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2 interface disrupt GABAA receptor assembly and trafficking by similar
3 mechanisms but to different extents
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23We compared the effects of three missense mutations in the GABAA receptor γ2 subunit on GABAA receptor
24assembly, trafficking and function in HEK293T cells cotransfected with α1, β2, and wildtype or mutant γ2
25subunits. The mutations R82Q and P83S were identified in families with genetic epilepsy with febrile seizures
26plus (GEFS+), and N79S was found in a single patient with generalized tonic–clonic seizures (GTCS). Although
27all threemutationswere located in anN-terminal loop that contributes to theγ+/β− subunit–subunit interface,
28we found that each mutation impaired GABAA receptor assembly to a different extent. The γ2(R82Q) and
29γ2(P83S) subunits had reduced α1β2γ2 receptor surface expression due to impaired assembly into pentamers,
30endoplasmic reticulum (ER) retention and degradation. In contrast, γ2(N79S) subunits were efficiently assembled
31into GABAA receptors with only minimally altered receptor trafficking, suggesting that N79S was a rare or suscep-
32tibility variant rather than an epilepsy mutation. Increased structural variability at assembly motifs was predicted
33by R82Q and P83S, but not N79S, substitution, suggesting that R82Q and P83S substitutions were less tolerated.
34Membrane proteinswithmissensemutations that impair folding and assembly often can be “rescued” by decreased
35temperatures. We coexpressed wildtype or mutant γ2 subunits with α1 and β2 subunits and found increased
36surface and total levels of both wildtype and mutant γ2 subunits after decreasing the incubation temperature to
3730 °C for 24 h, suggesting that lower temperatures increased GABAA receptor stability. Thus epilepsy-associated
38mutations N79S, R82Q and P83S disrupted GABAA receptor assembly to different extents, an effect that could be
39potentially rescued by facilitating protein folding and assembly.

40 © 2014 Published by Elsevier Inc.
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45 Introduction

46 Epilepsy is a common neurological disorder that affects about 1% of
47 the world's population (Sander, 2003), and genetic epilepsy (GE)
48 syndromes comprise ~30% of all cases (Reid et al., 2009; Steinlein,
49 2004). Many epilepsy mutations in affected individuals in families
50 with GEs have been found in ion channels, including γ-amino butyric
51 acid (GABA) type A (GABAA) receptors, which are heteropentameric
52 chloride ion channels that mediate themajority of inhibitory neurotrans-
53 mission in the CNS. The receptor is composed of five subunits, and the
54 predominant synaptic receptors are composed of two α subunits, two β
55 subunits and one γ2 subunit. The most common epilepsy-associated
56 GABAA receptor gene (GABR) is GABRG2, and epilepsy mutations in γ2
57 subunits have been shown to decrease receptor function by altering

