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ABSTRACT: Pentameric ligand-gated ion channels (pLGICs), also
called Cys-loop receptors in eukaryotic superfamily members, play
diverse roles in neurotransmission and serve as primary targets for
many therapeutic drugs. Structural studies of full-length eukaryotic
pLGICs have been challenging because of glycosylation, large size,
pentameric assembly, and hydrophobicity. X-ray structures of
prokaryotic pLGICs, including the Gloeobacter violaceus LGIC
(GLIC) and the Erwinia chrysanthemi LGIC (ELIC), and truncated
eukaryotic pLGICs have significantly improved and complemented the
understanding of structural details previously obtained with acetylcho-
line-binding protein and Torpedo nicotinic acetylcholine receptors. Prokaryotic pLGICs share their overall structural features with
eukaryotic pLGICs for the ligand-binding extracellular and channel-lining transmembrane domains. The large intracellular
domain (ICD) is present only in eukaryotic members and is characterized by a low level of sequence conservation and significant
variability in length (50−250 amino acids), making the ICD a potential target for the modulation of specific pLGIC subunits.
None of the structures includes a complete ICD. Here, we created chimeras by adding the ICD of cation-conducting (nAChR-
α7) and anion-conducting (GABAρ1, Glyα1) eukaryotic homopentamer-forming pLGICs to GLIC. GLIC−ICD chimeras
assemble into pentamers to form proton-gated channels, as does the parent GLIC. Additionally, the sensitivity of the chimeras
toward modulation of functional maturation by chaperone protein RIC-3 is preserved as in those of the parent eukaryotic
channels. For a previously described GLIC−5HT3A−ICD chimera, we now provide evidence of its successful large-scale
expression and purification to homogeneity. Overall, the chimeras provide valuable tools for functional and structural studies of
eukaryotic pLGIC ICDs.

Cys-loop receptors or more broadly pentameric ligand-
gated ion channels (pLGICs) are neurotransmitter-

activated receptors selective for either cations or anions. They
include cationic nicotinic acetylcholine (nACh) and serotonin
(5-HT3) receptors,1,2 as well as anionic γ-aminobutyric acid
type A (GABAA), and glycine (GlyR) receptors.3,4 This large
superfamily is abundant in the central nervous system and
conclusively contributes to many neurological diseases,
conditions, and psychological behaviors, including anxiety and
depression,5 autism,6 schizophrenia,7 Parkinson’s and Alz-
heimer’s diseases,8 epilepsy,9 and nicotine addiction.10

High-resolution structural information for the N-terminal
extracellular domain (ECD) of pLGIC was first obtained by X-
ray crystallography of the ECD-homologous soluble protein

acetylcholine-binding protein (AChBP).11−13 The cryo-elec-
tron microscopy-derived Torpedo nAChR model additionally
resolved the transmembrane domain (TMD) consisting of four
α-helical segments, M1−M4,14 and one cytosolic α-helical
segment preceding M4, the so-called membrane-associated
(MA) helix or amphipathic helix (HA).15 After 15 putative
homologues were computationally identified in prokaryotes in
2005,16 higher-resolution X-ray structures of free and ligand-
bound prokaryotic pLGICs were determined for the
Gloeobacter violaceus LGIC, GLIC, and the Erwinia chrysanthemi
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(syn. Dickeya dadantii or Pectobacterium chrysanthemi)17 LGIC,
ELIC.18−25 Only eukaryotic members possess an intracellular
domain (ICD) between M3 and M4. Prokaryotes instead have
a 3−10-amino acid residue linker. Recently, eukaryotic pLGIC
constructs that lack the ICD were engineered (GluClα and
GABAAβ3) or that have the ICD proteolyzed were obtained,
and their X-ray structures were determined.26−28 The more
recent structures inspired an experimental verification of the
vertical alignment between M2 and M3 in nAChR, indicating a
shift in register by two helical turns between M2 and M3
compared to the cryo-EM structural model.26,29 Overall, all
structures demonstrate the structural conservation of ECDs and
TMDs. However, none of the X-ray structures of pLGICs
contains the complete ICD that is by far the most diverse
domain between different subtypes, with regard to both length
and sequence conservation.30

Here, we describe chimeras obtained by inserting eukaryotic
ICDs between M3 and M4 in GLIC. Specifically, we chose both
cation-conducting and anion-conducting pLGICs that can form
functional homopentamers to facilitate our studies. The
eukaryotic ICDs of 75−145 amino acids were from cationic
nAChα7, and from anionic GABAAρ1 and Glyα1. For each of
the three ICDs, 12 different GLIC−eukaryotic−ICD chimeras
were generated. Two-electrode voltage-clamp experiments after
heterologous expression in Xenopus laevis oocytes identified
functional chimeras that have functional characteristics similar
to those of wild-type GLIC. Similarly, we have generated and
characterized the corresponding GLIC−5-HT3A−ICD chimeras
containing the ICD of cation-conducting 5-HT3AR previously
described.31 Additionally, we have investigated channel block
by tetrabutylammonium (TBA) for all four chimera sets in this
study. Importantly, we show now that functional GLIC−5-
HT3A−ICD chimeras can be expressed and purified as
pentamers from Escherichia coli. This demonstrates that the
GLIC−eukaryotic−ICD chimeras are amenable to large-scale
expression and mass production, which makes them promising
candidates for the study of the structure and function of the
intracellular domain of Cys-loop receptors.

■ EXPERIMENTAL PROCEDURES
Plasmids. Human RIC-3 (hRIC-3) in the pGEMH19

expression vector was a generous gift of M. Treinin (The
Hebrew University of Jerusalem, Jerusalem, Israel). Mouse 5-
HT3A and human GABAAρ1 were generous gifts from M.
Akabas (Albert Einstein College of Medicine, Bronx, NY);
human nAChRα7 was a gift from J. Lindstrom (University of
Pennsylvania, Philadelphia, PA), and rat Glyα1 was a gift from
L. Sivilotti (University College London, London, U.K.).
GABAAρ1 was previously termed GABACρ1; however, we use
the updated nomenclature.32 The GLIC gene was amplified by
polymerase chain reaction (PCR) out of a G. violaceus culture
(ATCC 29082) and introduced into the pXOON vector as
described previously.31 A C-terminal FLAG epitope tag was
inserted into GLIC utilizing PCR. The sequence for AflII and
BsrGI restriction sites was introduced inside GLIC at the apex
of the M3−M4 linker as seen in the X-ray structures
(HYLKVES-insert-QPARAA) by PCR. These two restriction
sites were used to ligate the mouse 5-HT3A−ICD fragment
(QDL QRP VP···RDW LRV GY) to obtain GLIC−5-HT3A−
ICD−AlB. For the generation of the GLIC−Glyα1−ICD−AlB,
GLIC−GABAAρ1−ICD−AlB, and GLIC−nAChα7−ICD−AlB
chimeras, homologous sequences for each ICD were ligated
similarly into the GLIC linker. Subsequently, to optimize the

insertion points of the ICD, the flanking regions of GLIC both
N- and C-terminal to the inset were altered stepwise, yielding
11 additional chimeric GLIC−5-HT3A−ICD, GLIC−Glyα1−
ICD, GLIC−GABAAρ1−ICD, and GLIC−nAChα7−ICD
constructs. Similarly, 12 chimeras were generated for each
GLIC−eukaryotic−ICD set in bacterial expression the vector
pET26b (Novagen). All constructs were verified by DNA
sequencing (Genewiz, South Plainfield, NJ) of the complete
coding region.

