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Neurobiology of Disease

Slow Degradation and Aggregation In Vitro of Mutant
GABA , Receptor y2(Q351X) Subunits Associated with

Epilepsy
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The GABA , receptor y2 subunit nonsense mutation Q351X has been associated with the genetic epilepsy syndrome generalized epilepsy
with febrile seizures plus, which includes a spectrum of seizures types from febrile seizures to Dravet syndrome. Although most genetic
epilepsy syndromes are mild and remit with age, Dravet syndrome has a more severe clinical course with refractory seizures associated
with developmental delay and cognitive impairment. The basis for the broad spectrum of seizure phenotypes is uncertain. We demon-
strated previously that the GABA , receptor y2 subunit gene Q351X mutation suppressed biogenesis of wild-type partnering 1 and 32
subunits in addition to its loss of function. Here we show that y2S(Q351X) subunits have an additional impairment of biogenesis. Mutant
v2(Q351X) subunits were degraded more slowly than wild-type y2 subunits and formed SDS-resistant, high-molecular-mass complexes
or aggregates in multiple cell types, including neurons. The half-life of y25(Q351X) subunits was ~4 h, whereas that of y2S subunits was
~2 h. Mutant subunits formed complexes rapidly after synthesis onset. Using multiple truncated subunits, we demonstrated that
aggregate formation was a general phenomenon for truncated y2S subunits and that their Cys-loop cysteines were involved in aggregate
formation. Protein aggregation is a hallmark of neurodegenerative diseases, but the effects of the mutant y2S(Q351X) subunit aggregates
on neuronal function and survival are unclear. Additional validation of the mutant subunit aggregation in vivo and determination of the
involved signaling pathways will help reveal the pathological effects of these mutant subunit aggregates in the pathogenesis of genetic

epilepsy syndromes.

Introduction

The genetic epilepsy syndrome generalized epilepsy with febrile
seizures plus (GEFS+) occurs in families with members who
have a spectrum of epilepsy phenotypes, including febrile sei-
zures, febrile seizures plus, myoclonic-astatic epilepsy, and
Dravet syndrome (Scheffer and Berkovic, 1997; Scheffer et al.,
2001), and has been associated mostly with missense mutations
in SCNIA (sodium channel, voltage-gated, type I, o subunit) and
GABRG2 (GABA , receptor y2 subunit gene). Dravet syndrome is
a severe epilepsy syndrome that is characterized by febrile and
afebrile seizures, generalized, focal, and myoclonic seizures, de-
velopmental delay, and cognitive impairment. The pathophysio-
logical basis for GEFS+ and for the broad spectrum of seizure
phenotypes is uncertain. Dravet syndrome has been associated
mostly with SCN1A (Berkovic et al., 2006; Ohmori et al., 2006)
and also with GABRG2 nonsense mutations (Harkin et al.,
2002; Hirose, 2006). We recently reported that mutant trun-
cated y2S(Q351X) gene subunits were trafficking deficient,
accumulated intracellularly, and suppressed biogenesis of
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wild-type y2S and partnering « and 3 subunits by oligomer-
izing with them (Kang et al., 2009b), thus reducing cell-
surface GABA , receptors to levels lower than produced by loss
of one GABRG?2 allele (Crestani et al., 1999; Kang et al,,
2009b). In that study, we used the y2S subunit, the major y2
subunit splicing isoform, and unexpectedly observed that mu-
tant y2S(Q351X) subunits formed SDS-resistant, high-
molecular-mass protein complexes when transfected into
multiple cell lines and cultured rat neurons. The cellular con-
sequences of y25(Q351X) subunit complexes, however, are
uncertain. Most pedigrees associated with GABA, receptor
subunit mutations express relatively benign epilepsy pheno-
types, such as simple febrile seizures and childhood absence
epilepsy (Kang and Macdonald, 2009). However, some indi-
viduals with GABRG2 (Harkin et al., 2002; Hirose, 2006),
SCN1A (Berkovic et al., 2006), or SCN2A (Kamiya et al., 2004;
Shi et al., 2009) mutations, especially truncation or exonic
deletion mutations, manifest the severe Dravet syndrome and
develop encephalopathy after prolonged high temperature or
after vaccination (Berkovic et al., 2006). It is unclear also why
some individuals in families with genetic epilepsy syndromes
develop mesial temporal sclerosis (Cohen-Gadol et al., 2005;
Xu et al., 2007). The extended clinical spectrum in addition to
seizures suggests that additional unidentified pathological
events, such as abnormal cellular signaling or cellular dysfunc-
tion (Li et al., 2000), may occur in these patients.
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In this study, we demonstrated that truncated y2S subunits
were more prone to form protein complexes than wild-type y2S
subunits when expressed alone or with subunit assembly part-
ners. We also found that mutant y2S(Q351X) subunits formed
these complexes rapidly after onset of subunit translation but
were degraded inefficiently. Both proteasomal and lysosomal in-
hibition slowed degradation of the mutant subunits, and their
presence increased conjugation of polyubiquitin chains. Pertur-
bation of the ubiquitin—proteasome pathway occurs at onset of
many degenerative diseases (Berke and Paulson, 2003), and the
present study implies that at least some trafficking-deficient epi-
lepsy mutations may engage signaling pathways that are shared
with many other defective mutant proteins. However, it is un-
clear whether and how the trafficking-deficient, but stable, mu-
tant y2(Q351X) subunits and the high-molecular-mass protein
complexes contribute to epileptogenesis. It will require future
study to determine whether these protein complexes contribute
to shaping the disease phenotype in vivo.

