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Abstract

We compared the effects of three missense mutations in the GABA receptor y2 subunit on
GABA receptor assembly, trafficking and function in HEK293T cells cotransfected with al, 32,
and wildtype or mutant y2 subunits. The mutations R82Q and P83S were identified in families
with genetic epilepsy with febrile seizures plus (GEFS+), and N79S was found in a single patient
with generalized tonic-clonic seizures (GTCS). Although all three mutations were located in an N
terminal loop that contributes to the y+/B— subunit-subunit interface, we found that each mutation
impaired GABA receptor assembly to a different extent. The y2(R82Q) and y2(P83S) subunits
had reduced a1p2y2 receptor surface expression due to impaired assembly into pentamers,
endoplasmic reticulum (ER) retention and degradation. In contrast, y2(N79S) subunits were
efficiently assembled into GABA receptors with only minimally altered receptor trafficking,
suggesting that N79S was a rare or susceptibility variant rather than an epilepsy mutation.
Increased structural variability at assembly motifs was predicted by R82Q and P83S, but not
N79S, substitution, suggesting that R82Q and P83S substitutions were less tolerated. Membrane
proteins with missense mutations that impair folding and assembly often can be “rescued” by
decreased temperatures. We coexpressed wildtype or mutant y2 subunits with al and 2 subunits
and found increased surface and total levels of both wildtype and mutant y2 subunits after
decreasing the incubation temperature to 30 °C for 24 hours, suggesting that lower temperatures
increased GABA receptor stability. Thus epilepsy-associated mutations N79S, R82Q and P83S
disrupted GABA receptor assembly to different extents, an effect that could be potentially
rescued by facilitating protein folding and assembly.
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Introduction

Epilepsy is a common neurological disorder that affects about 1% of the world's population
(Sander, 2003), and genetic epilepsy (GE) syndromes comprise ~30% of all cases (Steinlein,
2004; Reid et al., 2009). Many epilepsy-mutations in affected individuals in families with
GEs have been found in ion channels, including y-amino butyric acid (GABA) type A
(GABA) receptors, which are heteropentameric chloride ion channels that mediate the
majority of inhibitory neurotransmission in the CNS. The receptor is composed of five
subunits, and the predominant synaptic receptors are composed of two a subunits, two
subunits and one y2 subunit. The most common epilepsy-associated GABA receptor gene
(GABR) is GABRG2, and epilepsy mutations in y2 subunits have been shown to decrease
receptor function by altering receptor biogenesis or channel function (Macdonald and Kang,
2009). Three GABRG2 mutations R82Q, P83S and N79S (numbered based on the immature
v2 subunit containing the signal peptide) were reported to be associated with generalized
epilepsies and are all located in the same structural loop in the N terminus of y2 subunits,
suggesting that they might impair GABA receptor function similarly.

R82Q is one of the best characterized epilepsy-associated GABRG2 mutations. It was
originally found in a large family with genetic epilepsy with febrile seizures plus (GEFS+)
(Wallace et al., 2001; Marini et al., 2003), contributing to childhood absence epilepsy and
febrile seizures. A single nucleotide substitution caused a highly conserved arginine residue
located within a loop between the a-helix and the B1-sheet (the a-f1 loop) in the
extracellular N terminus to be replaced by a glutamine (Figure 1A), resulting in impaired
surface expression of y2 subunits and decreased GABA receptor currents (Bianchi et al.,
2002; Kang and Macdonald, 2004; Sancar and Czajkowski, 2004; Hales et al., 2005; Eugene
et al., 2007; Frugier et al., 2007). Heterozygous knock-in mice carrying this mutation
displayed spontaneous spike-wave discharges and thermal-induced seizures (Tan et al.,
2007; Reid et al., 2013), consistent with R82Q being an epilepsy-causing mutation.
However, whether this mutation has dominant negative effects on other GABA receptor
subunits and how it affects subunit-subunit interactions is still controversial (Hales et al.,
2005; Frugier et al., 2007). A recent study showed that while loss of y2 subunit function
could account for the absence seizure phenotype, the R82Q mutation might be responsible
for the febrile seizure phenotype (Reid et al., 2013), further suggesting that the R82Q
mutation had effects in addition to haploinsufficiency.

Recently, another epilepsy-associated GABRG2 mutation, P83S, which is also located within
the a-p1 loop of the y2 subunit, was identified in a three generation GEFS+ family
(Lachance-Touchette et al., 2011). Although this mutation was found in all affected
individuals in this family and was predicted to have damaging effects, it was reported that
GABA receptor channel function was not affected by the mutation, and the effects on
receptor trafficking were not addressed. How this mutation contributes to epileptogenesis is
therefore still uncertain.

Finally, it was reported that a GABRG2 mutation, N79S, also located in the a-p1 loop of the
v2 subunit, was found in a single patient with generalized tonic-clonic seizures (GTCS) (Shi
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et al., 2010). The mutation was reported to only modify the steepness of the GABA
concentration-response curve (Migita et al., 2013).

All three mutations are located in the N terminal domain of y2 subunits that forms part of
the y2+/B2- subunit interface (Figure 1B), suggesting that they may produce similar
impairments of subunit oligomerization and receptor assembly (Hales et al., 2005). In the
present study, we compared the effects of these three epilepsy-associated GABRG2
mutations on surface expression and function of a1p2y2 receptors in transfected HEK293T
cells and rat cortical neurons and found that they impaired assembly and trafficking of
GABA receptors by similar mechanisms but to different extents.

Materials and Methods

Expression vectors

The coding sequences of human al, f2 and y2 GABA receptor subunits were cloned into
pcDNAZ3.1 expression vectors (Invitrogen). All subunit residues were numbered based on
the immature peptide. Mutant y2 subunit constructs were generated using the QuikChange
site-directed mutagenesis kit (Stratagene). An HA or FLAG epitope was inserted at a
functionally silent site (between the 4" and 5™ residue of the mature peptide) to facilitate
our experiments (Connolly et al., 1996). Both y2S and y2L subunits (Connolly et al., 1999),
two different splice isoforms, were used. For neuronal transfections, wildtype and mutant
v2L subunits were cloned into pLVX-IRES-ZsGreen vectors (Clontech).

Cell culture and transfection

Human embryonic kidney cells (HEK293T) (ATCC, CRL-11268) were incubated at 37°C in
humidified 5% CO, incubator and maintained in Dulbecco's modified Eagle's medium
(Invitrogen) supplemented with fetal bovine serum (10%, Life technologies), and penicillin/
streptomycin (100 1U/ml, Life technologies). Cells were transfected using the FUGENE 6
transfection reagent (Roche Applied Science) or polyethylenimine (PEI) reagent (40 kD,
Polysciences) and harvested 36 hours after transfection. To express wildtype and mutant
alP2y2 receptors, a total of 3 ug of subunit cDNAs were transfected at a ratio of 1:1:1 into 6
cm dishes for most experiments except for whole cell recording. In experiments studying the
effects of low temperature, cells were incubated at 30°C for 24 hours beginning about 16
hours after transfection.

Rat cortical neurons were obtained from E18 embryos as previously described (Tian and
Macdonald, 2012), incubated at 37°C in 5% CO, incubator, and maintained in serum-free
Neurobasal medium (Gibco) supplemented with B27 supplement (Gibco), glutamine
(Gibco) and penicillin/streptomycin (Gibco, 20 U/ml). Cultured neurons were transfected at
DIV5 using Lipofectamine 2000 (Invitrogen). One hour after transfection, culture medium
containing DNA/Lipofectamine complex was replaced by fresh medium.
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Western Blot, endoglycosidase H (Endo H) digestion, surface biotinylation and
immunoprecipitation

After sonication, whole cell lysates of transfected HEK293T cells were collected in
modified RIPA buffer (50 mM Tris (pH = 7.4), 150 mM NacCl, 1% NP-40, 0.2% sodium
deoxycholate, 1 mM EDTA) and 1% protease inhibitor mixture (Sigma). Collected samples
were subjected to gel electrophoresis using NUPAGE® (Invitrogen) precast gel and then
transferred to PVDF-FL membranes (Millipore). Monoclonal anti-HA antibody (Covance or
Cell signaling) and monoclonal anti-FLAG antibody (Sigma) were used to detect the epitope
tag. Polyclonal anti-y2 antibodies (Sysy or Millipore) were used to detect GABAA receptor
v2 subunits. Anti-sodium potassium ATPase antibody (Abcam) was used as a loading
control. After incubation with primary antibodies, IRDye® (LI-COR Biosciences)
conjugated secondary antibody was used at a 1:10,000 dilution, and the signals were
detected using the Odyssey Infrared Imaging System (LI-COR Biosciences). The integrated
intensity value of each specific band was calculated using the Odyssey 3.0 software (LI-
COR Biosciences).