Oocyte Expression. GLIC chimera pXOON plasmids were
linearized with XbaI or NheI, and the hRIC-3 pGEMH19
plasmid was linearized with NheI for in vitro transcription using
T7 RNA polymerase (mMESSAGE mMACHINE kit, Applied
Biosystems/Ambion, Austin, TX). Capped cRNA was purified
with the MEGAclear kit (Applied Biosystems/Ambion) and
precipitated with ammonium acetate. cRNA was dissolved in
nuclease-free water and stored at −80 °C. The integrity of the
cRNA was tested by agarose gel electrophoresis. X. laevis
oocytes were harvested and defolliculated as described
previously.31 Unless otherwise noted, oocytes were injected
24 h after isolation with 10 ng of ion channel cRNA (0.2 μg/
μL), with or without hRIC-3 cRNA (5 ng), and kept in
standard oocyte saline medium {SOS [100 mM NaCl, 2 mM
KCl, 1 mM MgCl2, 1.8 mM CaCl2, and 5 mM HEPES (pH
7.5)]} supplemented with 1% antibiotic-antimycotic (100×)
and 5% horse serum for up to 7 days at 17 °C.

Oocyte Two-Electrode Voltage-Clamp (TEVC) Experi-
ments. TEVC experiments were conducted 2−5 days after
cRNA injection at a holding potential of −60 mV and room
temperature. A ∼250 μL chamber harboring a single oocyte was
continuously perfused at a rate of 5−6 mL/min with GLIC
oocyte recording buffer {GORB [100 mM NaCl, 20 mM
NaOH, 2.5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 5 mM
HEPES, and 5 mM citric acid (pH adjusted to 7.5 or as
indicated with HCl)]}. The ground electrode was connected to
the bath by a 3 M KCl/agar bridge. The glass microelectrode
resistance was <2 MΩ when the system was filled with 3 M
KCl. Data were acquired and analyzed using a TEV-200
amplifier (Dagan Instruments, Minneapolis, MN), a Digidata
1440A data interface (Molecular Devices, Sunnyvale, CA), and
pClamp 10.2 software (Molecular Devices). Currents (IpH)
elicited by lowering the pH of GORB below 7.5 were separated
by a GORB (pH 7.5) wash for 6 min for the oocytes to recover
from desensitization. Currents were considered to be stable if
the variation between consecutive IpH values varied by ≤10−
15%. All experiments were performed on at least three oocytes
from two different batches of oocytes.

Functional Screening of Chimeras. Initially, the macro-
scopic functionality of all chimeras was assayed by using TEVC
by measuring the proton-induced current amplitude induced by
changing the extracellular pH from 7.5 to 5.

Proton Concentration for Determination of Half-
Maximal Activation (pH50). Proton concentration−response
curves were obtained by exposing the oocytes to GORB at pH
<7.5 until a steady-state current was reached for the respective
pH and switching back to GORB (pH 7.5). Currents were
normalized to the maximal current obtained for each oocyte.
Most oocytes tolerated pH 4, and currents returned rapidly to
the initial baseline when the pH was switched back to 7.5.
Oocytes that became unstable upon exposure to acidic pH (5−
10%) were eliminated from data analysis. No significant
currents were obtained in mock oocytes (water-injected or
uninjected). At pH 4, the current in mock oocytes was <100
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nA, which was ≤10% of what was recorded in functional GLIC
constructs at the same pH. Data were fit using GraphPad Prism
version 6.00 (GraphPad Software, La Jolla, CA) with the
equation

= + − +
percent activation 100/[1 10 ]n(log EC log[H ])50 H

where [H+] is the proton concentration, nH is the Hill
coefficient, and EC50 is the H+ concentration for half-maximal
activation. The pH at half-maximal activation (pH50) is
calculated as follows

= −pH log EC50 50

Parameters from several oocytes were averaged to obtain the
mean EC50 and Hill coefficient. Data are presented as means ±
the standard error of the mean (SEM).
Concentration of TBA That Induces Half-Maximal

Inhibition (IC50) Determination. Large quaternary ammo-
nium compounds act as open channel blockers of nAChR, and
also of GLIC, by binding inside the channel pore roughly
halfway across the membrane.33 To compare the channel
morphology of our chimeras with that of GLIC, we investigated
channel block by TBA.33 A stock of 1 M TBA (Sigma-Aldrich)
in nuclease-free water was prepared on the day of the
experiment, and dilutions were made before each experiment
in GORB at pH 4.5. Inhibition curves were obtained by first
superfusing the oocyte at pH 7.5 and then exposing it to an
initial pH of 4.5. Once a steady-state current was reached, a
dilution of TBA (0.1 μM to 10 mM at pH 4.5) was applied.
Upon stabilization of this current, the reversibility of block was
tested by application of GORB at pH 4.5 without TBA. When
the steady-state current was reached, the currents were allowed
to return to baseline by application of GORB at pH 7.5. This
procedure was repeated for different concentrations of TBA to
obtain the IC50 curve. Currents obtained in the presence of
TBA were normalized against the current obtained for the pH
4.5 application alone for each individual oocyte. Data were fit
with Prism using the following equation:

= + − ×percent current remaining 100/[1 10 ]X n(log IC )50 H

Co-expression of hRIC-3 with GLIC−Eukaryotic−ICD
Chimeras. X. laevis oocytes were co-injected with cRNAs of
hRIC-3 (5 ng) and wild-type GLIC (10 ng) or functional
GLIC−nAChα7−ICD, GLIC−Glyα1−ICD, and GLIC−
GABAAρ1−ICD chimeras (10 ng). We investigated the effect
of hRIC-3 on receptor expression levels by measuring the
current amplitudes with two-electrode voltage-clamp recordings
by switching the pH of the external buffer from 7.5 to 5.0.
Immunoblotting. Oocytes, injected with Glyα1 wild-type

cRNA, as well as with GLIC−Glyα1−ICD 1B, 0B, 2A, 2B, AlB,
and 0 mutant cRNAs were washed thrice with OR2 (oocyte
recording buffer 2) on the day of the experiment and then
reacted with 0.5 mg/mL sulfo-NHS-LC-biotin (Thermo
Scientific) in OR2 (pH 7.5) for 30 min, after which they
were washed thrice with 1× OR2. Oocytes were then incubated
for 10 min at room temperature with buffer H [20 mM Tris-
HCl (pH 7.4) and 100 mM NaCl], followed by incubation with
buffer H++ [buffer H with 1% Triton X-100 and 0.5% sodium
deoxycholate and protease inhibitors (Thermo Scientific)].
They were then triturated and incubated for 1−2 h. High
Capacity NeutrAvidin Agarose beads (Thermo Scientific) were
washed with buffer H+ (buffer H with 1% Triton X-100 and
0.5% sodium deoxycholate). Solubilized oocytes were centri-