Materials and Methods

Expression vectors with GABA, receptor subunits. The cDNAs encoding
human GABA receptor subunits a1, 82, and y2Ss were constructed as
described previously (Kang and Macdonald, 2004). Yellow fluorescent
protein (YFP)-tagged GABA, receptor y2S subunits were as described
previously (Kang and Macdonald, 2004). The FLAG (DYKDDDDK)
epitope was inserted between amino acids 4 and 5 in the N terminus of
the mature protein (Kang et al., 2009b). All mutations were generated
using the QuikChange site-directed mutagenesis kit (Stratagene) and
confirmed by DNA sequencing in the Vanderbilt DNA Core.

Cell culture and transfection. HEK 293T, COS-7, and HeLa cells were
replenished with DMEM supplemented with 10% FBS and antibiotics.
Rat cortical and hippocampal neurons were prepared as before (Kang et
al., 2009a,b) and were transfected using the Ca“—phosphate method.
COS-7 cells were transfected with using the Ca**-phosphate method.
HEK 293T and HeLa cells were cotransfected with 1-3 pg of each subunit
for each 60 mm? dish in the receptor condition or 3 pg in the single
subunit condition with Fugene, and the total cell lysates were prepared
48 h later. Neurons were transfected with 15 pg of cDNA at day 7 in
culture and were harvested 8 d after transfection. Four 100 mm * dishes of
neurons were transfected of each subunit in each experiment to ensure
enough proteins for immunoblotting assay attributable to low transfec-
tion efficiency in neurons.

[?°S] radiolabeling metabolic pulse-chase assays. The pulse-chase assays
for both y2 subunit alone or y2 subunit with a1 and 82 subunits were
modified from our previously published protocol (Gallagher et al., 2007;
Kangetal.,2009a,b). Briefly, forty-eight hours after transfection, the cells
were placed in starving medium that lacked methionine and cysteine
(Invitrogen) and incubated at 37°C for 30 min. The starving medium was
then replaced by 1.5 ml of [3>S] radionuclide methionine [100—250
nCi/ml (1 Ci = 37GBq); PerkinElmer Life and Analytical Sciences] la-
beling medium for 20 min at 37°C. The labeling medium was then
changed to chase medium for a series of different time points. FLAG-
tagged GABA, receptor subunits were then immunoprecipitated from
radiolabeled lysates with anti-FLAG M2-agarose affinity gel by rotating
at 4°C overnight. The immunoprecipitated products were eluted from
the beads with FLAG peptide (Sigma-Aldrich). The immunopurified
subunits were then analyzed by 12.5% SDS-PAGE and exposed on a
digital PhosphorImager (GE Healthcare).

Measurement of total y25™ subunit expression using flow cytometry.
Measurement of total expression of GABA , receptor subunits using flow
cytometry has been described previously (Lo et al., 2008). Briefly, trans-
fected HEK 293T cells were removed from the dishes by trypsinization
and then resuspended in FACS buffer (PBS, PBS supplemented with 2%
FBS, and 0.05% sodium azide). After washes with FACS buffer and per-
meabilization with Cytofix/cytoperm (BD Biosciences) for 15 min, cells
were incubated with anti-hemagglutinin (HA) antibody directly conju-
gated with fluorophore Alexa Fluor-647 (1:200) for 1 h at 0°C. Cells were
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then washed with FACS buffer and fixed with 2% paraformaldehyde. The
acquired data were analyzed using Flow]o 7.1 (Treestar).

Live-cell confocal microscopy and fluorescence quantification. Live-cell
confocal microscopy in HEK 293T cells, COS-7 cells, and hippocampal
neurons was performed as reported previously (Kang and Macdonald,
2004). Briefly, live cells were directly imaged using an inverted Carl Zeiss
laser scanning microscope (model 510) with a 63X, 1.4 numerical aper-
ture or 40X, 1.3 numerical aperture oil-immersion lens, 2—2.5X zoom.
COS-7 cells and hippocampal neurons were plated on poly-p-lysine-
coated, glass-bottom imaging dishes at the density of 0.5-1 X 10° cells.
The total fluorescence intensity of the cell body or the somata area and
the processes including both axons and dendrites in the neurons were
measured using MetaMorph imaging software by specifically defining
the region of interest.

Immunoprecipitation and Western blot analysis. For immunoprecipita-
tion, wild-type y2S F-4€ and y28(Q351X) F-4S subunits were purified by
incubating cell lysates (1-1.5 mg) overnight with 50 ul of agarose-
immobilized anti-FLAG M2 antibody (Sigma-Aldrich). The antibody
resin was pelleted by centrifugation and washed three times with lysis
buffer. FLAG-tagged subunits were liberated by incubation with FLAG
peptide (Sigma-Aldrich) for 30 min on ice. For total protein SDS-PAGE,
50—80 ug of cell lysates per lane was loaded. Rabbit polyclonal anti-
FLAG or anti-GABA , receptor y2 subunit antibody was purchased from
Sigma or Alomone Labs. A mouse monoclonal antibody (clone p4G7)
directed against monoubiquitin and polyubiquitin was purchased from
Covance Research Products.