To remove immature N-linked glycans, cell lysates were incubated with the enzyme Endo H
(NEBiolab) at 37°C for 3 hours. Treated samples were then subjected to SDS-PAGE and
Western blot.

Surface proteins were collected using surface biotinylation as described before (Lo et al.,
2010). Transfected cells were biotinylated using the membrane-impermeable reagent sulf-
HNS-SS-biotin (1 mg/ml, Thermo Scientific) at 4°C for 1 h. Cells were lysed after being
quenched with 0.1 M glycine. The biotin-labeled plasma membrane proteins were pulled
down by High Binding Capacity NeutrAvidin beads (Thermo Scientific Pierce) after
centrifugation and cleaved by sampling buffer (Invitrogen) containing 10% beta-
mercaptoethanol.

Protein complexes containing FLAG-tagged GABA receptor subunits were extracted in
modified RIPA buffer with reduced amounts of detergents (50 mM Tris (pH=7.4), 150 mM
NaCl, 1% Triton) and immunoprecipitated using EZview Red Anti-FLAG M2 affinity gel
(Sigma) at 4°C overnight, then eluted with 3X FLAG peptide (Sigma).

Immunocytochemistry and confocal microscopy

Cultured cortical neurons were fixed by 4% paraformaldehyde/4% glucose in PBS for 15
min followed by 1h block with 10% BSA in PBS and were supplemented with 0.2% Triton
for total staining. Coverslips were then incubated in mouse monoclonal anti-HA antibody
(Covance) for 2 h, followed by incubation with Alexa 647-conjugated donkey anti-mouse
IgG antibodies.

Confocal images were obtained using a Zeiss LSM 510 META inverted confocal
microscope. Images were taken with 8 bit, 512x512 pixel resolution, and an average of four
scans was taken to decrease the background noise. Pinholes were adjusted so that the sample
thickness was smaller than 2 pm. Confocal experiments were performed in part through the
use of the VUMC Cell Imaging Shared Resource.
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Flow cytometry

High throughput flow cytometry was performed to investigate the surface expression of
GABA receptor subunits. Transfected cells were collected in phosphate-buffered saline
containing 2% fetal bovine serum and 0.05% sodium azide as described before (Lo et al.,
2008). Cell samples were incubated with an Alexa fluorophore (Invitrogen)-conjugated
monoclonal anti-al antibody (Millipore), monoclonal anti-p2/3 antibody (Millipore) or
monoclonal anti-HA antibody (Covance), and then fixed by 2% paraformaldehyde. The
fluorescence signals were read on a BD Biosciences FACSCalibur system. Nonviable cells
were excluded from study based on the previously determined forward and side scatter
profiles. The mean fluorescence value of each experimental condition was subtracted by that
of mock-transfected condition and was then normalized to that of the control condition.
Flow Cytometry experiments were performed in the VMC Flow Cytometry Shared
Resource.

Whole cell voltage-clamp recordings

Whole cell voltage-clamp recordings were performed at room temperature on lifted
HEK?293T cells 36-48 hrs after transfection with GABA receptor subunits as described
previously (Hernandez et al., 2011). Cells were bathed in an external solution containing
142 mM NaCl, 1 mM CaCl,, 8 mM KCI, 6 mM MgCl,, 10 mM glucose, and 10 mM
HEPES (pH 7.4, ~325 mOsM). Recording electrodes were pulled from thin-walled
borosilicate capillary glass (World Precision Instruments) using a P2000 laser electrode
puller (Sutter Instruments), fire-polished with a microforge (Narishige), and filled with an
internal solution containing 153 mM KCI, 1 mM MgCl,, 10 mM HEPES, 5 mM EGTA, 2
mM Mg2*-ATP (pH 7.3, ~300 mOsM). All patch electrodes had a resistance of 1 — 1.6 MS.
The combination of internal and external solutions yielded a chloride reversal potential of ~
0 mV, and cells were voltage-clamped at —20 mV using an Axopatch 200B amplifier (Axon
Instruments). A rapid exchange system (open tip exchange times ~ 400 ps), composed of a
four-barrel square pipette attached to a Warner SF-77B Perfusion Fast-Step (Warner
Instruments Corporation) and controlled by Clampex 9.0 software (Axon Instruments) was
used to apply GABA to lifted whole cells. The channels were activated by 1 mM GABA for
4 s, followed by an extensive wash for 40 s, and then blocked by 10 pM Zn?* for 10 s.
GABA (1 mM) was then applied for 4 s in the presence of 10 uM Zn2*. Peak current
amplitudes after the Zn2* application were normalized to those before the Zn2* application
to calculate the sensitivity to Zn2* blockade. All currents were low-pass filtered at 2 kHz,
digitized at 5-10 kHz, and analyzed using the pCLAMP 9 software suite.

Structural modeling and simulation

Three-dimensional models of human GABA receptor subunits were generated using the
crystal structure of the C. elegans glutamate-gated chloride channel (GIuCl) (Hibbs and
Gouaux, 2011) as a template (PDB: 3rhw) using DeepView/Swiss-PdbViewer 4.02
(Schwede et al., 2003). The initial sequence alignments between human GABA receptor
subunits and C. elegans GIuCl subunits were generated with full-length multiple alignments
using ClustalW. Then full-length multiple alignments were submitted for automated
comparative protein modeling implemented in the program suite incorporated in SWISS-
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MODEL (http://swissmodel.expasy.org/SWISS-MODEL.html) using human GABAA
receptors sequences as target proteins and the C. elegans GIuCl sequence as a template
structure. To generate pentameric GABA, receptor homology models, a, B, and y subunit
structural models were assembled in a counter-clockwise f-a-f3-a-y order by superposition
onto the C. elegans GIuCl channel as a template. The resulting models were subsequently
energy-optimized using GROMOS96 in default settings within the Swiss-PdbViewer. Side-
chain prediction and conformational backbone variability of y2 subunit mutation were
implemented using Rosetta backrub flexible backbone design (Lauck et al., 2010) in the
program suite incorporated in RosettaBackrub (https://kortemmelab.ucsf.edu/backrub/cgi-
bin/rosettaweb.py). Structural models of the best-scoring low-energy backrub structures of
wildtype and mutant y2 subunits were represented.

Data analysis

Results

Numerical data were reported as mean + S.E. Statistical analysis was performed using
GraphPad Prism. Statistically significant differences were taken as p < 0.05 using one way
ANOVA followed by Dunnet's multiple comparison or by Student's t test.

The three y2 subunit mutations were located in the a-B1 loop that contributes to the
v2+/p2- subunit interface and all impaired surface levels of alp2y2 receptors but to
different extents

The mutations N79S, R82Q, and P83S were located close to each other in the N terminus of
v2 subunits (Figure 1A). By comparing sequences of this region we found that the R82 and
P83 residues were identical among different GABA, receptor subunits and other cys-loop
receptor subunits (Figure 1A, dark grey bars), while the N79 residue was not conserved
among the cys-loop receptor subunit families (i.e., acetylcholine receptor a subunit
(ACHA), serotonin 3A receptor (5HT34) subunit and Avermectin-sensitive glutamate-gated
chloride channel a subunit (GSEBR3CA)).