fuged twice at 20000g for 10 min at 4 °C. The clear middle
layer from each spin was separated, combined, and added to the
washed NeutrAvidin beads, and the entire mixture was allowed
to rotate at 4 °C for 1−2 h; 90 μL of the clear middle layer
between the yolk and pellet was kept as a total protein fraction.
Total protein was separated from biotinylated plasma
membrane proteins by centrifuging the NeutrAvidin bead
lysate mixture at 2500g for 2 min. The pellet was then washed
thrice with buffer H++. Laemmli buffer (4× SDS sample
buffer) was added to the samples, and the samples were
incubated at 37 °C for 10 min and then loaded onto a 4 to 15%
TGX gel (Bio-Rad Laboratories), blotted to PVDF membranes
(Bio-Rad Laboratories), and probed with goat anti-Glyα1
primary antibody (Everest Biotech) and rabbit anti-goat HRP-
conjugated secondary antibody (Thermo Scientific). Blots were
then developed with enhanced chemoluminescence substrate
(Thermo Scientific).

Overexpression and Purification of GLIC−Eukaryotic−
ICD Chimeras. Wild-type GLIC and GLIC−5-HT3A−ICD 1B
and 0B chimeric proteins were cloned into prokaryotic
expression vector pET26b and expressed as a fusion construct
with N-terminal maltose-binding protein (MBP) as described
previously.19,31 Wild-type GLIC and chimeric proteins were
overexpressed in E. coli C41 cells,34 grown in Terrific Broth
medium, containing 50 μg/mL kanamycin at 37 °C to an A600
of ∼1.6−1.8. Expression was induced with 0.2 mM isopropyl β-
D-thiogalactopyranoside overnight at 20 °C. Cells were
harvested and lysed using a microf luidizer (Microfluidics, Inc.)
in 50 mM potassium phosphate buffer with 150 mM NaCl (pH
8.0) (buffer A), with protease inhibitors. Unbroken cells were
removed from the cell lysate by centrifugation (20 min at
10000g), and the membranes were isolated by ultracentrifuga-
tion (60 min at 100000g). The proteins were extracted from
membranes with 2% n-dodecyl β-D-maltoside (DDM, Ana-
trace) under agitation at 4 °C, and the solubilized fraction was
cleared by ultracentrifugation. Solubilized proteins were first
purified by affinity chromatography, by binding to a Ni-NTA
column (Qiagen). The maltose-binding protein tag was cleaved
with human rhinovirus (HRV) 3C protease (Sino Biological
Inc., Beijing, China). Wild-type GLIC and GLIC chimeric
proteins were then separated from the cleaved His10-MBP tag
by using size exclusion chromatography on a Superdex 200 10/
300 size exclusion column (SEC, GE Healthcare) equilibrated
with buffer A with 0.05% DDM.

Gel Filtration Chromatography of GLIC−5-HT3A−ICD
1B. The oligomeric state of GLIC−5-HT3A−ICD 1B was
assessed by refractionating the peak from a first SEC by gel
filtration chromatography on a Superdex 200 10/300 size
exclusion column that was equilibrated with buffer A with
0.05% DDM. The eluate was monitored by UV absorbance at
280 nm. The apparent molecular mass of GLIC−5-HT3A−ICD
1B was determined by using the elution positions of molecular
mass standards, resolved under identical buffer conditions. The
elution volumes were as follows: ovalbumin (44 kDa), 15.4 mL;
conalbumin (75 kDa), 14.6 mL; aldolase (158 kDa), 13.2 mL;
ferritin (440 kDa), 10.8 mL. The calculated molecular mass of a
single subunit for the GLIC−5-HT3A−ICD 1B chimera based
on its amino acid sequence is 49 kDa, and for the pentamer 245
kDa.

Dynamic Light Scattering of GLIC−5-HT3A−ICD 1B.
The oligomeric state of highly purified GLIC−5-HT3A−ICD
1B protein (peak collected from SEC) was also analyzed by
dynamic light scattering measurements. Purified protein, in 50
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mM potassium phosphate (pH 8.0), 150 mM NaCl, and 1 mM
DDM, was diluted to a protein concentration of 1.0 mg/mL.
Samples were filtered with a 0.22 um Millipore Millex-GV filter
right before measurements, and the protein was subjected to
the light scattering measurements at 90° using a Brookhaven
Instruments (Brookhaven, CT) BI-200SM device with an
avalanche photodetector. The molecular mass of the protein
was calculated from the measured hydrodynamic radius and a
calibration curve that included seven soluble proteins
commonly used as molecular mass standards for size exclusion
chromatography (ribonuclease A, carbonic anhydrase, bovine
serum albumin, conalbumin, aldolase, ovalbumin, and IgG),
and three membrane proteins (KcsA, connexin 26 hemi-
channels, and P-glycoprotein).
Microtransplantation of Purified GLIC−5-HT3A−ICD

1B Chimeras into X. laevis Oocytes. Oocytes were injected
with 100 ng of purified GLIC−5-HT3A−ICD 1B chimera in
0.02% DDM and incubated overnight at 16 °C. Two-electrode
voltage-clamp recordings were performed ∼16 h postinjection
at a holding potential of −60 mV, as we described
elsewhere,35,36 with few modifications. Currents were elicited
in response to switching perfusion buffer from pH 7.5 to 4.0.
The oocyte chamber was continuously perfused with GORB at
a rate of ∼5 mL/min.

■ RESULTS
Functional GLIC Channels Obtained by Inserting

Different Eukaryotic ICDs into the GLIC M3−M4 Linker.
We generated chimeras by engineering the ICDs from three
different mammalian receptors, nAChα7, GABAAρ1, and
Glyα1, into the GLIC channel. All chimeras contain the
complete amino acid sequence of the respective mammalian
ICDs, but for each ICD, a series of chimeras that differ in the
portions of the GLIC M3−M4 linker that were removed in
stepwise fashion was generated (Figure 1). Optimization of the
insertion points of ICDs thus led to the construction of 12
different chimeras for each GLIC−eukaryotic−ICD set. In a
previous study, we had found that only two of 12 chimeras for
GLIC−5-HT3A−ICD chimeras were functional.31 Therefore,
we decided to generate a similar series for each of the ICDs
used in this study, with the intent of finding at least one
functional chimera in each set. All 36 chimeras were
heterologously expressed in X. laevis oocytes, and their
functionality was tested by two-electrode voltage-clamp experi-
ments. Because GLIC is a proton-gated channel,37 the
functionality of the generated chimeras with respect to their
ability of being gated by protons was screened by measuring the
current amplitudes induced by changing the extracellular pH
from 7.5 to 5. At least 10 chimeras of 12 were found to be
functional for each prokaryotic−eukaryotic−ICD set, with the
current amplitudes significantly different from those of water-
injected oocytes (Figure 2). For the GLIC−Glyα1−ICD set, 10
chimeras were functional with current amplitudes ranging from
2000 to 4000 nA. Eleven of the GLIC−nAChα7−ICD
chimeras were functional, and the current amplitudes range
from 4000 to 6000 nA. All 12 chimeras were functional in the
GLIC−GABAAρ1−ICD chimera set with a range of current
amplitudes from 4000 to 6000 nA.
Nonfunctional GLIC−Glyα1−ICD Chimeras Are Ex-