Data analysis. Proteins were quantified by Chemilmager AlphaEaseFC
software, and data were normalized to either wild-type subunits or load-
ing controls. Both the lower- and higher-molecular-mass bands were
included for the quantification in all experiments except otherwise spec-
ified. The integrated density volumes (IDVs) of the wild-type subunits
were arbitrarily taken as 1. The total IDVs of the mutant subunits were
then normalized to the wild-type subunits. Data from pulse-chase exper-
iments were quantified using Quantity One software (Bio-Rad). Numer-
ical data were expressed as mean = SEM. When wild-type data were
arbitrarily taken as 1, column statistics were used. Statistical significance
using Student’s unpaired ¢ test (Prism; GraphPad Software) was taken as
p < 0.05.

Results

Mutant y2S(Q351X) subunits accumulated, aggregated, and
formed high-molecular-mass protein complexes in both HEK
293T cells and rat cortical neurons

Several y2 subunit missense mutations have been associated with
genetic epilepsy syndromes, including the y2 subunit mutation
R43Q, which is associated with childhood absence epilepsy and
febrile seizures (Wallace et al., 2001), and the y2 subunit muta-
tion K289M, which is associated with GEFS+ (Baulacetal., 2001)
(Fig. 1A, left). Several y2 subunit nonsense mutations have been
associated also with genetic epilepsy syndromes, including the y2
subunit nonsense mutation Q351X, which is associated with
GEFS+ and Dravet syndrome, and the premature translation-
termination codon (PTC) is located in the transmembrane do-
main 3 (TM3)-TM4 loop (Fig. 1 A, right). We have shown that
the PTC results in loss of the C-terminal 78 aa and produces a
stable, truncated subunit that is retained in the endoplasmic re-
ticulum (ER) (Kang et al., 2009b). When coexpressed with al
and B2 subunits and immunoblotted with an anti-human +y2
subunit antibody, wild-type y2S and mutant y2S(R43Q) and
¥2S5(K289M) subunits all migrated at the same molecular mass,
predicted to be ~50 kDa (Fig. 1B, band 4; U). The truncated
mutant y25(Q351X) subunit migrated at a lower molecular mass
predicted to be ~40 kDa (Fig. 1B, band 5; U, red arrow) but
unexpectedly also formed a protein complex that migrated at a
high molecular mass (~80-100 kDa) (Fig. 1B, band 1; U). After
digestion with N-glycosidase F (PNGase F), a glycosidase that
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Figure 1. Mutant -y25(Q351X) subunits self aggregated and formed high-molecular-mass

protein complexes. A, Schematic topologies of wild-type and mutant y2S subunits are pre-
sented. The red dots represent the locations of the -y2S subunit mutations R43Q, K289M, and
Q351X. B, Total lysates (30 pg) from cells mock transfected with “empty” plasmids (mock) or
with wild-type (wt) or mutant «132y2S subunits were analyzed by immunoblot using a
polyclonal rabbit anti-y2 subunit antibody. Bands 1and 2 are the PNGase F untreated (U, band
1) or treated (F, band 2) high-molecular-mass protein complexes. Band 3 is a nonspecific band
detected with the polyclonal rabbit anti--y2 subunit antibody. Bands 4 and 6 are PNGase F
untreated (U, band 4) or treated (F, band 6, green arrows) monomeric wild-type y2S and
mutant y25(R43Q) or y25(K289M) subunits. Bands 5 and 7 are PNGase F untreated (U, band 5,
red arrow) or treated (F, band 7) monomeric mutant y25(Q351X) subunits. €, Rat cortical
neurons untransfected (con) or transfected with 25 ™A (wt) or y25(Q351X) ™A€ (Q351X)
subunits were lysed, immunopurified with anti-FLAG antibody, and analyzed by SDS-PAGE with
anti-FLAG antibody. Bands 1 and 2 are the high-molecular-mass protein complexes that mi-
grated at ~160 kDa (band 1) and ~80 kDa (band 2). Band 3 is the monomeric wild-type
25 % subunit, and band 4 is a nonspecific band that overlapped the monomeric mutant
25(Q351X) A€ subunits. D, The total IDVs of both 25 or y25(Q351X) subunits in HEK 293T
cells (HEK) or 25 ™S or 25(Q351X) ™° subunits in neurons (Neuron) were measured by
subtracting the control band or the equivalent area if there was no distinct band. Both the
lower- and higher-molecular-mass bands were included. The IDVs of the wild-type subunits
were then taken as 1. The total IDVs of the mutant subunits were then normalized to the
wild-type subunits (n = 4 for both HEK and Neuron; **p < 0.01; ***p < 0.001 vs wild type).