We also built three-dimensional pentameric GABA receptor homology models based on
the crystal structure of the C. elegans GIuClI channel (Figure 1B). We found that this cluster
of y2 subunit mutations was located in the loop between the a-helix and the p1-sheet (the a-
1 loop, purple) at the top of the N-terminal extracellular domain that contributes to the y+/3
— subunit interface in assembled receptors. The R82 residue (orange) was closer than the
P83 residue (green) to the complementary (=) face of 2 subunits, while the N79 residue
(light blue) was located behind the interface. Of note it has been shown that the y2 subunit
mutation R82Q disrupts salt bridges at the y+/3— subunit interface (Frugier et al., 2007).
Furthermore, in silico analysis using Polyphen-2 (Adzhubei et al., 2010) and SIFT (Ng and
Henikoff, 2001), software programs that predict whether or not protein structure would
tolerate mutations based on sequence conservation and local structural features, predicted
that that both R82Q and P83S substitutions would not be tolerated and might damage
protein structure, while the N79S substitution would be tolerated.
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To examine the effects of these three mutations on surface expression of receptors, we
cotransfected HEK293T cells with a1, p2, and wildtype or mutant y2LHA or y2SHA subunits
ata 1:1:1 al:$2:y2 subunit ratio and evaluated surface and total levels of wildtype and
mutant y25A subunits by flow cytometry. For y2LHA subunits containing the R82Q or P83S
mutation, we found substantial reductions of surface y2LHA subunit levels and small
reductions of total y2LHA subunit levels (Figure 2A top). For coexpressed
al1p2y2L(R82Q)HA or a1f2y2L(P83S)HA subunits, surface HA levels were decreased to
0.14 £ 0.01 (p < 0.001, n =12) and 0.26 £ 0.02 (p < 0.001, n = 13), respectively, relative to
that of coexpressed a182y2LHA subunits (1.00, n = 17), while the surface HA level of
coexpressed al1p2y2L(N79S)HA subunits was not decreased significantly (0.92 + 0.05 , p >
0.05, n = 13). With coexpression of a1p2y2L(R82Q)HA and a1p2y2L (P83S)HA subunits,
total HA levels were slightly but significantly decreased to 0.79 + 0.04 (p < 0.001, n = 11)
and 0.84 + 0.06 (p < 0.01, n = 12), respectively, relative to that of coexpressed a1p2y2LHA
subunits (1.00, n = 16), while the total HA level of coexpressed a1f2y2L(N79S)HA was not
affected significantly (0.96 £ 0.05, p > 0.05, n = 12).

We found similar results with mutant y2S subunits (Figure 2A bottom). For coexpressed
alP2y2S(N79S)HA, 1p2y2S(R82Q)HA and a1p2y2S(P83S)HA subunits, surface HA levels
were decreased to 0.88 + 0.01 (p < 0.001, n =5), 0.10 £0.01 (p < 0.001,n=9) and 0.11 +
0.01 (p < 0.001, n = 10), respectively, compared to that for coexpressed a1p2y2SHA
subunits (1.00, n = 11). Total HA levels of coexpressed a1p2y2S(R82Q)HA and
a1pf2y2S(P83S)HA subunits were decreased to 0.76 + 0.07 (p < 0.05, n = 8) and 0.68 + 0.06
(p < 0.005, n = 11), respectively, relative to that for coexpressed a182y2SHA subunits (1.00,
n = 11). The total HA level of coexpression of a1p2y2S(N79S)HA subunits was not
decreased significantly (0.92 + 0.15, p > 0.05, n = 5).

To control for any artifact produced by the HA epitope-tag, we also coexpressed untagged
alp2y2L subunits and examined surface y2L levels by surface biotinylation (Figure 2B).
Similar to the flow cytometry results, compared to wildtype y2L subunits (1.00, n = 6) we
found that surface levels of y2L(R82Q) and y2L(P83S) subunits were reduced to 0.17 + 0.06
(p <0.001, n=5) and 0.24 + 0.05 (p < 0.001, n = 4), respectively, and that the surface level
of y2L(N79S) subunits was reduced slightly but significantly to 0.78 £ 0.08 (p < 0.05, n =
5). Total expression of y2L(R82Q) and y2L(P83S) subunits was also decreased to 0.60 £
0.08 (n =8, p<0.01) and 0.56 + 0.10 (n = 6, p < 0.01), respectively, but total expression of
v2L(N79S) subunits was not reduced significantly (0.86 + 0.10, p > 0.05, n = 8).

These results suggested that R82Q, P83S and N79S substitutions were all in the same loop
structure contributing to the y2+/p2- subunit interface and all affected surface levels of
receptors, but to different extents. The R82Q and P83S substitutions likely disrupted subunit
oligomerization or receptor assembly more severely than the N79S substitution, thus
producing a much more substantial decrease of surface y2 subunits.

In neurons, the R82Q and P83S mutations impaired surface trafficking of y2 subunits, but
the N79S mutation had minimal if any effect

To study how the mutant subunits were expressed in neurons, we transfected wildtype or
mutant y2LHA subunits into rat cortical neurons and labeled the transfected y2LHA subunits
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using anti-HA antibody (Figure 2C). Wildtype and mutant y2LHA subunits were cloned into
pLVX-IRES-ZsGreen vectors, and the ZsGreen signal was used to identify transfected
neurons. Without cell permeabilization, the surface expression and localization of y2L
subunits could be visualized. For y2LHA and y2L(N79S)HA subunits, the HA signal could be
seen outlining the soma and dendrites of ZsGreen positive cells (Figure 2C, left top). In
contrast, the surface HA signals for y2L(R82Q)HA and v2L(P83S)HA subunits were almost
absent (Figure 2C, left bottom). With cell permeabilization, however, wildtype and all three
mutant y2LHA subunits were well detected in both soma and dendrites (Figure 2C, right).
Thus, similar to HEK293T cells, y2L(R82Q)HA and v2L(P83S)HA subunit levels were
reduced on the cell surface of neurons, but y2L(N79S) HA subunits had surface levels similar
to those obtained for wildtype y2LHA subunits. While there was no apparent reduction of
surface y2L(N79S) HA subunits in neurons, this is only a qualitative method that is not
suitable for detecting small changes, and thus, we cannot exclude small effects of the N79S
mutation on y2L subunit surface level in neurons.

Mutant subunits disrupted GABA, receptor function and/or changed GABA receptor

composition

Since all three mutations decreased surface levels of y2 subunits, although to different
extents, we determined how receptor function was affected using whole cell patch clamp
recordings. Wildtype or mutant y2L subunits were coexpressed with al and $2 subunits in
HEK293T cells at a 1:1:0.1 a1:$2:y2L subunit ratio, and macroscopic peak currents were
evoked by applying a saturating GABA concentration (1 mM) for 4 s using a rapid exchange
system (Figure 3A, left traces). Current density of receptors containing y2(N79S) subunits
was only slightly, but significantly, reduced (1003 + 16.53 pA/pF, n = 10, p < 0.05)
compared with wildtype receptors (1163 + 50.95 pA/pF, n = 21). Current densities for
receptors containing y2(R82Q) subunits (394.7 + 35.95 pA/pF, n = 11, p < 0.001) or
v2(P83S) subunits (140.4 + 16.36 pA/pF, n = 10, p < 0.001) were substantially decreased
compared with wildtype receptors (Figure 3B), consistent with the results described above
showing that R82Q and P83S mutations reduced the surface levels of y2L subunits much
more extensively than the N79S mutation.

The reduction in current density produced by the mutations suggested that the mutant
subunits may not be effectively assembled into receptor pentamers. GABA receptors
composed of al and $2 subunits can form in the absence of y2 subunits, and it is possible
that the currents recorded in the presence of the mutant y2 subunits were due, at least in part,
to surface al1p2 receptors. While a1p2 receptors can form, they have different physiological
and pharmacological properties including increased sensitivity to ZnZ* inhibition. To
evaluate the possibility of al1f32 receptor formation in the presence of mutant y2 subunits, we
determined the Zn?* sensitivity of currents from receptors formed with coexpression of a1,
B2, and wildtype or mutant y2L subunits. Whole-cell currents evoked by co-application of 1
mM GABA with or without 10 pM Zn2* were recorded (Figure 3A, right traces). The
fractional Zn2* inhibition of currents evoked from cells coexpressing a12y2(R82Q) or
alp2y2(P83S) subunits was significantly higher than inhibition of currents from cells
coexpressing alp2y2 or alp2y2(N79S) subunits (WT: 9 + 1%, n = 16; N79S: 6 + 2%, n =
10, p > 0.05; R82Q: 49 + 4%, n = 11, p < 0.001; P83S: 84 + 2%, n = 10, p < 0.001) (Figure

Neurobiol Dis. Author manuscript; available in PMC 2014 September 19.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Huang et al.

Page 9

3B). Because the sensitivity of GABA receptor currents to Zn2* inhibition depends on
subunit composition, these results suggested that mutant y2(R82Q) and y2(P83S) subunits
were incompletely incorporated into ternary al1f2y2L receptors, leading to increased
expression of Zn2*-sensitive binary a1p2 receptors and decreased expression of relatively
Zn2* insensitive a1p2y2L receptors on the cell surface, thus resulting in decreased GABA4
receptor currents.

In contrast, although the peak current amplitude was slightly and significantly reduced, cells
coexpressing al1p2y2(N79S) subunits displayed currents that were Zn?* insensitive. Peak
currents evoked from al1B2y2L receptors are much larger than those from a1f32 receptors.
Since the N79S mutation only slightly reduced peak current amplitude, it is likely that there
was only a small reduction of incorporation of y2(N79S) subunits into ternary
alB2y2L(N79S) receptors, and thus the dominant Zn2*-insensitive a1p2y2L(N79S) receptor
currents would have masked any small increase of Zn2*-sensitive a.1p2 receptor currents.