pressed on the Plasma Membrane. Two chimeras, 2A and
2B, from the GLIC−Glyα1−ICD set were nonfunctional. We
tested plasma membrane expression levels of chimeras from the
GLIC−Glyα1−ICD set by biotinylating membrane proteins

with membrane-impermeant sulfo-NHS-LC-biotin, isolating
the biotinylated proteins with avidin beads, and subsequently
performing Western blot analysis by using goat anti-Glyα1
primary and anti-goat HRP-conjugated secondary antibody. All
tested constructs, including the two nonfunctional chimeras
GLIC−Glyα1−ICD 2A and 2B were found in total protein as
well as in plasma membrane protein fractions of oocytes
(Figure 3). Our results indicate that the insertion of the 75-
amino acid ICD from Glyα1 did not alter the cell surface
expression of GLIC−Glyα1−ICD chimeras 2A and 2B. The
somewhat smeared running behavior of the 2A and SB chimera
bands as compared to that of other functional chimeras may
indicate a slightly increased susceptibility to protease
degradation. The results indicate that the nonfunctional
chimeras are capable of assembly and trafficking to the plasma
membrane. The loss of function of 2A and 2B constructs can
perhaps be explained by defective folding, which may have
interfered with either structural rearrangements underlying
gating transitions of the ion channel pore or obstruction of the
channel cavity.

The Proton Concentration That Induces Half-Maximal
Activation of Chimeric Channels Is within an Order of
Magnitude of That of Wild-Type GLIC. The concentration
of agonist, in this case protons, that induces half-maximal

Figure 1. M3−M4 loop in GLIC and design of the chimeras. (A)
Membrane topology of an individual GLIC subunit. The gray band
represents the extracellular domain, and the yellow region the
transmembrane domain with four α-helical segments (M1−M4);
dark gray, blue, and red regions indicate the M3−M4 linker region.
The triangle indicates the apex of the M3−M4 linker in the GLIC X-
ray structure where the eukaryotic ICDs were inserted. (B) Schematic
representation of GLIC (Protein Data Bank entry 3EAM) with regions
color-coded as in panel A for one subunit; the other subunits are
colored pink. (C) Magnification of the M3−M4 linker region. (D)
Sequence comparison of the M3−M4 linker area for wild-type GLIC
and engineered chimeras. Yellow bars on top indicate α-helical
segments M3 and M4. Gray, blue, and red backgrounds indicate amino
acids that were deleted from some linkers, where the respective areas
are missing. Black letters indicate α-helical segments, white letters the
wild-type GLIC M3−M4 linker residues, and green letters residues
added because of the engineered restriction sites (LK for AflII and CT
for BsrGI). Violet (G) indicates a Gly that was added for flexibility,
and the orange ICD represents the location of the inserted ICD.
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activation (pH50 = −log EC50) of wild-type GLIC and chimeric
channels was determined in TEVC experiments after
expression in X. laevis oocytes. The results for pH50 and Hill
coefficient (nH) values for all chimeras are summarized in
Figure 4, as well as Tables 1−3. The pH50 values of chimeric
channels were compared to that of wild-type GLIC by using
one-way analysis of variance with Dunnett’s post hoc test and
were found to be significantly different from that of wild-type
GLIC (pH50 = 5.8) for all the constructs from the GLIC−

Glyα1−ICD and GLIC−nAChα7−ICD chimera sets. The
chimeras with the most acidic pH50 values are 1A (pH 4.89 and
4.87) for both the GLIC−Glyα1−ICD and GLIC−nAChα7−
ICD sets (Figure 3). The chimeras with the most basic pH50
values are 1B (pH 5.30) and AG (pH 5.32) for the GLIC−

Figure 2. Screening for functional GLIC−eukaryotic−ICD chimeras after expression in X. laevis oocytes. Current amplitudes were recorded for (A)
GLIC−nAChα7−ICD (11−23 oocytes per construct), (B) GLIC−Glyα1−ICD (5−8 oocytes per construct), and (C) GLIC−GABAAρ1−ICD (6−
11 oocytes per construct) chimeras by switching the pH of the perfusion buffer from 7.5 to 5. (D) Sample currents obtained for GLIC−GABAAρ1−
ICD chimeras. The membrane potential was held constant at −60 mV. X. laevis oocytes were injected with cRNA of wild-type GLIC or different
GLIC−eukaryotic−ICD chimeras. All current amplitudes were compared with mock (uninjected or water-injected) oocytes by one-way analysis of
variance with Dunnett’s multiple-comparison post test. All symbols located off the dotted lines are significantly different from data of mock oocytes.
For 11 GLIC−nAChα7−ICD chimeras (except 2B that was not significant) and all GLIC−GABAAρ1−ICD chimeras, the multiplicity-adjusted p
value was <0.0001 upon comparison to mock oocytes; for GLIC-Glyα1-ICD, the 0 chimera had a p value of 0.0011, and for 0A and 1A, the p values
were 0.0004 and 0.0002, respectively. 2A and 2B were not significant, and all others had p values of <0.0001. Error bars indicate SEM.

Figure 3. (A) Total and (B) plasmamembrane protein expression of
GLIC−Glyα1−ICD chimeras in X. laevis oocytes. Plasma membrane
proteins were isolated after biotinylation with sulfo-NHS-LC biotin
and subsequent incubation with avidin beads. The plasma membrane
and total protein fractions of oocytes were resolved on TGX gels,
blotted to PVDF membranes, and probed with goat anti-Glyα1
antibody (Everest Biotech), and subsequently HRP-conjugated rabbit
anti-goat antibody (Thermo Scientific). Glyα1 wild-type cRNA and
water-injected oocytes (UI) were used as positive and negative
controls, respectively. Note that all chimeras are detected in plasma
membrane fractions, and that the nonfunctional chimeras 2A and 2B
have the highest expression level.

Figure 4. Dose−response relationships for proton gating of functional
GLIC−eukaryotic−ICD chimeras: (A) GLIC−nAChα7−ICD, (B)
GLIC−Glyα1−ICD, and (C) GLIC−GABAAρ1−ICD. (D) Sample
current traces shown for GLIC−GABAAρ1−ICD 0B. Currents
recorded by TEVC from X. laevis oocytes injected with wild-type
GLIC (black symbols and black dose−response curve) and chimera
cRNA (lowest pH50 colored red, highest blue, and all others gray)
obtained by graded reductions of perfusion buffer pH. The holding
potential was −60 mV. Error bars indicate the SEM. Chimeras were
compared to wild-type GLIC by one-way analysis of variance with
Dunnett’s multiple-comparison post test, and results are detailed in
Tables 1−3.
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Glyα1−ICD and GLIC−nAChα7−ICD sets, respectively.
There are only four constructs, AG, 1A, 2A, and 0B, in the
GLIC−GABAAρ1−ICD chimera set with pH50 values signifi-
cantly different from that of wild-type GLIC. The Hill
coefficient (nH) ranged from 1.3 to 2.2 and was not significantly
different for any of the chimeras compared to that of wild-type
GLIC (nH = 1.4), except for GLIC−nAChα7−ICD AG (nH =
1.9).
The Channel Blocker Concentration That Causes Half-