removes all N-linked carbohydrates attached in either ER or
trans-Golgi regions, wild-type y2S and mutant y2S(R43Q),
¥2S(K289M), and y2S(Q351X) subunits were all shifted to lower
molecular masses (Fig. 1B, band 6 green arrows and band 7 red
arrow; F) as predicted by their glycosylation patterns. In addition,
the high-molecular-mass protein complex was shifted also to a
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Figure 2.  y25(Q351X) subunit protein aggregated and formed high-molecular-mass

protein complexes in HeLa cells, which have low subunit expression. 4, The flow cytometry
histograms depict the total expression levels of 25 " subunits in either HEK 293T (green)
or Hela (brown) cells transfected with the same amounts of (DNAs as detected with
fluorescently conjugated anti-human HA antibody (HA—Alexa Fluor-647). The total ex-
pression of y25 " subunits in Hela cells was normalized to the 25" in HEK 293T cells.
B, C, Hela cells were transfected with wild-type o1[32y2S or mutant a182y25(Q351X)
subunits (B) or with y25 ™A% or 25(Q351X) A€ subunits alone (C). At 48 h after trans-
fection, the cells were lysed, and subunits in the lysates were either detected directly by
SDS-PAGE (80 w.g/lane) or were immunopurified with FLAG beads and then analyzed by
SDS-PAGE using 1.5 mg of protein lysate per sample. In both B and C, band 1 is the
high-molecular-mass protein complex that migrated at ~160 kDa, and band 3 is the
monomeric mutant y25(Q351X) "¢ subunit. In B, band 2 is a nonspecific band that
overlapped the monomeric wild-type y2S subunits, and in C, band 2 is the monomeric
wild-type y25 ™46 subunit. D, The total IDVs of 2S¢ or y25(Q351X) "A¢ subunits
when coexpressed with a1 and 32 subunits (left) or when expressed alone (right) in HeLa
cells were measured by subtracting the control band or the equivalent area if there was no
distinct band. Both lower- and higher-molecular-mass bands were included. The IDVs of
wild-type subunits were then taken as 1. Expression of total wild-type protein was also
taken as 1. The total IDVs of the mutant subunits were then normalized to the wild-type
subunits (n = 4forboth Band C, **p << 0.01 vs wild type). con, Control; mut, Mutant; wt,
wild type.
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Figure3.  25(Q351X) ¥ subunit protein accumulated intracellularly in live cells. 4, C0S-7
cells were cotransfected with o1 and 32 subunits and wild-type y25"™ (wt) or mutant
¥25(Q351X) Y (mut) subunits using the calcium phosphate precipitation method with differ-
ent amounts of subunit cDNAs. Images were acquired 2 d after transfection. B, (, Cultured rat
hippocampal neurons were cotransfected with wild-type 25" or mutant 25(Q351X) """
subunits and were imaged using confocal microscopy 8 d after transfection. €, Enlarged views of
wild-type and mutant receptors in neuronal somata and processes are shown in boxed areas in
B.T, Transmitted image; wt, wild-type y2S " subunits; mut, mutant y25(Q351X) " subunits;
co, colocalized images; F, fluorescent images. D, E, The total fluorescence intensities of cells
were measured using the MetaMorph imaging software. In D, the total fluorescence from cells
expressing wild-type 25 " subunit-containing receptors (wt) was arbitrarily taken as 1, and
the total fluorescence from cells expressing mutant y25(Q351X) " subunit-containing recep-
tors (mut) was normalized to wild-type levels. In E, the total fluorescence of both neuronal
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lower molecular mass by PNGase F digestion (Fig. 1 B, band 2; F),
suggesting that the protein complex contained glycoproteins in-
cluding y2S subunits as detected by the anti-y2 antibody.

A similar high-molecular-mass complex was also formed in
cultured rat cortical neurons (Fig. 1C) (for an enlarged view, see
supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). In neurons 8 d after transfection with either
wild-type y2S FLAG or mutant y28(Q351X) "¢ subunits, immu-
nopurification of the total cell lysates with FLAG-conjugated
beads and blotting with anti-FLAG antibody after SDS-PAGE
revealed that wild-type subunits showed only a single distinct
band at the predicted mass of a y25 ™4 subunit (Fig. 1C, band 3;
wt). In contrast, mutant subunits formed substantial amounts of
high-molecular-mass protein complex at ~80 kDa (Fig. 1C, band
2;Q351X) and ~160 kDa (Fig. 1C, band 1; Q351X) in addition to
a distinct band at the predicted mass of a y28(Q351X) "< sub-
unit (Fig. 1C, band 4; Q351X), which overlapped the nonspecific
band seen in untransfected neurons (Fig. 1C, band 4; con). Inter-
estingly, the protein complex that migrated at ~160 kDa was
more prominent in neurons than in HEK 293T cells, suggesting
that longer time after transfection may favor formation of the
high-molecular-mass protein complex. When normalized to the
total wild-type subunit protein, the mutant subunit protein in-
creased approximately threefold (2.98 * 0.45 for HEK cells, n =
4; 3.27 = 0.32 for neurons, n = 4), suggesting that mutant sub-
units were more stable than wild-type subunits (Fig. 1 D).