Mutant y2L(R82Q) and y2L(P83S) subunits impaired formation of stable trafficking-
competent oligomers with partnering subunits and were retained in the ER and degraded

During biogenesis of ternary GABA receptor pentamers, subunit dimers form but are not
trafficked to the cell surface (Klausberger et al., 2001a). Further, it has been demonstrated
that v2L subunits alone and [y2 subunit complexes did not form trafficking-competent
receptors and were trapped in the ER (Connolly et al., 1996; Tretter et al., 1997a). As all
three mutations are located in the a-B1 loop that contributes to the y2+/32- subunit-subunit
interface, and surface and total expression of y2 subunits carrying these mutations were
decreased to different levels (Figure 2), we studied how receptor biogenesis was affected. To
explore how these mutations affected expression/stability of y2 subunits in HEK293T cells,
we expressed wildtype and mutant y2LHA subunits alone, with only 2 subunits or with both
al and 2 subunits to study their expression as single subunits, dimeric oligomers and
ternary receptors (Figure 4A). Whole cell lysates were obtained and Western blots were
performed to study the expression pattern of y2L subunits. We blotted for wildtype and
mutant y2LHA subunits using anti-HA antibody, quantified the band intensity, normalized it
to that of ATPase, and normalized the HA/ATPase ratio to that obtained with expression of
wildtype a1p2y2LHA subunits. The expression differences between single subunits, dimeric
oligomers and ternary receptors were compared for each wildtype or mutant group.

For wildtype y2L subunits, total level was greatly increased with coexpression with a1 and
2 subunits compared to expression of y2L subunits alone or with only B2 subunits (Figure
4A, lanes 1, 5, 9), suggesting that coexpression of wildtype a1p2y2L subunits formed stable
oligomers while expression of single subunits and coexpression of y2L and 2 subunits did
not form stable oligomers and were degraded (n = 4, p < 0.01). Similarly, the total level of
v2L(N79S) subunits was also increased when coexpressed with a1 and 2 subunits,
compared to expressed alone or with only p2 subunits (Figure 4A, lanes 2, 6, 10) (n=4,p <
0.01). In contrast, total levels of y2L(R82Q) (Figure 4A, lanes 3, 7, 11) and y2L(P83S)
(Figure 4A, lanes 4, 8, 12) subunits were not significantly increased when coexpressed with
al and 2 subunits (n = 4, p > 0.05). These results suggested that most y2L(R82Q) and
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v2L(P83S) subunits did not form stable oligomers with a1 and 2 subunits and were likely
degraded as single subunits or intermediate oligomers.

Interestingly, we found that when coexpressed with al and 2 subunits, y2L and y2L(N79S)
subunits displayed an additional band with increased molecular mass (Figure 4A, lanes 9,
10), which was present but relatively weak for coexpressed y2L(R82Q) and y2L(P83S)
subunits (Figure 4A, lane 11, 12: top band, ~47 kD; bottom band, ~42 kD). During protein
biogenesis and trafficking, glycans are attached to nascent peptides in the ER and then
subjected to several rounds of processing. To examine whether this shift of molecular mass
reflected different glycosylation patterns, we coexpressed al and 32 subunits with wildtype
or mutant y2LHA subunits and digested with Endo H, which cleaves only immature glycans
added in the ER but not mature glycans added in the Golgi apparatus (Figure 4B). After
Endo H digestion, we found that the y2L and y2L(N79S) subunits were relatively resistant to
Endo H digestion, while in contrast, mutant y2L(R82Q) and y2L(P83S) subunits showed
high sensitivity to Endo H digestion. The lower band (grey arrow), which was the dominant
expression pattern of y2L(R82Q) and y2L(P83S) subunits, was almost gone after Endo H
digestion. We compared the proportion of Endo H sensitive bands (bottom bands after
digestion) and found that the Endo H sensitive proportions for y2L(R82Q) (0.80 £ 0.02, p <
0.001) and y2L(P83S) (0.84 + 0.05, p < 0.001), but not y2L(N79S) (0.30 + 0.10, p > 0.05),
subunits were significantly larger than for wildtype y2L subunits (0.28 + 0.06, n = 4).
Consistent with findings mentioned above (Figure 4A), the amount and size of undigested
mutant y2L(R82Q) and y2L(P83S) subunits were different from the undigested wildtype
v2L and y2L(N79S) subunits. The lower molecular mass and smaller amount of undigested
mutant y2L(R82Q) and y2L(P83S) subunits indicated they were immature and nonstable. As
none of these three residues are located near the predicted glycosylation sites, it is unlikely
that the mutation itself affect the glycosylation patterns. Taken together, the mature
glycosylation pattern and increased expression levels of y2L and y2L(N79S) subunits
demonstrated that the majority of them formed stable trafficking-competent receptors with
al and B2 subunits, which were successfully delivered to the Golgi apparatus and cell
surface. In contrast, the immature glycosylation pattern and decreased total levels of
v2L(R82Q) and y2L(P83S) subunits suggested that although some of them could still form
stable trafficking-competent receptors when coexpressed with partnering subunits, most of
them did not and were trapped in the ER and degraded like single subunits or dimeric
oligomers.

v2L(R82Q) and y2L(P83S) subunits were incorporated into pentamers inefficiently

It has been shown that the extracellular N termini of different GABA, receptor subunits
interact during receptor assembly (Klausberger et al., 2001a). We found that the mutations
were located near to or contributing to the y2+/B2- subunit interface (Figure 1B, left panel),
and thus we wondered whether the assembly of y2(N79S), v2(R82Q), and y2(P83S) subunits
into trafficking-competent receptors was interrupted. Previous studies reported that the a-p1
loop structure on the plus interface of y2 subunits (y2+) directly interacts with the minus
interface of B2 subunits ($2-), and that the R82Q mutation impaired the interaction of vy2
and B2 subunits mediated by this a-B1 loop (Hales et al., 2005). To better understand how
these mutations affected the subunit-subunit oligomerization during receptor assembly, we
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coexpressed al and p2F-AG subunits with wildtype or mutant y2LHA subunits, pulled down
32 subunits and their subunit binding partners using anti-FLAG beads and blotted associated
v2L subunits using anti-HA antibody (Figure 5A). The amount of y2L(N79S)"A subunit
associated with B2FLAG subunits was reduced slightly, but not significantly, compared to
associated wildtype y2LHA subunits (0.94 + 0.05, n = 6, p > 0.05) (Figure 5B). In contrast,
the amounts of y2L(R82Q) and y2L(P83S) subunits associated with 2 subunits were
substantially reduced, indicating that fewer y2L subunits were assembled into afy pentamers
(R82Q: 0.47 £ 0.05, n = 6, p < 0.001; P83S: 0.71 + 0.05, n = 6, p < 0.001, respectively)
(Figure 5B).

It is possible that the reduced association was caused by the reduced amount of mutant
v2L(R82Q) and y2L(P83S) subunits. However, we found that while the main bands of
v2L(R82Q) and y2L(P83S) subunits in the whole cell lysate had lower molecular mass than
wildtype y2L and y2L(N79S) subunits, consistent with immature glycosylation (Figure 4
and 5A bottom, Input), most of the y2L(R82Q) and y2L(P83S) subunits associated with 32
subunits were of the same higher molecular mass as the wildtype y2L and y2L(N79S)
subunits (Figure 5A top, IP). Taking these results with previous findings (Figure 4), we
suggest that when forming a1p2y2 receptors, mutant y2(R82Q) and y2(P83S) subunits
inefficiently assembled into pentamers to form mature receptors and unassembled subunits
were trapped in the ER and degraded. Nonetheless, a small portion of the mutant y2L(R82Q)
and y2L(P83S) subunits were still incorporated into stable pentamers that were trafficked
beyond the ER and reached the cell surface. Thus, the reduced amount of mutant y2L(R82Q)
and y2L(P83S) subunits is the result rather than the cause of reduced subunit/subunit
interaction. In contrast, the y2L(N79S) subunits were much more efficiently assembled into
receptors and trafficked to the cell surface, consistent with the finding that this mutation
only produced a small reduction of surface level (Figures 2A, B; 3A, B).