Maximal Inhibition Is within an Order of Magnitude for
Chimeras As Compared to That of Wild-Type GLIC. GLIC
can be reversibly inhibited by quaternary ammonium
compounds added to the extracellular side of the channel.33

We investigated the inhibitory effect of a known GLIC blocker,
TBA, on the chimeras by TEVC recordings in X. laevis oocytes
injected with cRNA of wild-type GLIC and GLIC−eukaryotic−

ICD chimeras. The half-maximal inhibitory concentration
(IC50) of TBA was determined for 1B and 0B chimeras from
each set using a pH of 4.5 to open the channels. The IC50 and
log IC50 values are summarized in Figure 5 and Table 4. The
IC50 for wild-type GLIC was found to be 0.5 mM. The TBA
IC50 values for the chimeras ranged from 0.1 to 2 mM. While
both GLIC−Glyα1 and GLIC−nAChα7 chimeras displayed
IC50 values similar to that of wild-type GLIC, both GLIC−
5HT3A chimeras had a significantly lower IC50 (0.1 mM) and
the GLIC−GABAAρ1 0B chimera a significantly higher IC50 (2
mM). The GLIC−GABAAρ1-1B chimera behaved like wild-
type GLIC. Overall, compared to wild-type GLIC, the chimeras
displayed IC50 values for TBA that were 5-fold lower to 4-fold
higher than that of the wild type.

hRIC-3 Alters Plasma Membrane Expression of
Chimeras That Contain the ICD of Cation-Conducting,
but Not Anion-Conducting, Cys-Loop Receptors. hRIC-3
(resistance to inhibitors of cholinesterase) is a member of a
conserved gene family that has been described as a chaperone
protein that influences plasma membrane expression levels of
various Cys-loop receptors such as nAChα7, nAChα4β2, and 5-
HT3A receptors by modulating maturation of these recep-
tors.38,39 We have previously shown that for 5-HT3A receptors,
the ICD is required for the attenuation of serotonin-induced
currents observed upon co-expression with hRIC-3.40 Addi-
tionally, we have demonstrated that current amplitudes caused
by acidic gating (switch from pH 7.5 to 5) in GLIC−5-HT3A−
ICD chimeras 0B and 1B are attenuated when the chimeras are
co-expressed with hRIC-3 in X. laevis oocytes.31 On the
contrary, hRIC-3 co-expression did not alter currents in wild-
type GLIC-expressing oocytes. Here, we co-expressed hRIC-3
with GLIC−nAChα7−ICD, GLIC−GABAAρ1−ICD, and
GLIC−Glyα1−ICD chimeras and recorded current amplitudes
upon switching from external buffer at pH 7.5 to buffer at pH 5.
Oocytes co-expressing GLIC−nAChα7−ICD chimeras show
attenuated currents when they are co-expressed with hRIC-3 as
compared with oocytes expressing only the chimeras (Figure
6). The mean current levels without RIC-3 ranged from 2744
to 5034 nA in all chimeras and from 34 to 466 nA in all

Table 1. Comparison of the Log EC50 and Hill Coefficient
Values of GLIC−Glyα1−ICD Chimeras with Wild-Type
GLICa

chimera −log EC50 nH n

WT GLIC 5.81 ± 0.05 −1.40 ± 0.10 3
O 5.07 ± 0.13d −1.94 ± 0.22 6
A 5.16 ± 0.11c −1.48 ± 0.16 3
OG 5.23 ± 0.07b −1.63 ± 0.13 4
AG 5.20 ± 0.18b −1.84 ± 0.06 3
OA 5.07 ± 0.04c −1.85 ± 0.19 3
OB 5.18 ± 0.06c −1.39 ± 0.02 3
1A 4.90 ± 0.16d −2.15 ± 0.50 3
1B 5.30 ± 0.19b −1.33 ± 0.05 3
AGOG 5.11 ± 0.03c −1.73 ± 0.13 4
AlB 5.14 ± 0.05c −1.47 ± 0.15 4

aLog EC50 and Hill coefficient (nH) values of GLIC−Glyα1−ICD
chimeras were compared to those of wild-type GLIC by one-way
ANOVA with Dunnett’s multiple-comparison post test. The number
of oocytes per construct is given as n. Standard errors are given.
bMultiplicity-adjusted p value of <0.05. cMultiplicity-adjusted p value
of ≤0.01. dMultiplicity-adjusted p value of ≤0.001.

Table 2. Comparison of the Log EC50 and Hill Coefficient
Values of GLIC−GABAAρ1−ICD Chimeras with Wild-Type
GLICa

chimera −log EC50 nH n

WT GLIC 5.81 ± 0.05 −1.40 ± 0.10 3
O 5.46 ± 0.24 −1.50 ± 0.17 3
A 5.55 ± 0.07 −1.60 ± 0.19 3
OG 5.60 ± 0.04 −1.62 ± 0.06 3
AG 5.19 ± 0.02c −1.44 ± 0.11 3
OA 5.64 ± 0.14 −1.95 ± 0.37 3
OB 5.38 ± 0.05b −1.40 ± 0.16 4
1A 4.94 ± 0.09d −1.68 ± 0.07 4
1B 5.42 ± 0.12 −1.98 ± 0.45 3
2A 5.16 ± 0.05c −1.59 ± 0.22 3
2B 5.77 ± 0.08 −1.81 ± 0.14 3
AGOG 5.46 ± 0.12 −1.62 ± 0.13 4
AlB 5.59 ± 0.14 −1.89 ± 0.31 3

aLog EC50 and Hill coefficient (nH) values of GLIC−ICD chimeras
were compared to those of wild-type GLIC by one-way ANOVA with
Dunnett’s multiple-comparison post test. The number of oocytes per
construct is given as n. Standard errors are given. bMultiplicity-
adjusted p value of <0.05. cMultiplicity-adjusted p value of ≤0.01.
dMultiplicity-adjusted p value of ≤0.0001.