58receptor biogenesis or channel function (Macdonald and Kang, 2009).
59Three GABRG2 mutations R82Q, P83S and N79S (numbered based on
60the immature γ2 subunit containing the signal peptide) were reported
61to be associated with generalized epilepsies and are all located in the
62same structural loop in the N terminus of γ2 subunits, suggesting that
63they might impair GABAA receptor function similarly.
64R82Q is one of the best characterized epilepsy-associated GABRG2
65mutations. It was originally found in a large familywith genetic epilepsy
66with febrile seizures plus (GEFS+) (Marini et al., 2003; Wallace et al.,
672001), contributing to childhood absence epilepsy and febrile seizures.
68A single nucleotide substitution caused a highly conserved arginine
69residue located within a loop between the α-helix and the β1-sheet
70(the α–β1 loop) in the extracellular N terminus to be replaced by a
71glutamine (Fig. 1A), resulting in impaired surface expression of γ2
72subunits and decreased GABAA receptor currents (Bianchi et al., 2002;
73Eugene et al., 2007; Frugier et al., 2007; Hales et al., 2005; Kang and
74Macdonald, 2004; Sancar and Czajkowski, 2004). Heterozygous
75knock-in mice carrying this mutation displayed spontaneous spike-
76wave discharges and thermal-induced seizures (Reid et al., 2013; Tan
77et al., 2007), consistent with R82Q being an epilepsy-causing mutation.
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78 However, whether this mutation has dominant negative effects on
79 other GABAA receptor subunits and how it affects subunit–subunit
80 interactions is still controversial (Frugier et al., 2007; Hales et al.,
81 2005). A recent study showed that while loss of γ2 subunit function
82 could account for the absence of seizure phenotype, the R82Qmutation
83 might be responsible for the febrile seizure phenotype (Reid et al.,
84 2013), further suggesting that the R82Q mutation had effects in addi-
85 tion to haploinsufficiency.
86 Recently, another epilepsy-associated GABRG2 mutation, P83S,
87 which is also located within the α–β1 loop of the γ2 subunit, was
88 identified in a three generation GEFS+ family (Lachance-Touchette
89 et al., 2011). Although this mutation was found in all affected individuals
90 in this family andwas predicted to have damaging effects, it was reported
91 that GABAA receptor channel function was not affected by the mutation,
92 and the effects on receptor trafficking were not addressed. How this
93 mutation contributes to epileptogenesis is therefore still uncertain.
94 Finally, it was reported that a GABRG2mutation, N79S, also located in
95 the α–β1 loop of the γ2 subunit, was found in a single patient with
96 generalized tonic–clonic seizures (GTCS) (Shi et al., 2010). The mutation
97 was reported to only modify the steepness of the GABA concentra-
98 tion–response curve (Migita et al., 2013).

99All three mutations are located in the N-terminal domain of γ2
100subunits that forms part of the γ2+/β2− subunit interface (Fig. 1B),
101suggesting that they may produce similar impairments of subunit
102oligomerization and receptor assembly (Hales et al., 2005). In the pres-
103ent study, we compared the effects of these three epilepsy-associated
104GABRG2 mutations on surface expression and function of α1β2γ2
105receptors in transfected HEK293T cells and rat cortical neurons and
106found that they impaired assembly and trafficking of GABAA receptors
107by similar mechanisms but to different extents.

108Materials and methods (1249)

109Expression vectors

110The coding sequences of human α1, β2 and γ2 GABAA receptor
111subunits were cloned into pcDNA3.1 expression vectors (Invitrogen).
112All subunit residues were numbered based on the immature peptide.
113Mutant γ2 subunit constructs were generated using the QuikChange
114site-directed mutagenesis kit (Stratagene). An HA or FLAG epitope
115was inserted at a functionally silent site (between the 4th and 5th
116residue of the mature peptide) to facilitate our experiments (Connolly

Fig. 1.Mutant residueswere located in theα–β1 loop that contributes to the γ+/β− subunit–subunit interface. A. Sequences of N-terminalα-helix,α–β1 loop and β1-sheet domains of
human α(1–6), β(1–3), γ(1–3) and δ subunits from the GABAA receptor family were aligned with sequences of the nicotinic acetylcholine receptor α subunit (ACHA(7,9)),
5-hydroxytryptamine 3A receptor subunit (5HT3A) and glutamate-gated chloride channel GluCl α subunit (G5EBR3). Sites of missense mutations in the γ2 subunit were highlighted
in red. In all sequences, identical residues were highlighted in dark gray and conserved residues were highlighted in light gray. The α-helix, α–β1 loop and β1-sheet domains were
also represented across subunits above the alignments. B. On the left, a structural model of the α1β2γ2 GABAA receptor, as viewed from the synaptic cleft, was shown. Sites of missense
mutations inγ2 subunit, located at theγ2(+)/β2(−) interface,were shown in space-filling representation, i.e., N79 in light blue, R82 in orange, and P83 in green, and theα–β1 loopwhere
these three residues were located was shown in purple. Homologous motifs for α1β2γ2 receptor assembly at the respective complementary (−) interfaces (α1: red; β2: dark blue; γ2:
yellow) and conserved tryptophan residues located in thesemotifs (α1W97, red;β2W91, dark blue;γ2W121, yellow)were also represented. On the right, an enlarged 45° side view of the
γ+/β− subunit–subunit interface with a close-up of missense mutations in the α–β1 loop was also shown.
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