Mutant subunits impaired trafficking of partnering subunits and/or changed receptor

composition

Our results above demonstrated that processing and assembly of afpy receptors were
reduced, but not abolished totally, by the presence of either y2(R82Q) and y2(P83S)
subunits and to a much lesser extent by the y2(N79S) subunit. Increased Zn?* sensitivity of
receptors containing either v2(R82Q) and y2(P83S) subunits also suggested a changed
receptor stoichiometry. However, as mutant subunits were still expressed, they could form
unstable trafficking-incompetent intermediate oligomers with partnering subunits in the ER,
which could impede their assembly and trafficking. To further investigate which type of
GABA receptors were trafficked to the surface and if mutant y2L subunits had a dominant
negative effect by decreasing the trafficking of partnering a and p subunits, we coexpressed
al and P2 subunits with wildtype or mutant y2LHA subunits and evaluated surface and total
expression of al and 2 subunits by flow cytometry (Figure 6).

In the absence of wildtype y2L subunits, the al subunit surface level was slightly increased
(1.21 £ 0.05, n =17, p < 0.001), and the 32 subunit surface level was greatly increased (2.82
+0.21, n = 14, p < 0.001) relative to their surface levels in the presence of y2L subunits
(Figure 6A), compatible with a change of receptor stoichiometry from 2a2f1y to 2a3p
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(Tretter et al., 1997b; Baumann et al., 2002). Surface al subunit levels were slightly, but not
significantly, reduced with coexpression of al and 2 subunits with either y2L(N79S) (0.92
+ 0.05, n =13, p > 0.05) or y2L(R82Q) (0.92 + 0.04, n = 11, p > 0.05) subunits and only
slightly, but significantly, reduced with y2L(P83S) subunits (0.85 £ 0.03, n = 12, p < 0.05)
(Figure 6A). Surface 2 levels were not increased with coexpression of y2L(N79S) (0.86 +
0.07, n =11, p > 0.05), were slightly, although insignificantly, increased with coexpression
of y2L(P83S) subunits (1.38 + 0.07, n = 11, p > 0.05) and were significantly increased with
coexpression of y2L(R82Q) subunits (1.52 + 0.13, n =9, p < 0.05) (Figure 6A). Total levels
of a1 and 2 subunits also exhibited similar trends (Figure 6A). Again, although we did not
find altered surface receptor stoichiometry for coexpressed alf32y2L(N79S) subunits, there
could have been a slight increase of surface a1p2 receptors that was not detected. The
changed surface receptor stoichiometry in the presence of R82Q or P83S mutations
suggested increased expression of surface a.1f2 receptors, consistent with the increased Zn2*
sensitivity of GABA evoked currents (Figure 3), but the increase was lower than that
obtained with total removal of the y2L subunit (a182 subunit coexpression condition). The
slight reduction rather than an increase of surface al subunits as well as the small increase
of surface 2 subunits when coexpressed with mutant y2L(R82Q) or y2L(P83S) subunits
indicated these mutant subunits might have dominant negative effects to suppress assembly
of al and 2 subunits.

In contrast to y2L subunits, y2S subunits can be trafficked to the surface by themselves
(Boileau et al., 2010). Thus, an excess of y2S subunits might impede trafficking of
partnering subunits less than y2L subunits did. To identify any dominant negative effects of
mutant y2S subunits, we determined surface and total levels of a1 and 2 subunits
coexpressed with wildtype or mutant y2SHA subunits. In the absence of v2S subunits, the al
subunit surface level was not changed (0.92 + 0.05, n = 11, p > 0.05), but the 2 subunit
surface level was increased (2.09 £ 0.17, n = 11, p < 0.001), compared to surface levels in
the presence of wildtype v2S subunits, also suggesting assembly of af} receptors (Figure
6B). Interestingly, in the presence of the mutations, a1 subunit surface levels were all
significantly decreased (N79S, 0.76 £ 0.06, n = 5, p < 0.001; R82Q, 0.54 +0.02,n =8, p <
0.001; P83S, 0.57 £ 0.03, n =11, p < 0.001) compared to wildtype receptors, while 32
subunit surface levels were not increased (N79S, 0.77 £ 0.03, n =5, p > 0.05; R82Q, 0.94 +
0.04,n =8, p>0.05; P83S, 0.88 + 0.08, n = 11, p > 0.05). Total levels of a1 and 2 subunits
also exhibited similar trends (Figure 6B). The 2 subunits could not be trafficked to the
surface without a1 subunits. Since we found a significant decrease of surface al subunits
without an increase of surface 2 subunits when coexpressing mutant y2S subunits, it is
likely that the mutations caused a decrease of afy receptors that was offset by an increase of
af receptors. Taken together, these results demonstrated that both y2 subunit R82Q and
P83S mutations caused disrupted pentameric receptor processing or trafficking, not only due
to inefficient receptor assembly but also due to trapping partnering subunits in the ER
hindering their assembly and trafficking; whereas the N79S mutation had similar, but much
smaller, effects on receptor assembly and trafficking.
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Decreased temperature increased surface and total levels of wildtype and mutant y2L

subunits

Membrane proteins with missense mutations that impair trafficking have been shown to
have their function “rescued” at lower temperatures, presumably due to slowed protein
processing that facilitates subunit folding and receptor assembly and/or slowed subunit
degradation or receptor internalization (Denning et al., 1992; Thomas et al., 2003; Varga et
al., 2008; Guo et al., 2012). We thus explored the effects of decreased temperature on the
total and surface expression of wildtype and mutant receptors. We coexpressed wildtype or
mutant y2LHA subunits with a1 and p2 subunits in HEK293T cells and determined total
expression of wildtype and mutant y2LHA subunits after incubation at 37°C or 30°C for 24 h
by Western blot using anti-HA antibody (Figure 7A). We quantified the band intensity,
normalized it to that of ATPase, and normalized the HA/ATPase ratio for mutant y2LHA
subunits to that obtained with expression of a1, 2 and wildtype y2LHA subunits. The
expression difference between 37°C and 30°C was compared for each wildtype or mutant
condition. We found substantially increased total wildtype and mutant y2LHA subunit levels
when incubated at 30°C for 24 h compared to those at 37°C (WT: (37°C: 1.00, 30°C: 2.08 £
0.28, p < 0.05); N79S: (37°C: 0.91 £ 0.12, 30°C: 1.55 £ 0.17, p < 0.05); R82Q: (37°C: 0.37
+0.06, 30°C: 0.54 £ 0.08, p < 0.001); P83S: (37°C: 0.36 + 0.06, 30°C: 0.57 £ 0.03, p <
0.05); n = 5), indicating that the stability of both wildtype and mutant y2LHA subunits was
increased at a lower temperature.

We then determined whether surface levels of receptor subunits were also increased by
reduced temperature (Figure 7B). We coexpressed a1f2y2LHA subunits in HEK293T cells
and examined the surface levels of a1 subunits and wildtype and mutant y2LHA subunits
after a 24 h incubation at 37°C or 30°C by surface biotinylation using anti-al and anti-y2
antibodies. We normalized the surface expression levels at 30°C to those at 37°C.
Interestingly, we found a moderate, but not significant, increase of surface al subunit levels
with all conditions (WT: 1.33 £ 0.25; N79S: 1.63 £ 0.32; R82Q: 1.40 + 0.24; P83S: 1.36 £
0.29; n =4, p > 0.05), but a significant large increase of surface y2L subunit levels (WT:
2.16 £ 0.34; N79S: 2.26 + 0.20; R82Q: 1.86 + 0.16; P83S: 1.93 £ 0.21; n = 4, p < 0.05).
These results suggest that the biogenesis of wildtype and mutant y2L subunits was
facilitated by lower temperatures. Although we found a moderate but not significant increase
of surface al subunit levels, it is possible that at a lower temperature the rate of a1p2y2L
receptor assembly is relatively slow compared to that of y2L homopentamer assembly,
leading to a large increase of surface y2L homopentamers and a small increase of surface
alP2y2L receptors.

Discussion

The R82Q and P83S mutations were located in the a-B1 loop at the y2+/p2- subunit-
subunit interface and disrupted receptor assembly and trafficking

Biogenesis of cys-loop receptors is complex and inefficient (Gorrie et al., 1997). After the
synthesis of single subunits, intermediate dimers form, but only pentamers with correct
subunit folding and assembly will pass the ER quality control, be further trafficked to and
processed by the Golgi apparatus and then be trafficked to the cell surface (Tretter et al.,
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1997a; Klausberger et al., 2001a). Inappropriately folded and unassembled subunits are
quickly degraded (Gorrie et al., 1997). Our data suggested that the y2 subunit mutations
R82Q and P83S decreased to similar extents the efficiency of pentamer formation. Mutant
v2 subunits that were not incorporated into pentamers were trapped in the ER and likely
degraded. Due to the inefficient assembly of mutant y2 subunit-containing pentameric
receptors, receptors with a different stoichiometry (a1p2 dimeric receptors) were able to be
assembled. We previously reported two other mutations within structural loops contributing
to interface interactions with similar fates: the p3 subunit mutation G32R located at the y+/3
- subunit interface (Gurba et al., 2012), and the y2 subunit mutation R177G located at the a
+/y— interface (Audenaert et al., 2006). Both GABRB3(G32R) and GABRG2(R177G)
mutations were shown to decrease surface levels of mutant y2L subunits and increase
surface levels of aff heteropentamers and/or B3 homopentamers, indicating a common
molecular mechanism shared by this group of mutations.