Table 3. Comparison of the Log EC50 and Hill Coefficient
Values of GLIC−nAChα7−ICD Chimeras with Wild-Type
GLICa

chimera −log EC50 nH n

WT GLIC 5.81 ± 0.05 −1.40 ± 0.10 3
O 5.23 ± 0.10c −1.70 ± 0.12 3
A 5.20 ± 0.06c −1.58 ± 0.08 3
OG 4.94 ± 0.03c −1.57 ± 0.03 3
AG 5.31 ± 0.01b −1.94 ± 0.12d 3
OA 4.93 ± 0.03c −1.44 ± 0.08 3
OB 5.18 ± 0.12c −1.41 ± 0.11 3
1A 4.93 ± 0.02c −1.43 ± 0.04 3
1B 5.28 ± 0.08b −1.38 ± 0.03 3
2A 5.02 ± 0.14c −1.63 ± 0.07 3
AGOG 4.98 ± 0.002c −1.53 ± 0.09 3
AlB 5.15 ± 0.06c −1.59 ± 0.13 3

aLog EC50 and Hill coefficient (nH) values of GLIC−ICD chimeras
were compared to those of wild-type GLIC by one-way ANOVA with
Dunnett’s multiple-comparison post test. The number of oocytes per
construct is given as n. Standard Errors are given. bMultiplicity-
adjusted p value of ≤0.001. cMultiplicity-adjusted p value of ≤0.0001.
dMultiplicity-adjusted p value of ≤0.01.
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chimeras co-expressed with hRIC-3. After RIC-3 co-expression,
currents were similar to those of mock oocytes. However, the
current amplitudes of anionic−ICD chimeras, both GLIC−
GABAAρ1−ICD and GLIC−Glyα1−ICD, were not altered by
hRIC-3 co-expression (Figure 6). With regard to hRIC-3
interaction, the chimeras thus closely reflect the parent
eukaryotic wild-type receptors that contributed the ICD to
the chimeras, in that expression of 5-HT3A and nAChα7 is
altered by hRIC-3 whereas that of GABAAρ1 and Glyα1 is not
changed.38,39,41 This suggests that the ICD in both GLIC−
nAChα7−ICD and GLIC−5-HT3A−ICD chimeras interacts
with hRIC-3, and that this interaction alters the level of
expression of functional channels in the plasma membrane.
GLIC−5-HT3A−ICD Chimeras Purified from E. coli

Membranes Are Pentameric Assemblies. We expressed
wild-type GLIC and the two functional chimeras from GLIC−

5-HT3A−ICD set, 1B and 0B, in E. coli as N-terminal fusion
proteins with maltose-binding protein (MBP). E. coli
membranes were solubilized with 2% DDM, and proteins
were purified by Ni affinity chromatography (Figure 7A). The
MBP tag was cleaved with human rhinovirus (HRV) 3C
protease, and the GLIC chimeras were separated from cleaved
His10-MBP tags by using size exclusion chromatography (SEC)
on a Superdex 200 10/300 column, equilibrated in buffer A
with 0.05% DDM. Fractions of the peak corresponding to the
pentamer were pooled and concentrated (Figure 7B).
Molecular mass markers were used for generating a calibration
for size determination with SEC (Figure 7C). The calculated
molecular mass of pentameric GLIC−5-HT3A−ICD 1B
chimera, based on its amino acid sequence, is 245 kDa. On
the basis of the elution volume of 11.96 ± 0.04 mL (n = 5), its
size is 265.6 ± 5.1 kDa. The pentameric assembly of purified

Figure 5. Dose−response relationships for inhibition by the channel blocker TBA in GLIC−eukaryotic−ICD chimeras: (A) GLIC−5-HT3A−ICD,
(B) GLIC−nAChα7−ICD, (C) GLIC−Glyα1−ICD, and (D) GLIC−GABAAρ1−ICD. (E) Current traces recorded from GLIC−GABAAρ1−ICD
0B provided as an example. Empty bars over current traces indicate the application period of pH 4.5 and filled bars of TBA at increasing
concentrations. TEVC experiments were conducted in X. laevis oocytes injected with cRNA of wild-type GLIC (●) and different GLIC−eukaryotic−
ICD chimeras [1B (■) and 0B (▲)]. The holding potential was −60 mV. Error bars indicate the SEM. Chimeras were compared to wild-type GLIC
by one-way analysis of variance with Dunnett’s multiple-comparison post test, and results are detailed in Table 4.
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proteins was also confirmed by dynamic light scattering
experiments, which gave a hydrodynamic radius of 7.6 ± 0.3
nm, and a calculated molecular mass of the protein−detergent
complex of 275 ± 23 kDa (n = 10, from two different
preparations). Additionally, we microtransplanted purified
DDM-solubilized protein into X. laevis oocytes (Figure 7D).
The oocytes injected with the GLIC−5-HT3A−ICD 1B chimera
and uninjected oocytes both displayed currents in response to

pH 4.0. However, the responses from the GLIC−5-HT3A−ICD
1B chimera of −90.7 ± 6.2 nA (mean ± SEM; n = 4) at pH 4.0
were ∼3-fold greater (unpaired t test; p = 0.0002) than the
current responses observed in uninjected oocytes [−30.1 ± 4.6
nA (mean ± SEM; n = 4)]. The observed weak proton-induced
currents, from endogenous acid-sensitive channels, in unin-
jected oocytes have been reported elsewhere.36 The function-
ality of the transplanted GLIC−5-HT3A−ICD 1B chimera in
this bulk assay further is comparable to results previously
published under similar conditions for GLIC and further
substantiates pentameric assembly of the chimera.36,42

■ DISCUSSION
The structure and function of the extracellular and trans-
membrane domains of pLGICs have been widely investigated
in different members of the superfamily. These domains are
major determinants of ligand binding, channel gating, and ion
permeation. They share significant sequence identities and the
same overall fold within different receptor subtypes. On the
other hand, the structure and function of the intracellular
domain have been far less investigated and are not fully
understood. The ICD is known to play a crucial role in
assembly, trafficking, and anchoring of Cys-loop receptors.43,44

It is a target for post-translational modifications like
palmitoylation, phosphorylation, and ubiquitination, which
can modulate receptor function.45−47 Additionally, the ICD
directly contributes to the modulation of ion flux. For 5-HT3AR,
it has been shown previously that arginines in the MA helix
limit the single-channel conductance to subpicosiemen
levels.48,49 It was initially presumed that those arginines line
intracellular portals that connect the intracellular side to the
channel lumen. A recent crystal structure of protease-digested
5-HT3A with a cleaved intracellular domain, however, showed
that those arginines are involved in salt bridges with a post M3
loop and are in fact not lining the ion pathway.28 Interestingly,
comparable mutations in other Cys-loop receptors resulted in
only minor alterations of single-channel conductance.50 For
anionic GlyR, corresponding mutations in the MA helix have
only a weak impact on single-channel conductance,51 and
removal of the entire ICD does not affect the single-channel
conductance.52 Many single-point mutations in pLGIC have
been shown to alter single-channel conductance, while the
respective positions are distal from the ion conduction pathway.
For example, a single-channel proton transfer approach showed
changes in single-channel conductance for many positions in
M1 and M3 of nAChR.53 This indicates that more research is
necessary to fully understand how the ICD modulates ion flux.
The ICD is the most divergent domain with respect to both
length (approximately 50−270 amino acids) and amino acid
sequence. This diversity makes the ICD an intriguing target for
the future design of subunit-specific drugs. However, the
diversity in primary sequence and length of the ICD also makes
difficult the use of computational approaches to elucidate
possible structures of the ICD. As a result, it is essential to
study the three-dimensional structure of the ICD for individual
members of the superfamily.
In this study, we have used a chimera approach to introduce

ICDs from eukaryotic receptors into the prokaryotic GLIC.
GLIC is the best-studied prokaryotic pLGIC homologue. Its X-
ray structure has been determined with various ligands, and
structures of functionally altered mutants have also been
determined at high resolution for functional investiga-
tions.22,24,33,54 Chimera approaches have been successfully

