition are distinct (Eaton et al., 2014). We 

envision that, depending on their orientation in the binding site, structurally diverse 

neurosteroids can induce different downstream allosteric rearrangements, which result in 

positive or negative modulatory activity. Our data show that interdomain interactions 

between the ECD and TMD also regulate whether neurosteroids positively or negatively 

modulate receptor activity revealing a new role for the coupling interface in controlling 

neurosteroid modulation. In agreement with our findings, the pharmacological properties 

ELIC-α7 nAChR chimeric channels can be tuned to resemble either ELIC or α7 by 

exchanging loops in the ECD-TMD coupling interface (Tillman et al., 2014).
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In summary, we constructed a chimeric GLIC-GABAρ receptor that was gated by acidic 

extracellular pH like GLIC and conducted Cl− like GABAρ channels. These data support the 

idea that pLGICs have a modular architecture and demonstrate that functional coupling 

between the ECD and TMD of pLGICs from evolutionarily distant species can be 

accomplished with minimal engineering of the interface. Agonist-mediated currents were 

inhibited by pentobarbital, etomidate and propofol suggesting that the structural machinery 

mediating general anesthetic modulation resides in the TMD. Proton-activation and 

neurosteroid THDOC modulation of the chimeric GLIC-ρ receptor, however, did not simply 

mimic their respective actions on GLIC and GABAρ receptors underscoring the importance 

of the ECD-TMD coupling interface in regulating not only agonist mediated gating but also 

neurosteroid allosteric modulation. Our results, which identify that across domain 

interactions between the ECD and TMD can govern whether a neurosteroid potentiates or 

inhibits channel function, provide new insights into the structural mechanisms underlying 

neurosteroid allosteric modulation. Moreover, our data indicate that chimeric channels may 

not always display the same properties as its parent component domains, and a case-by-case 

examination of function and pharmacology is necessary.
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GABAAR gamma amino butyric acid type A receptor
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Highlights

• A chimeric GLIC/GABAρ pentameric ligand gated ion channel was made and 

studied.

• Like GABAρ, chimeric channels were Cl− conducting and inhibited by 

anesthetics.

• Anesthetic modulation of current is mediated locally in domain where it 

binds.

• Neurosteroid modulation of chimeric channels was swapped compare to 

GABAρ.

• Interactions between extracellular and channel domains shape neurosteroid 

actions.
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Figure 1. GLIC-GABAρ chimeric subunits form functional proton-gated channels
(A) Top: Sequence alignments of pre-M1 regions of GABAρ, GLIC and GLIC-ρI chimera 

illustrating where ECD of GLIC was attached to TMD of GABAρ subunit; Middle: 

Schematic of GLIC–ρI chimeric subunit with GLIC protein in orange and GABAρ in black; 

Bottom: Representative pH 4.0 induced currents from an oocyte expressing GLIC–ρI 

chimeric channels. Dotted line represents zero current level highlighting resting leak current 

that is blocked by 2mM picrotoxin (PTX). (B) Top: Partial sequence alignments of M3, 

cytoplasmic M3–M4 loop and M4 of GABAρ, GLIC and GLIC-GABAρII chimera. Middle: 

The GLIC-GABAρII chimera was created by replacing the GABAρ M3–M4 cytoplasmic 

loop (78 residues) in GLIC–ρI with GLIC M3–M4 tri-peptide SQP. Bottom: Representative 

pH 4.0 and PTX induced current traces from an oocyte expressing GLIC–ρII. (C) Top, 

Middle: Sequences of M3 helices from GLIC-ρII and GLIC–ρIII highlighting Trp to Met 

mutation in M3 (red); Bottom: Representative pH 4.0 and PTX induced current traces from 

an oocyte expressing GLIC–ρIII.
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Figure 2. GLIC-ρ chimeric channels conduct Cl−

(A) Left, pH 3 induced currents from an oocyte expressing GLIC-ρII measured at different 

voltages; right, Current-voltage (I–V) plots for GLIC–ρII (●) GLIC WT (□), GABAρ (Δ), 

and GLIC-ρII leak currents (○). Reversal potentials measured were: GLIC-ρ II: −34 ± 2 

(n=5), GLIC: −1.2 ± 4 mV (n=4); GABAρ: −28 ± 2 (n=4), and GLIC-ρII leak currents: −32 