Our findings in this study were contrary to those in a previous study, which reported that
receptor function as well as Zn?* sensitivity of GABA receptors containing mutant
v2(P83S) subunits were normal (Lachance-Touchette et al., 2011). This conflict may have
been due to the different ratios of subunit cDNAs used for transfection. In contrast to a 1:1:2
al:B2:y2 cDNA ratio used in their study, we used a 1:1:0.1 cDNA ratio. Unpublished data
from our laboratory has shown that GABA-evoked peak currents in HEK cells transfected
with 1:1:0.1 (a1:$2:y2) ratio were equal to those obtained with a 1:1:1 ratio, although the
surface level of y2 subunits was much lower. Thus, our data indicated that transfection ratios
greater than 1:1: 1 are oversaturating for whole cell recordings, which could mask the
deficits caused by mutations.

Our study explored how the R82Q and P83S mutations affected receptor biogenesis. We
found that the surface level of mutant subunits was greatly decreased (Figure 2), while the
total level was also slightly, but significantly, decreased (Figure 2, 4). This was similar to in
the findings with homozygous knock-in mice carrying the R82Q mutation (Tan et al., 2007).
While we did not compare the rates of subunit synthesis or degradation, we have previously
demonstrated that two other epilepsy-associated GABA receptor subunit missense
mutations GABRA1(A322D) and GABRG2(Q390X) altered the degradation rates, but not the
synthesis rates, of the subunits (Gallagher et al., 2007; Kang et al., 2010). Recently we found
that another subunit-interface-located missense mutation GABRG2(R177G) increased the
degradation rate of mutant subunits (Todd et al., submitted). Thus, stability rather than
synthesis of GABA receptor subunits was regulated by the ER quality control machinery.
We also explored how the R82Q and P83S mutations affected assembly of a1, 2 and y2
subunits into receptors. It has been reported that the y2 subunit mutation R82Q disrupted the
binding of $2 subunits and a GST-fused y2 subunit peptide N-terminal fragment containing
this mutation (Hales et al., 2005). However, another group reported that the mutation did not
decrease B3y2 subunit association (Frugier et al., 2007). In the current study, we found a
substantial decrease in f2y2 subunit association when coexpressing al12y2(R82Q) or
alP2y2(P83S) subunits. Compared to wildtype y2 subunits, only a small proportion of
mutant y2(R82Q) and y2(P83S) subunits were assembled into pentamers, trafficked to the
Golgi apparatus and inserted into the surface membrane, while the majority of them were
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trapped in the ER and degraded. Meanwhile, the mutant y2(R82Q) and y2(P83S) subunits
still formed unstable intermediate oligomers with partnering subunits (data not shown), thus
also impeding their assembly and trafficking (Figure 6). This is consistent with our
structural simulation (discussed below) showing that R82Q and P83S mutations caused
substantial structural rearrangements in several distinct domains involved in receptor
assembly. The finding that some mutant y2(R82Q) and y2(P83S) subunits were still
successfully incorporated into pentamers is also in agreement with the finding that small
currents with normal kinetic properties were formed with coexpression of a1p2y2(R82Q)
subunits (Bianchi et al., 2002) and with a recent report showing that some mutant y2(R82Q)
subunits reached the cell surface and triggered endocytosis of the receptor (Chaumont et al.,
2013). The discrepancy with the previous study could have been caused by use of different
subtypes of § subunits or by the immunoprecipitation process. In the previous study (Frugier
et al., 2007), different amounts of wildtype and mutant y2 subunits were pulled down, while
many mutant y2 subunits that were not incorporated into pentamers were already degraded.
In our study, we tried to pull down the same amount of 2 subunits, including y2 subunits
that were both associated and not associated, representing afy and aff pentamers
respectively. It is possible that the decreased association was caused by the paucity of
mutant y2 subunits. Nevertheless, in that case, the dominant form of y2 subunits associated
with 2 subunits should be the immature pattern rather than the mature pattern observed
(Figure 5A). Thus we believe that the primary defect in receptor biogenesis was during
subunit assembly, but we could not exclude some contributions from other steps.

Although also located in the y2 subunit a-B1 loop, the N79S mutation had only small effects
on receptor assembly. Different from R82Q and P83S mutations associated with epilepsy
families, the N79S mutation was identified only in one patient (Shi et al., 2010). Similar to a
recent finding demonstrating that v2(N79S) subunits had no effects on GABA receptor
function except to modify the steepness of the GABA concentration-response curve (Migita
et al., 2013), we found that the N79S mutation produced significant but minimal reduction
of receptor assembly. We identified a small reduction of surface y2(N79S) subunits by flow
cytometry and surface biotinylation and decreased peak current amplitudes through whole
cell recordings in HEK cells. We also found a small reduction of surface al subunits,
indicating that the N79S mutation also slightly affected the assembly and trafficking of
partnering subunits. We did not quantify the fluorescence intensity of immunostaining in
neurons because it was not sensitive to small changes. As the defects were minimal and the
majority of y2(N79S) subunits assembled into stable pentamers that were trafficked beyond
the ER and expressed on the surface as functional alf2y2 receptors, the y2(N79S) mutation
had only small effects on receptor biogenesis. Our model of receptor structure predicted that
the N79 residue does not face the y2+/32- subunit interface but rather is adjacent to the
interface (Figure 1B), and thus the N79S mutation may disrupt to a lesser extent the subunit
interaction required to form trafficking-competent pentamers. These findings suggest that
while GABRG2(N79S) decreases receptor surface expression and peak whole cell current
amplitude, the magnitudes of effects are small and unlikely to be the major disease-causing
factor. Considering that GABRG2(N79S) was identified in only one patient without evidence
of co-segregation with an epilepsy syndrome or sporadic occurrence and is absent in the
NHLBI exome variant server (http://evs.gs.washington.edu/EVS/), we suggest that rather
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than being an epilepsy associated mutation, GABRG2(N79S) might be a relatively benign
rare variant or might increase seizure susceptibility and that other unidentified mutations or
variants may be responsible for the GTCSs experienced by the patient. However, due to the
lack of genetic evidence, we will continue to refer to GABRG2(N79S) as a “mutation” in this

paper.

Structural simulation predicts that mutation-induced changes in protein structure impaired
subunit oligomerization

Not all missense mutations will significantly affect protein structure and function, and a
considerable number of mutations are well tolerated for protein folding. Proper folding and
trafficking of GABAA, receptors requires specific sequences and structural motifs within
subunits that contribute to selective oligomerization among their y+/f—, p+/a-, and a+/y—
interfaces. For example, it has been reported that y2 subunit residues 130-143 in between the
[32-B3 and 3-p4 loops interacted directly with al subunit residues, y2 subunit residues
122-131 at the beginning of $2-83 loop interacted with the 3 subunit (Klausberger et al.,
2000; Klausberger et al., 2001b) and 2 subunit residues 106-121 in the 1-p2 loop and 2
sheet were important for formation of the al+/y2- subunit interface (Sarto et al., 2002)
(Figure 8C). Many of these sequences lie in homologous regions of a, B, and y subunits
(Figure 1B, homologous assembly motifs in a, 8, and y subunits were shown in red, dark
blue and yellow loops, respectively). Structural rearrangements of assembly motifs could
strongly impair association of partnering subunits, formation of correct subunit/subunit
interfaces, oligomerization of pentameric receptors, and receptor trafficking to the cell
surface.

We propose that even though the N79S, R82Q and P83S mutations in the y2 subunit are
located at or near the y2+/32- subunit/subunit interface in the same general subunit domain,
they might have different impacts on receptor structure, and thus impair the assembly and
trafficking of partnering subunits quite differently. Using flexible backbone simulations we
characterized structural conformational changes (Figure 8A) produced by introducing an
N79S, R82Q or P83S mutation in y2 subunits (Figure 8, box inserts). We found that all
mutations were predicted to cause structural rearrangements to neighboring residues that
were within 7A from their respective mutation site. Increased structural variability was
observed by the presence of alternative secondary backbone conformations at specific
structural loops (Figure 8A; wildtype in gray, mutation-associated alternative backbones in
other colors, and Figure 8C), and disordered side-chains of residues surrounding the
mutation sites at the a-p1 loop were also observed (Figure 8B).