Table 4. Log IC50 Values for TBA Inhibition of pH 4.5-
Induced Currentsa

chimera log IC50 IC50 (μM) n

WT GLIC −3.34 ± 0.10 525 6
GLIC−5-HT3A 1B −3.92 ± 0.07b 125 5
GLIC−5-HT3A 0B −4.02 ± 0.15c 120 6
GLIC−nAChα7 1B −3.30 ± 0.08 525 4
GLIC−nAChα7 0B −3.44 ± 0.10 392 4
GLIC−GABAAρ1 1B −3.04 ± 0.14 1042 4
GLIC−GABAAρ1 OB −2.70 ± 0.03c 2061 4
GLIC−Glyα1 1B −3.36 ± 0.08 456 5
GLIC−Glyα1 0B −3.53 ± 0.10 327 4

aLog IC50 values of GLIC−ICD chimeras were compared to those of
wild-type GLIC by one-way ANOVA with Dunnett’s multiple-
comparison post test. Standard Errors are given. bMultiplicity-adjusted
p value of ≤0.01. cMultiplicity-adjusted p value of ≤0.001.

Figure 6. (A) hRIC-3 modulation of plasma membrane expression
levels of GLIC−nAChα7−ICD chimeras. Wild-type GLIC and GLIC
chimeras were expressed without (white bars with black line) and with
hRIC-3 (black bars) in X. laevis oocytes, and plasma membrane
expression levels were investigated with TEVC after 48 h by switching
the pH of the external buffer from 7.5 to 5. RIC-3 co-expression did
not alter wild-type GLIC current amplitudes but almost abolished
currents induced by application of acidic pH for all functional
chimeras. The number of oocytes (n) used for each construct and
condition was 5−11. (B) Co-expression of RIC-3 did not alter pLGIC
with ICDs from anion-conducting channels for wild-type Glyα1 and
GABAAρ1 (black bars) or the respective chimeras, 1B chimeras (gray
bars) or 0B chimeras (white bars). The number of oocytes (n) used
for each construct and condition was 10−20. For each construct, the
current amplitude without hRIC-3 (left) was compared to that with
hRIC-3 (right) with a one-way ANOVA and Holm-Šid́aḱ. Significance
is indicated as ns (not significant), and multiplicity-adjusted p values
are reported as <0.0001 (four asterisks).
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applied between different eukaryotic pLGIC family mem-
bers.31,54−56

GLIC consists of ECD, TMD, and a short linker between
transmembrane segments M3 and M4, in place of the ICD.
Previously, we have made a chimera between the mammalian
serotonin receptor (5-HT3A) and GLIC by replacing the ICD
of 5-HT3A with the computationally predicted16 M3−M4 linker
of GLIC (SQPARAA).40 This 5-HT3AglvM3M4 chimera was
able to fold, assemble, and function as a ligand-gated ion
channel. Interestingly, when the GLIC X-ray structures were
published,19,22 the actual linker between α-helical segments M3
and M4 was shifted and shorter (ESQP, underlined QP was
present in both chimera sets). When this linker was used to
engineer a 5-HT3A−ESQP chimera, it was not functional.57

Clearly, this indicates that the chimeras that retain function
cannot be predicted.
Using the opposite chimera approach, we used the ECD and

TMD of GLIC and added the 115-amino acid ICD from 5-
HT3A, as described in a previous study.31 For the GLIC−5-
HT3A−ICD chimera set, we had to vastly modify the insertion
points of the ICD and create a total of 12 different chimeras to
generate functional constructs. Only two chimeras of 12 were

functional proton-gated ion channels in the GLIC−5-HT3A−
ICD set with pH50 values comparable to that of GLIC, whereas
the other 10 constructs could not be gated by protons. Here,
we have engineered three novel sets of GLIC−eukaryotic−ICD
constructs with ICDs nAChα7 (72 amino acids), GABAAρ1
(82 amino acids), and Glyα1 (75 amino acids) added to the
GLIC M3−M4 linker. To optimize the insertion points of the
ICD, both the N- and C-terminal regions of GLIC adjacent to
the inserted ICD were modified yielding 12 chimeras for each
GLIC−eukaryotic−ICD set.
In contrast to this previous set, the vast majority of the

chimeras from the GLIC−nAChα7−ICD, GLIC−Glyα1−ICD,
and GLIC−GABAAρ1−ICD sets were functional proton-gated
ion channels. We identified 11 functional chimeras in the
GLIC−nAChα7−ICD set, 10 in the GLIC−Glyα1−ICD set,
and 12 in the GLIC−GABAAρ1−ICD set, with pH50 values
only up to 10-fold different from that of GLIC. Therefore, we
conclude that the insertion of eukaryotic ICDs into GLIC only
moderately interfered with conformational transitions necessary
to couple ligand binding to channel gating. Importantly, the
functionality also indicates that the insertions allowed the
assembly of the chimeras into functional oligomers. Functional

Figure 7. Purification and size exclusion chromatography of the GLIC−5-HT3A−ICD 1B chimera from E. coli. (A) Protein was purified from E. coli
membranes, expressing the GLIC−5-HT3A−ICD 1B chimera by chromatography on Ni-NTA resin. Eluted protein fractions were resolved on a 4 to
15% polyacrylamide gel (TGX) and stained with Coomassie Blue. The positions of the molecular mass protein markers are indicated in kilodaltons.
The left lane contained protein cleaved with HRV 3C protease. Note that PelB−His10−MBP (calculated molecular mass of 46 kDa) and GLIC−5-
HT3A−ICD 1B (calculated molecular mass 49 kDa) run as one broad band because the chimera and MBP are approximately the same size. The right
lane contained the eluate from the immobilized metal affinity chromatography (Nickel), PelB−His10−MBP−GLIC−5-HT3A−ICD 1B (calculated
molecular mass of 95 kDa). (B) One milligram of affinity-purified and cleaved protein was loaded on a Superdex 200 10/300 column for size
exclusion chromatography (SEC) and resolved in buffer A containing 0.1% DDM (first SEC). Fractions corresponding to the pentameric GLIC−5-
HT3A−ICD 1B chimera were reloaded into the SEC apparatus (second SEC). A representative example of three independent runs is shown. (C)
Calibration and size determination of GLIC−5-HT3A−ICD 1B via SEC. Kav = (VE − V0)/(VC − V0), where VE is the elution volume, VC is the
volume of the column, and V0 is the void volume. The elution volume of GLIC−5-HT3A−ICD 1B indicates a size of 265.3 kDa. (D) Injection of
purified GLIC−5-HT3A−ICD 1B into X. laevis oocytes yielded currents upon switching perfusion buffer from pH 7.5 to 4.0 that were significantly
larger than those of uninjected (UI) oocytes.
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channels have so far been reported only for the pentameric
assemblies of this ion channel superfamily; therefore, the
functionality of our chimeras likely indicates their pentameric
assembly. It is intriguing to speculate why only two 5-HT3A
chimeras were functional but significantly more in all other sets.
The X-ray structure of the 5-HT3A receptor shows that the MA
helix is continuous with the M4 helix. Only the chimeras with
the “B” linker between ICD and M4 for this chimera set were
functional (0B and 1B), which indicates that significant
constraints existed with regard to the insertion of the MA
helix in relation to M4. For the N-terminal insertion, both the
“0” and “1” insertions lead to functional channels in
conjunction with the C-terminal “B”. This indicates that there
is more flexibility in this post-M3 area. Indeed, the crystal
structure shows a flexible linker between M3 and a subsequent
short intracellular helix that forms salt bridges with three
arginines in the MA helix. It is possible that the other ICDs
tested in this study do not have an MA helix that is continuous
with M4 or none at all, which would significantly relax steric
constraints for making certain linkers work. The differences
observed with just the number of functional chimeras in each
set already underline the great diversity of the ICDs.
The transmembrane domain of pLGICs is composed of four