Mutant y2S(Q351X) subunits also aggregated in HeLa cells,
which have much lower subunit expression

Formation of the mutant y2S(Q351X) subunit high-molecular-
mass protein complexes could have been attributable only to
subunit overexpression. If so, reducing the protein expression
level should reduce or eliminate the complexes. HeLa cells are
frequently used for studying nonsense-mediated mRNA attribut-
able to their low transfection efficiency and low levels of protein
expression (Linde et al., 2007; Kang et al., 2009a). Therefore, we
first determined the relative expression levels of wild-type y2S
subunits when coexpressed with a1 and 82 subunits in HeLa cells
with the same amounts of cDNA used for HEK 293T cell trans-
fections and measured subunit expression levels using the quan-
titative method of flow cytometry to compare subunit expression
levelsin each cell type (Fig. 2A). Consistent with previous studies,
GABA, receptor subunit expression levels were much lower in
HeLa cells than in HEK 293T cells, although the total number of
cells transfected was not significantly different. For example, us-
ing the quantitative technique flow cytometry, 45-60% of HeLa
and 50-65% of HEK cells had positive fluorescent signals. With
the y25§™* levels in HEK 293T cells arbitrarily taken as 100%, the
expression level of y2S™* subunits in HeLa cells was only 16.7%
of that in HEK 293T cells (n = 6 from four different transfec-
tions). We then used Western blotting to determine whether the
high-molecular-mass protein complex formed in HeLa cells.
When either untagged y2S subunits were coexpressed with al
and B2 subunits or tagged 2SS subunits were ex-
pressed alone (Fig. 2B,C), both mutant y2S(Q351X) and

<«

somata and processes (including both axon and dendrites) were measured, and the fluores-
cence intensity ratios of the areas of the somata over processes were quantified. The fluores-
cenceintensity (FI) ratios of wild-type subunits were arbitrarily taken as 1, and the fluorescence
intensity ratios of mutant subunits were normalized to wild-type levels (n = 1415 for C0S-7
and n = 11 for neurons from four different transfections; *p << 0.05, ***p << 0.001 vs wt).
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al, B2, and y25(Q351X) Y** subunit, the
mutant subunits accumulated intracellu-
larly. Total fluorescence intensities of mu-
tant subunits were 1.78 = 0.17-fold (0.5
ug) and 1.97 = 0.22-fold (0.25 ug) higher
than wild-type subunits (Fig. 3D).

In transfected neurons, y2S¥™" sub-
units had a smooth distribution in both
the soma and the dendrites (Fig. 3B,C,
wt). In contrast, in neurons expressing
mutant subunits, y2S(Q351X) ¥ sub-
units were concentrated in the somata,
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Figure 4.

v25(Q351X) 4G subunits formed substantial high-molecular-
mass complexes that were resistant to SDS. In both cases, the total
amounts of mutant subunits were higher than wild-type sub-
units. Relative to wild-type subunit levels, the total amount of the
mutant subunit protein was 1.93 = 0.37 times higher for
¥2S(Q351X) subunits when cotransfected with a1 and B2 subunits
and was 2.95 * 0.34 times higher for y2S(Q351X) "4 subunit pro-
tein when transfected alone (Fig. 2 D). Given that similar amounts of
HeLa and HEK 293T cells were transfected but that much less total
protein was expressed in HeLa cells, it is unlikely that the formation
of the mutant subunit aggregates in HeLa cells was attributable only
to overexpression.

Mutant y2S(Q351X) subunits accumulated intracellularly in
both live non-neuronal cells and rat hippocampal neurons
Because the total amount of mutant y25(Q351X) subunits was
higher than wild-type subunits in whole-cell lysates, we then ex-
tended the study to determine the cellular location of mutant
subunits in live cells using confocal microscopy. YFP-tagged hu-
man 28 and y25(Q351X) Y** subunits were coexpressed with
human a1l and B2 subunits using different cDNA amounts (0.5
or 0.25 pg at a 1:1:1 cDNA ratio for each subunit). COS-7 cells
were studied 2 d after transfection (Fig. 3A), and cultured hip-
pocampal neurons were studied 8 d after transfection (Fig.
3B,C). Different amounts of cDNA were used to evaluate any
artifact that might be attributable to subunit overexpression.
When COS-7 cells were transfected with either 0.5 or 0.25 ug of
each al, 82, and y2S ¥ subunit, wild-type y2S YEP subunits were
distributed both intracellularly and on the cell surface (Fig. 3A,
left). In contrast, in COS-7 cells transfected with either 0.5 or 0.25
ug of each al, B2, and y2S(Q351X)Y™ subunits, mutant
v25(Q351X) Y** subunits had no surface “ring-like” fluorescence
signal, suggesting no surface expression, and were selectively re-
tained in the ER as reported previously (Harkin et al., 2002; Kang
etal., 2009b). When transfected with either 0.5 or 0.25 ug of each

Labeling time (min)