We also compared the mutation-induced structural differences by analyzing the carbon alpha
root mean squared deviation (Ca RMSD) from the wildtype structure caused by each
substitution (Figure 8C). Ca RMSD provides Ca-Ca comparisons between two structurally
aligned models; the larger the Ca RMSD, the more the mutant structure deviates from the
wildtype structure. The R82Q mutation had a much larger Ca RMSD than P83S and N79S
mutations for any structural loop. With a Ca RMSD of 0.73 + 0.05 A for residues D65-
G102 in the a-helix, a-B1 loop and B1 sheet, the R82Q substitution had a less preserved
native conformation than P83S (Ca RMSD of 0.16 + 0.02 A) or N79S (Ca RMSD of 0.14 +
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0.02 A) substitutions. We previously found that this a-B1 loop domain, which participates in
formation of the y+/B— interface (Klausberger et al., 2000), interacts with the 2 subunit N32
glycosylation site impairing receptor assembly and function (Klausberger et al., 2000; Lo W,
2013.), suggesting that the R82Q mutation disrupted primarily the a-f1-loop-mediated v+/

- interaction.

All three mutations were predicted to cause rearrangements in other domains also (Figure
8C). While both R82Q and P83S mutations primarily produced changes among residues at
the y+/B— interface, they also produced rearrangements in the 7-p8 loop and 38 sheet (Ca
RMSD of 0.07 + 0.005 A, and Ca RMSD of 0.02 + 0.005 A, respectively for residues Y213-
Y220) and P83S also produced rearrangements in the 33-4 loop (Ca RMSD of 0.06 = 0.01
A for residues VV142-P148). Strikingly, only the P83S mutation had side-chain
rearrangements among residues found at both a+/y— and y+/p- interfaces (Ca RMSD of
0.19 + 0.02 A for residues W121-K127 in the B2 sheet and f2-3 loop) (Figure 8A and C).
In addition, the P83S mutation had rearrangements of two conserved tryptophan residues
(W121 and W146), which are among residues located at homologous assembly domains
described as necessary for the formation of the v2, a1, and $2 subunits interfaces (Srinivasan
etal., 1999; Klausberger et al., 2000; Sarto et al., 2002). On the other hand, despite the fact
that the N79S mutation had the largest Ca RMSD at the $3-p4 loop (Ca RMSD of 0.43 +
0.04 A for residues \V142-P148), which formed part of an assembly motif between v2 and
al subunits (Klausberger et al., 2000; Sarto et al., 2002), this structural rearrangement did
not seem as important for the stability of the receptor as it was not accompanied by
additional structural changes in other loops nor in the core of the subunit. This could be due
to differences in side-chain rearrangements between a buried-polar mutation at site 83
(P83S) and an exposed-polar mutation at site 79 (N79S), resulting in a somewhat smaller
pocket for surrounding interactions and formation of buried polar interactions for P83S. It
seems that mutations at positions 82 and 83 were less “tolerated” than at position 79,
resulting in R82 and P83 contributing the most to interactions at the y2 interfaces and the
core of the subunit. Overall, both R82Q and P83S mutations caused the most disruptive
rearrangements at both y+/p— and a+/y— interfaces and were less structurally “tolerated”
than N79S. These findings are in agreement with our functional data, which demonstrated
that R82Q and P83S mutations were less tolerated with marked impairment of receptor
function and assembly, and in contrast, the N79S mutation was located two-three residues
away and had minimal effects on GABA receptor function and assembly.

How do the GABRG2(R82Q) and GABRG2(P83S) mutations contribute to epileptogenesis?

In contrast to the y2 subunit N79S mutation, the P83S mutation was as detrimental to
GABA receptor function as the R82Q mutation. Heterozygous knock-in mice carrying the
R82Q mutation developed absence and febrile seizures, recapitulating patients phenotype
(Tan et al., 2007). Compared to a hypomorphic allele, the R82Q mutation increased seizure
susceptibility indicating that it had effects in addition to haploinsufficiency (Chiu et al.,
2008). A recent study also suggested that y2 subunits haploinsufficiency could account for
genesis of absence seizures in y2R82Q/* knock-in mice but not the increased thermal seizure
susceptibility, while the R82Q mutation increased thermal seizure susceptibility,
independent of genetic background (Reid et al., 2013).
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There is controversy concerning whether mutant y2(R82Q) subunits have dominant negative
effects on partnering al and 2 subunits (Hales et al., 2005; Kang et al., 2006; Eugene et al.,
2007; Frugier et al., 2007). Here we determined the effects of mutant y2 subunits on surface
expression of al and 2 subunits using flow cytometry, which is more quantifiable and
sensitive. Surface al levels were significantly reduced by all three mutant subunits when
coexpressed with B2y2S subunits, but not when coexpressed with f2y2L subunits. The
dominant negative effects may have been caused by the formation of dimers between mutant
v2 subunits and a1 or 2 subunits, preventing formation of af receptors and trapping
partnering subunits in the ER. It could also have been caused by internalization of receptors
containing these mutations (Chaumont et al., 2013), which would result in subunit
degradation through the endosome/lysosome pathway. We did not observe a significant
decrease of surface B2 subunits, probably because there were increased af receptors on the
cell surface, which would increase surface 2 subunit levels. Compared to y2L subunits, y2S
subunits can be trafficked to the cell surface in the absence of a and 8 subunits (Kofuji et al.,
1991; Connolly et al., 1999; Boileau et al., 2010), probably by forming trafficking-
competent homopentamers. With excess y2 subunits, unassembled y2L subunits are retained
in the ER, while v2S subunits assemble into pentamers and are trafficked to the cell surface.
As unassembled y2L subunits can still interact with a1l and B2 subunits, excessive wildtype
v2L subunits could produce dominant negative effects on partnering subunits similar to
those caused by trafficking-incompetent mutant subunits. This could have contributed to the
failure to find significant dominant-negative effects of mutant y2L subunits.

In summary, while R82Q and P83S mutations decreased surface a1B2y2 receptors and
increased surface alp2 receptors, they also decreased the amount of surface receptors
through slight dominant negative effects, both of which would be expected to contribute to
the epileptogenesis.

Implications for future treatments

Trafficking-deficient mutant proteins have been shown to be rescued by lower temperature
and molecular or pharmacological chaperones (Denning et al., 1992; Thomas et al., 2003;
Varga et al., 2008; Guo et al., 2012; Saxena et al., 2012; Cestele et al., 2013). Here we found
that decreased incubation temperature (30°C) increased surface and total levels of wildtype
and mutant y2L subunits. Interestingly, the surface al subunit levels were increased only
slightly and insignificantly. This demonstrated that the biogenesis of GABA receptor
subunits was complex and inefficient. Many misfolded or unassembled subunits were
degraded, which were rescued by lower temperature. However, the assembly of GABAA
receptor subunits was still slow at 30°C. Trafficking of mutant y2L (R82Q) and y2L (P83S)
subunits was not further improved further compared to wildtype y2L subunits, and the
dramatic increase of surface y2L subunits could be partially caused by increased y2L
homopentamers formed at the low temperature .

Compared to temperature-induced rescue, which affects multiple proteins, specific
pharmacological chaperones may be favored. It was reported that GABAp receptor ligands
could promote receptor trafficking as ligand chaperones (Eshaq et al., 2010). However, we
did not find significant chaperone effects of either GABA or diazepam on wildtype or
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mutant receptors (data not shown). With more thorough drug screening, chemicals with
specific chaperone effects on GABA receptors may be identified and developed for future
treatment of GEs.
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Figure 1. Mutant residues were located in the a-B1 loop that contributes to the y+/— subunit-
subunit interface

A. Sequences of N-terminal a-helix, a-f1 loop and f1-sheet domains of human a(1-6),
B(1-3), y(1-3) and & subunits from the GABA, receptor family were aligned with sequences
of the nicotinic acetylcholine receptor a subunit (ACHA(7,9)), 5-hydroxytryptamine 3
receptor subunit (5SHT3A) and glutamate-gated chloride channel GIuCI a subunit
(G5EBRB3). Sites of missense mutations in the y2 subunit were highlighted in red. In all
sequences, identical residues were highlighted in dark gray and conserved residues were
highlighted in light gray. The a-helix, a-B1 loop and p1-sheet domains were also
represented across subunits above the alignments. B. On the left, a structural model of the
alP2y2 GABAA receptor, as viewed from the synaptic cleft, was shown. Sites of missense
mutations in y2 subunit, located at the y2(+)/p2(-) interface, were shown in space-filling
representation, i.e., N79 in light blue, R82 in orange, and P83 in green, and the a-f1 loop
where these three residues were located was shown in purple. Homologous motifs for
alP2y2 receptor assembly at the respective complementary (=) interfaces (al: red; p2: dark
blue; y2: yellow) and conserved tryptophan residues located in these motifs («1W97, red;
B2W91, dark blue; y2W121, yellow) were also represented. On the right, an enlarged 45 °
side view of the y+/B— subunit-subunit interface with a close-up of missense mutations in the
a-B1 loop was also shown.
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Figure 2. Surface expression of mutant y2 subunits was reduced to different extents
A. a1p2 and al1p2y2HA (wildtype or mutant y2S or y2L) subunits were coexpressed in