± 5 mV, (n=6). Data are mean ± SEM. A one-way ANOVA with post hoc Tukey test showed 

that reversal potentials of GABAρ, GLIC-ρII and GLIC-ρII leak current were significantly 

different from GLIC (p<0.01) and that GABAρ, GLIC-ρII and GLIC-ρII leak current 

reversal potentials were not statistically different from each other (p>0.5). (B) Current-
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voltage (I–V) plots for GLIC–ρIII measured in presence of 96 mM NaCl (■) and 96 mM 

NaGluconate (◆). Replacing Cl− with the less permeable gluconate right shifted Erev to +13 

mV as expected for a Cl−-conducting channel.
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Figure 3. Proton concentration response curves
(A) Representative pH-induced currents from GLIC–ρIII. (B) Proton concentration response 

curves for GLIC (dashed line, data from Ghosh et al., 2013), GLIC-ρII (●) and GLIC-ρIII 

(■). GLIC–ρII and GLIC–ρIII concentration responses were biphasic. W328M right-shifted 

pH response to more acidic values. Data are mean±SEM from ≥ 3 oocytes. (C) pH-induced 

currents elicited from uninjected oocytes (left) and oocytes expressing GABAρ receptors 

(right) were significantly smaller (pH 3.0 elicited <200 nA currents) as compared to oocytes 

expressing GLIC, GLIC–ρII and GLIC–ρIII channels. For GABAρ injected oocytes, current 
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elicited by 10 mM GABA is also shown confirming that the oocyte was expressing GABAρ 
receptors.
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Figure 4. Pentobarbital modulation and direct activation of GLIC-ρ chimeric channels
(A) Representative proton induced (EC20–30) currents from oocytes expressing GLIC, 

GLIC–ρII and GLIC–ρIII in the absence and presence of 100 µM pentobarbital (PB). Black 

lines and open bars represent agonist (pH 5 for GLIC and pH 6 for GLIC–ρII and GLIC–

ρIII) and PB application, respectively. Chemical structure of PB and schematics of chimeras 

are shown. (B) Summary of PB modulation of EC20–30 currents [(I+PB/I)−1]×100 (%) from 

GLIC, GLIC–ρII and GLIC–ρIII. PB potentiated GLIC–ρIII proton induced currents 

whereas PB inhibited GLIC and GLIC–ρII currents. Data are mean±SEM from ≥ 3 oocytes. 

(C) Top: PB (10 mM, open bars) blocked GLIC–ρII resting leak currents. Dotted line 

corresponds to resting leak current. pH 3 elicited current from the same oocyte is shown for 

comparison. Bottom: Representative PB elicited currents from an oocyte expressing GLIC–

ρIII. pH 3 elicited current from the same oocyte is shown for comparison. (D) PB 

concentration response curve for GLIC–ρIII. Peak PB-elicited currents were measured after 

wash-out (tail currents). PB currents were normalized to maximal current elicited by pH 3.0. 

PB EC50 = 836 ± 115µM, nH = 1.4 ± 0.1. Data are mean±SEM from 3 oocytes.
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Figure 5. Anesthetics inhibit GLIC–ρIII proton-mediated currents
(A, B) Representative pH 6.0 elicited currents from oocytes expressing GLIC–ρIII in the 

absence and presence of 100 µM etomidate (ETO) or 100 µM propofol (PFL). (C) Summary 

of etomidate and propofol inhibition of pH 6.0 currents [(I+drug/I)−1]×100 (%) from GLIC–

ρIII. Data are mean±SEM from ≥ 3 oocytes.
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Figure 6. Neurosteroid modulation of GLIC–ρ chimeras
(A) Representative agonist induced (EC20–30) currents from oocytes expressing GLIC, 

GABAρ, and GLIC–ρII in the absence and presence of neurosteroid isomers 5α-THDOC 

(upper panel) and 5β-THDOC (lower panel). Black bars represent agonist application (pH 5 

for GLIC, 1µM GABA for GABAρ and pH 6 for GLIC–ρII). Open bars represent 

neurosteroid application, 30µM for GLIC and GLIC–ρII and 10µM for GABAρ. (B) 
Summary of neurosteroid modulation of EC20–30 currents from GLIC, GABAρ, GLIC–ρII 

and GLIC–ρIII, [(I+DRUG/I)−1]×100 (%). 5α-THDOC potentiated EC20–30 agonist mediated 

GABAρ currents but inhibited GLIC, GLIC–ρII and GLIC–ρIII currents. 5β-THDOC 

inhibited EC20–30 agonist mediated GABAρ and GLIC currents but potentiated GLIC–ρII 

and GLIC–ρIII currents. Data are mean±SEM from ≥ 3 oocytes.
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