Mutant y25(Q351X) subunits formed dimers rapidly and were degraded slowly. A-D, [ **S] pulse-labeled untrans-
fected cells (U) or cells transfected with y25 A (W) or y25(Q351X) A (M) subunits were lysed, immunopurified using anti-FLAG
antibody, and analyzed by SDS-PAGE. 4, B, After 20 min of labeling, cells were chased for the indicated times (A). The percentage
radioactivity relative to the amounts of radioactivity measured at time 0 for the 100 and 50 kDa bands at each chase time were
plotted for either wild-type or mutant subunits (B) (*p < 0.05, **p << 0.01vs wild type; n = 5). C, D, Cells expressing 25 ™A% or
25(Q351X) A€ subunits were pulse labeled for the indicated times and lysed for immunopurification and SDS-PAGE (C). The
percentage radioactivity incorporated during subunit synthesis for the 100 and 50 kDa bands at each labeling time was plotted by
normalizing to the value obtained at 20 min for either wild-type or mutant subunits (D) (n = 4). Mut, Mutant; wt, wild type.

units of each experiment were averaged
and arbitrarily taken as 1. The counts
from neurons expressing the mutant
v25(Q351X) Y¥¥ were normalized to the
wild type. The normalized ratio of fluores-
cence in the somata over processes in neu-
rons expressing the mutant subunits were
higher than wild-type subunit (4.1 = 0.09)
(Fig. 3E), indicating that the fluorescence-
tagged mutant subunits were accumu-
lated in the somata with no or minimal expression in the axons
and dendrites. In addition, neurons with higher expression of the
mutant subunits often appeared to become less healthy and were
associated with cell death in some transfected neurons (supple-
mental Fig. 2, available at www.jneurosci.org as supplemental
material). However, it is unknown whether this neuronal death
caused by the presence of the mutant protein occurs in patients
and, if so, the time course of neuronal death. Study of neurons
from mutation harboring knock-in mice would better reflect the
course of the disease in humans. A thorough study focusing on
the signaling pathways that engage the mutant protein metabo-
lism and neuronal injury and death is needed. Nonetheless, ac-
cumulation of the nonfunctional mutant protein inside neurons
is likely to cause neuronal dysfunction that may lead to cell dys-
function or death triggered by other forms of cellular stress or
with time.

Mutant y2S(Q351X) subunits were degraded slowly but
formed SDS-resistant, high-molecular-mass protein
complexes rapidly

Misfolded and truncated proteins are often degraded rapidly
within cells so we performed [*’S]methionine radiolabeling
pulse-chase experiments to determine whether mutant subunits
had an altered rate of degradation. HEK 293T cells were trans-
fected with either wild-type y2 ™S or mutant y2S(Q351X) ¢
subunits and incubated for 48 h. After radionuclide labeling for
20 min, cells were lysed after a 0, 1, 2, 4, or 6 h “chase” without
(Fig. 4A,B) or with (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material) addition of cyclohexi-
mide (CHX) (100 pug/ml) to the chase medium to block protein
synthesis. The amount of wild-type subunit protein (50 + 100
kDa) declined exponentially during the chase with a half-life of
115 min without CHX (Fig. 4B) or 100 min with CHX (sup-
plemental Fig. 3, available at www.jneurosci.org as supple-
mental material). In contrast, the amount of mutant subunit
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protein (40 + 80 kDa) initially increased and then, at 2 h of
chase, declined to 94 or 96% of control radioactivity at time 0,
with or without blockade of protein synthesis by CHX, and
thus, the chase data points for the mutant subunit could not be
fitted with a single-exponential function. However, the total
amount of mutant subunit was greater than that of wild-type
subunit at each chase time point with or without CHX (sup-
plemental Fig. 3, available at www.jneurosci.org as supple-
mental material), indicating that the mutant y2S(Q351X)
subunit had a reduced rate of degradation. The higher-
molecular-mass complex band of the mutant subunit was
denser than the wild-type subunit band at each chase time
with or without CHX (data not shown). Of note, the radionu-
clide counts of the mutant y25(Q351X) subunit was higher in
the early chase time points (1 and 2 h) when there was no
blockade of synthesis with CHX (Fig. 4 A, B), but this increase
was attenuated when protein synthesis was blocked with CHX
(supplemental Fig. 3, available at www.jneurosci.org as sup-
plemental material). This early increase of radioactivity has
been seen commonly in our pulse-chase experiments when
there is no blockade of protein synthesis (Gallagher et al.,
2007) and is likely caused by accumulation of mutant subunits
attributable to slow degradation and continuing synthesis.

To compare the rate of biosynthesis of wild-type y2S and
mutant y2S(Q351X) subunits, we pulse-labeled cells transfected
with 2S4S or y28(Q351X) ™S subunits with [*°S]methi-
onine for 0, 5, 10, 15, and 20 min (Fig. 4C) and determined
subunit levels at each time point. Normalized to the total wild-
type (50 + 100 kDa) or mutant (40 + 80 kDa) subunit protein
labeled for 20 min, there were no significant differences in the total
amount of wild-type or mutant subunits (Fig. 4 D) or the amount
of high-molecular-mass complex for each labeling time point
(data not shown) and, thus, no differences in their rates of bio-
synthesis. Although more prominent for mutant subunits, both
wild-type and mutant subunits formed high-molecular-mass
protein complexes within 5 min of translation, and the high-
molecular-mass band became prominent within 10 min of label-
ing (Fig. 4C).