α-helices, named M1−M4, that form a transmembrane pore
bordered by the M2 helices. The flow of ions across the
membrane is inhibited by a structurally diverse class of
molecules, including tricyclic antidepressants, anesthetics, and
quaternary ammonium compounds that bind to the trans-
membrane pore. TBA as an open channel blocker and
quaternary ammonium compound is known to reversibly
inhibit GLIC in its open state.33 TBA is shown to bind at the
center, halfway across the membrane. To investigate whether
the insertion of the ICD between M3 and M4 altered the
transmembrane channel pore in GLIC−eukaryotic−ICD
chimeras, we tested the inhibitory effect of TBA on the
chimeric channels by TEVC recordings in oocytes. The half-
maximal inhibitory concentration (IC50) of TBA was
determined for GLIC and for all 1B and 0B chimeras from
all four chimera sets. The IC50 values between GLIC−ICD
chimeras and wild-type GLIC were between 5-fold lower and 4-
fold higher. Similar concentration ranges have been reported
for similar cationic blockers within the pentameric ligand-gated
ion channel family.33,58−60 The proton and TBA dose−
response curves overall indicate that the insertion of the large
ICDs is tolerated by the parent GLIC channel.
To assess the folding of the engineered ICDs in functional

chimeras, we used the modulation of expression of functional
GLIC−eukaryotic−ICD-containing receptors by the chaperone
protein RIC-3. Under our experimental conditions, the level of
expression of functional GLIC−nAChα7−ICD chimeras but
not wild-type GLIC was reduced by co-expression of RIC-3, as
determined by reduction of proton-induced currents in TEVC
experiments in X. laevis oocytes. On the basis of these data, we
conclude that the α7 ICD in these chimeras is folded to interact
with RIC-3. We did not observe any changes in current
amplitudes of oocytes co-expressing RIC-3 and GLIC−Glyα1−
ICD or GLIC−GABAAρ1−ICD chimeras as compared to the
chimeras alone. These results are in agreement with previous
observations for GABAA, glycine, or glutamate receptors
showing that RIC-3 does not affect the expression levels of
these receptors.38,39,41 We have previously shown that RIC-3
can modulate current amplitudes of GLIC−5-HT3A−ICD 1B
and 0B chimeras,31 which confirms that the 5-HT3A−ICD in

the chimeras is folded in a native conformation or at least in a
conformation that supports interaction with RIC-3. Our data
also support the conclusion that the ICD mediates the
interaction with RIC-3. We have shown that expression of
wild-type 5-HT3AR on oocyte plasma membranes is also
inhibited by co-expression of RIC-3 by measuring the maximal
5-HT-inducible current with TEVC.40 Replacement of the ICD
of 5-HT3AR with SQPARAA (5-HT3A-glvM3M4) abolished
RIC-3 inhibition, indicating that the ICD is required for the
RIC-3 effect.40

GLIC and GLIC−5-HT3A 1B and 0B chimeric proteins were
expressed in E. coli as fusion constructs with N-terminal
maltose-binding protein (MBP). We have shown that GLIC−5-
HT3A 1B and 0B chimeric proteins can be purified from E. coli
in quantities and purities amenable to structural studies. It is
possible that parts of the 5-HT3A−ICD, likely inside the third
that was proteolyzed for determination of the X-ray structure,
do not have a defined secondary structure. This may prevent
determination of the structure of such segments with X-ray
crystallography. However, proteins with long loops of non-
defined secondary structure have been crystallized in the past.
The structure of the dysferlin inner DysF domain, for example,
was determined at a resolution of 1.9 Å despite the presence of
several loops, the longest being 77 amino acids in length.61

Additionally, the chimeras are also valuable tools for other
structural methods (EPR and NMR spectroscopy, for example)
for obtaining structural information about potential flexible
segments.
The pentameric assembly of purified GLIC−5HT3A−ICD 1B

receptors in solution was confirmed by light scattering
experiments and size exclusion chromatography. Additionally,
microtransplantation into oocytes yielded proton-gated chan-
nels, further corroborating pentameric assembly. Importantly,
this underlines that the pentameric assembly of purified protein
is maintained for GLIC−5HT3A−ICD chimeras in solution.
Previously, it was shown that the ECD of GLIC alone did not
support pentameric assembly in solution.62 In fact, size
exclusion chromatography indicated a monomeric state of
GLIC−ECD in solution, even at the high concentrations used
for crystallization. Surprisingly, upon crystallization, GLIC−
ECD showed a hexameric quaternary structure. On the other
hand, acetylcholine-binding protein,11,12 a non-channel soluble
protein found in the snail Lymnaea stagnalis, that is homologous
to the ECD of nAChR, and engineered ECD-only constructs of
pLGIC that can form functional homopentameric pLGIC,
including GlyRα1 subunits, are pentameric assemblies under
comparable conditions in solution.63 Subunits of nAChRα1
that normally are found in heteropentamers do not assemble
into higher oligomeric states.64 Constructs that solely consist of
the TMD are able to pentamerize, as was shown in a multitude
of elegant NMR studies, for both homopentameric (nAChα7)
and heteropentameric (nAChα4 and β2) pLGICs.65,66

Our ultimate goal was to construct GLIC−ICD chimeras
with both ICDs from anion-conducting and cation-conducting
eukaryotic pLGICs that are both functional as ligand-gated ion
channels and additionally retain the homopentameric assembly
of GLIC and of pLGIC in general during high-level
overexpression in E. coli and purification to homogeneity.
GLIC−eukaryotic−ICD constructs can be used as valuable
tools for obtaining atomic resolution structures of diverse Cys-
loop receptor intracellular domains. The chimera approach
based on the GLIC backbone with a determined X-ray structure
provides the basis for high-level expression and will help in
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model building during X-ray structure generation. Importantly,
the large quantities of chimeras that can be generated open
multiple other avenues for structural studies. Overall, the
chimeras may expedite and facilitate elucidation of the expected
intrinsic variability in structural folds of the ICD of eukaryotic
pLGICs that is intrinsically diverse with regard to both its
length and amino acid composition. Additionally, the chimeras
provide valuable tools for studying functional contributions,
posttranslational modifications, and interacting proteins of the
ICD in more detail. This will pave the way for developing
structure-based subtype-selective drugs and provide new
insights into the understanding of the molecular mechanisms
governing Cys-loop receptor function and its modulation by
various therapeutic and addictive drugs.
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