HEK?293T cells. Surface and total y2H4 subunit levels were evaluated through flow
cytometry. The mock-subtracted mean fluorescence value of y2HA subunits under different
experimental conditions were normalized to those obtained with cotransfection of wildtype
alp2y2HA subunits (n = 5, mean + SEM). Differences compared to cotransfection of
wildtype a1$2y2HA subunits were analyzed by the one way ANOVA test followed by
Dunnett's multiple comparison test. (*** p < 0.001; ** p < 0.01; * p < 0.05). B. Wildtype or
mutant y2L subunits were coexpressed with a1p2 subunits in HEK293T cells. Surface
protein samples were collected through surface biotinylation and blotted by anti-y2 and anti-
ATPase antibodies (not shown). Cell lysates from transfected cells were loaded as the total
fraction. Band intensity of the y2LHA subunit was normalized to the ATPase signal (n = 4,
mean + SEM). Differences compared to cotransfection of wildtype a1p2y2L subunits were
analyzed by the one way ANOVA test followed by Dunnett's multiple comparison test. (***
p < 0.001; ** p < 0.01; * p < 0.05). C. Wildtype or mutant y2LHA subunits were expressed
in rat cortical neurons in pLVX-IRES-ZsGreen vectors and stained by anti-HA antibody.
Surface (without permeabilization) and total (with permeabilization) staining patterns were
revealed by confocal imaging. Scale bar = 20 um. Inset scale bar = 2 ym.
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Figure 3. Mutant receptors showed decreased whole cell current amplitudes and increased
Zn?*sensitivity

A. Wildtype or mutant y2L subunits were coexpressed with a1p2 subunits in HEK293T
cells. GABA receptor currents in response to 4 s applications of 1 mM GABA alone (left
traces) or coapplied with 10 pM Zn2* (right traces) to lifted cells containing wildtype and
mutant y2 subunits were shown. Subunit identity and length of GABA application (black
line) were indicated above the current traces. Scale bars = 1 nA and 0.4 nA. B. Mean current
densities (pA/pF, top panel) and Zn?* inhibition (%, bottom panel) from cells coexpressing
wildtype or mutant y2L subunits were calculated. *** indicated p < 0.001, * indicated p <
0.05, compared with wildtype.
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Figure 4. Mutant y2(R82Q) and y2(P83S) subunits showed immature glycosylation patterns and
decreased stability
A. Wildtype or mutant y2LHA subunits were expressed alone, coexpressed with p2 subunits

only, or coexpressed with both al and 2 subunits in HEK293T cells. The total lysates of
transfected cells were collected and blotted by anti-HA and anti-ATPase antibodies. When
v2LHA subunits were coexpressed with both a1 and B2 subunits, a top band around 47 kD
(black arrow) appeared in addition to the bottom band (grey arrow) around 42 kD. Band
intensity of the y2LHA subunit was normalized to the ATPase signal and then normalized to
that with cotransfection of wildtype a1p2y2LHA subunits (n = 4, mean + SEM). Results
obtained from transfection of wildtype or mutant y2LHA subunits alone or cotransfection of
wildtype or mutant y2LHA subunits with 82 subunits were compared to those from
cotransfection of corresponding wildtype or mutant y2LHA subunits and 182 subunits and
were analyzed by one way ANOVA test followed by Dunnett's multiple comparison test.
(*** p < 0.001; ** p < 0.01; * p < 0.05). B. Wildtype or mutant y2LHA subunits were
coexpressed with a1f2 subunits in HEK293T cells. The total lysates of transfected cells
were collected, digested by Endo H, and blotted by anti-HA antibody. The two bands of
v2LHA subunits before Endo H digestion were labeled by black and grey arrows. The
intensity of the Endo H sensitive band (bottom band after digestion) was normalized to the
total band intensity (top band and bottom band together after digestion) and analyzed by one
way ANOVA test followed by Dunnett's multiple comparison test. (*** p < 0.001)
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Figure 5. Mutant y2(R82Q) and y2(P83S) subunits were incorporated inefficiently into receptor
pentamers

A. Wildtype or mutant y2LHA subunits were coexpressed with a1 and p2F-AC subunits in
HEK?293T cells. In whole cell lysates, f2F-AC subunits and associated subunits were pulled
down by anti-FLAG beads and blotted on Western blots by anti-FLAG and anti-HA
antibodies. The total lysates were loaded as input and blotted by anti-HA antibody. B. The
amount of wildtype or mutant y2LHA subunits associated with p2FLAG subunits when
coexpressed with a1 and B2FLAG subunits were compared (n = 6, mean = SEM). Differences
compared to cotransfection of wildtype a1p2y2LHA subunits were analyzed by the one way
ANOVA test followed by Dunnett's multiple comparison test. (*** p < 0.001; ** p < 0.01; *
p <0.05)
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Figure 6. Over-expression of mutant y2 subunits decreased surface levels of partnering subunits
A. B. Wildtype or mutant y2LHA (A) or y2SHA (B) subunits were coexpressed with a 12

subunits in HEK293T cells. Surface and total levels of al or 2 subunits were evaluated
using flow cytometry. The mock-subtracted mean fluorescence value of each subunit under
different experimental conditions were normalized to those obtained with cotransfection of
wildtype a1p2y2LHA (A) (n =9, mean + SEM) or a1p2y2SHA (B) (n = 5, mean + SEM)
subunits. Differences compared to wildtype a1p2y2 receptor condition were analyzed by the
one way ANOVA test followed by Dunnett's multiple comparison test. (*** p < 0.001; ** p
<0.01; * p<0.05).
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Figure 7. Decreased temperature stabilized both wildtype and mutant y2 subunits
A. Wildtype or mutant y2LHA subunits were coexpressed with a1 and p2 subunits in

HEK?293T cells and incubated at 37°C or 30°C for 24 hours. The total lysates of transfected
cells were collected and blotted by anti-HA and anti-ATPase antibodies. Band intensity of
the y2LHA subunit was normalized to the ATPase signal, then normalized to that of wildtype
al1p2y2LHA subunits (n = 5, mean + SEM). Differences between 37°C and 30°C incubation
were analyzed by t test. (*** p < 0.001; ** p < 0.01; * p < 0.05). B. Wildtype or mutant
v2LHA subunits were coexpressed with a1 and p2 subunits in HEK293T cells and incubated
at 37°C or 30°C for 24 hours. Surface protein samples were collected through surface
biotinylation and blotted by anti-al, anti-y2 and anti-ATPase antibody. Band intensities of
the al and y2L subunits were normalized to the ATPase signal. The values for the 30°C
incubation were further normalized to those obtained at 37°C (h = 4, mean £ SEM) to
calculate the fold increase. The significance of fold increase was analyzed by t test. (*** p <
0.001; ** p<0.01; * p<0.05).
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Figure 8. Structural simulation predicted mutation-induced changes in subunit structure
A. Superpositions of structural models for up to 10 of the best-scoring low-energy generated

backbones of wildtype and mutated N79S, R82Q and P83S y2 subunits were made. In
ribbon representation, the native secondary structure was shown in gray, and the mutated
secondary structures were represented by other colors. Structural domains as shown in panel
C were also represented. Sites of missense mutations in y2 subunits were shown in space-
filling representation in the inserts: N79 in blue, R82 in orange, and P83 in green. B. Local
side-chain rearrangements observed for mutated N79S, R82Q and P83S 2 subunit residues
were displayed. Neighboring residues within an 11 A radius were shown in stick
representation and color by element (CPK representation). Sites of wildtype or mutated
N79S, R82Q or P83S residues were labeled in blue, orange or green circles. C. A table of
predicted amino acids contributing to side-chain rearrangements for mutated residues at
positions 79, 82 and 83 was categorized by structural domains. The mutated residues were
shown in red, and identical residues among the Cys-loop family were labeled with an
asterisk.
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