Wild-type y2S subunits formed high-molecular-mass protein
complexes when expressed alone or coexpressed in excess of
partnering subunits

In addition to forming high-molecular-mass complexes when
expressed alone, wild-type y2S subunits also formed them
when expressed in excess relative to a1l and 32 subunits. When
al and B2 subunits were coexpressed with a reduced amount
of y2S subunits (cDNA ratio of 1:1:0.5), minimal high-
molecular-mass complex was present (Fig. 5A). However,
with coexpression of an excess of y2S subunits (a1/82/y2S
c¢DNA ratios of 1:1:2.5, 1:1:5, and 1:1:10), the high-molecular-
mass complexes increased substantially (Fig. 5A, B). The ratio
of the high-molecular-mass complex (100 kDa band) to the
lower molecular band (50 kDa band) was only ~2% when
expressed with a reduced amount of y2S subunits (cDNA ratio
of 1:1:0.5), but the ratio increased to ~16, 24, or 40% when
expressed with an excess of y2S subunits. In contrast, the
v2S8(Q351X) subunit high molecular complexes or aggregates
were substantial even at a ratio of 1:1:0.5 for «l/B2/
v25(Q351X) subunit cDNAs, and the high molecular complex
signals became saturated with higher cDNA ratios (Fig. 5A).
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Figure 5. Wild-type -y2S subunits (wt) only formed high-molecular-mass protein complexes

with coexpressed ae1and 82 subunits when they were in excess relative to o1 and 32 subunits, but
mutant -y25(Q351X) subunits (mut) formed high-molecular-mass protein complexes with or without
coexpression of el and 32 subunits. A, Cells were cotransfected with a1, 82, and 25 "A° subunits
atdifferent DNAratios (1:1:10,1:1:0.5, 1:1:2.5, or 1:1:5). The total amount of cDNA was normalized to
the empty vector pcDNA. The immunopurified subunits were analyzed by immunoblot that was
probed with an anti-FLAG antibody. B, The ratios of total IDVs of the higher molecular band (100 kDa)
or the dimer band over the lower molecular band (50 kDa) or the monomer band in each condition
were plotted (*p << 0.05, **p << 0.01vs 1:1:10; n = 4). (, Cells coexpressing c1 and 32 subunits
with wild-type 25 and mutant y25(Q351X) S subunits (cDNA ratio of 1:1:1) were pulse chased for
1or3 hand lysed forimmunopurification and SDS-PAGE. Band 1 indicates the high-molecular-mass
protein complex, and band 4 indicates y25(Q351X) ™A€ subunit monomers. There were multiple
bands in the band 2 area that indicate the wild-type 25 "A° and coimmunoprecipitated c¢1and 32
subunits. Band 3 indicates a nonspecific band. The arrow points to the 25 *° subunit band. D, Cells
expressing mutant y25(Q351X) € subunits alone (3 g of cDNA) or coexpressed with a1 and 32
subunits (1 g of (DNA each) were lysed forimmunopurification, treated (F) or untreated (U) with
PNGase F, and fractionated by SDS-PAGE (Cand D were representative gels of four experiments).

Mutant y2S(Q351X) subunits were more prone than wild-type
subunits to form high-molecular-mass protein complexes with
or without coexpression of partnering subunits

When a182y28 45 or a1 B2925(Q351X) *4€ subunits were co-
expressed in HEK 293T cells at an equal subunit cDNA ratio of
1:1:1, and the cells were pulse labeled with [ *>S]methionine for 20
min followed by a 1 or 3 h chase (Fig. 5C) (supplemental Fig. 4 A,
available at www.jneurosci.org as supplemental material), high-
molecular-mass protein complexes were not detectable with
wild-type subunit expression but were detected with mutant sub-
unit expression at both 1 and 3 h (Fig. 5C, band 1), with substan-
tial amounts of mutant subunit monomers detected at each time
point (Fig. 5C, band 4). Wild-type y2S "< subunits could not be
detected unambiguously because of the presence of mature and
immature a1 and 32 subunits that had molecular masses similar
to y2S ™S subunits (Fig. 5C, band 2).
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Figure6.

Mutant y25(Q351X) subunits were degraded through the ubiquitin—proteasome pathway. 4, Cells mock transfected
(mock) or transfected with y25(Q351X) "4 subunits were labeled with [ **S]methionine for 20 min, followed by chase in the
absence (—) or presence (+) of the proteasome inhibitor lactacystin (Lac, 10 wm) for the indicated time periods. B, The percent-

tin treatment, mutant subunit protein
levels were increased 125-140% with
lactacystin treatment at all chase times
>60 min (Fig. 6B).

age radioactivity relative to the amount of radioactivity measured at time 0 for mutant subunits without lactacystin treatment in

the absence (—) or presence (+) of lactacystin was plotted at each chase time (*p << 0.05, **p << 0.01 vs mutant without
lactacystin; n = 4). €, Cells were mock transfected or transfected with 25 ™S (wt) or 25 *A%(Q351X) (mut) subunits and were
incubated for 4 hin the absence or presence of 10 wum lactacystin before cell lysis. The immunopurified subunits were analyzed by
immunoblot probed with an antibody against polyubiquitin (left) or FLAG (right) (n = 9). D, The total IDVs of polyubiquitin were
measured from ~37 to 200 kDa in hoth the wild-type and the mutant subunits. The normalized amounts of polyubiquitin IDVs

from pooled data were plotted (n = 9; ***p << 0.001 vs wild type + lactacystin).

The high-molecular-mass protein complexes detected on
SDS-PAGE with expression of y25(Q351X)C subunits
alone or with partnering a1 and 32 subunits contained
v25(Q351X)" S subunits and had similar molecular masses
Mutant y2S(Q351X) ™*< subunits were immunopurified from
lysates of cells transfected with y2S(Q351X) ™S subunits with-
out (supplemental Fig. 4 B, available at www.jneurosci.org as sup-
plemental material) (Fig. 5D, —) or with (Fig. 5D, +) al and 32
subunits. The mutant subunits then were treated (Fig. 5D; F) or
not treated (Fig. 5D; U) with PNGase F to remove attached
N-glycans and immunoblotted with anti-FLAG antibody. The
protein complexes obtained with expression of y2S(Q351X) 46
subunits with or without «l and B2 subunits migrated at the
same molecular mass before PNGase F treatment (Fig. 5D; U)
and were shifted to the same lower molecular mass after PNGase
F treatment (Fig. 5D; F). The protein complex molecular mass
was approximately twice that of the predicted mass of mutant
subunits, suggesting that the high-molecular-mass protein com-
plexes present on SDS-PAGE were likely modified y2S(Q351X)
subunit dimers. In addition, a protein complex with a molecular
mass that was larger than the “potential dimer” was occasionally
detected and migrated between 150 and 250 kDa, thus potentially
being modified “multimers” composed of three or more mutant
¥25(Q351X) subunits. In conclusion, the core structure of the
¥2S(Q351X) subunit high-molecular-mass protein complexes
observed in SDS gel either when y2S(Q351X) subunits were ex-
pressed alone or with al and 2 subunits contained mutant
¥25(Q351X) subunits that were likely mutant subunit dimers.

Mutant subunits were conjugated with
more ubiquitin than wild-type subunits
Because mutant proteins should be polyu-
biquitinated before degradation by the
ubiquitin—proteasome pathway, we deter-
mined whether mutant y2S(Q351X) sub-
units were polyubiquitinated. HEK 293T
cells were transfected with both wild-type y2S™¢ and mutant
v25(Q351X) F-4S subunits and incubated for 4 h with or without
lactacystin (10 uM). The subunits were immunopurified using
anti-FLAG antibody and analyzed by immunoblot probed with
an antibody against polyubiquitin (Fig. 6C, left) or FLAG (Fig.
6C, right). The total IDVs of polyubiquitin were measured from
~37 to 200 kDa in both the wild-type and the mutant subunits.
Proteasome inhibition increased polyubiquitination of both
wild-type and mutant subunits (4.23 = 0.42 vs 8.3 = 0.89, p =
0.0008) (Fig. 6C), but mutant subunits were conjugated with
more polyubiquitin than wild-type subunits (Fig. 6D). However,
itis unknown whether the high-molecular-mass protein complex
would conjugate more ubiquitin than the monomers or how
much ubiquitin were conjugated by the high-molecular-mass
protein complex.

Mutant y2S(Q351X) subunits were degraded also through the
lysosome pathway

Because lysosomal degradation is another major pathway for
protein disposal, we compared mutant subunit protein degrada-
tion with and without lysosomal inhibition. HEK 293T cells were
transfected with mutant y2S(Q351X) subunits alone for 48 h.
Immediately after [ >*S]methionine labeling for 20 min, cells were
switched to medium with or without the lysosome inhibitor chlo-
roquine (100 um) and incubated for 0, 30, 60, 90, and 180 min
(Fig. 7A). Chloroquine is known to inhibit lysosomal hydrolases
by reducing the acidification of the endosomal/lysosomal com-
partments. Bands from chloroquine-treated samples were more
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intense within 30 min of treatment (137— A
189%). When normalized to the amount
of total mutant protein at 0 min, there
were significant increases in the amount
of mutant subunit protein at all time
points from 30 to 180 min with chloro-
quine treatment (Fig. 7B). With lysosome
inhibition, we then compared the steady-
state protein levels of both y2S and
¥25(Q351X) subunits when coexpressed
with al and 2 subunits (Fig. 7C). Incu-
bation with chloroquine increased the to-
tal level of mutant, but not wild-type,
subunits. Lysosome inhibition with chlo-
roquine increased total mutant subunit
levels (1.89 = 0.20) (including subunit
monomers and possibly dimers and tet-
ramers) to a greater extent than total wild-
type subunit levels (1.22 * 0.23, p = 0.03)
(Fig. 7D).

Formation of SDS-resistant,
high-molecular-mass protein
complexes is a common phenomenon
for truncated and misfolded mutant
GABA, receptor subunit proteins
Although most epilepsy mutations are as-
sociated with a single family and the y2
subunit mutation Q351X is associated
with a small pedigree, approximately one-
third of human genetic diseases, including
epilepsy, are caused by nonsense mutations or other types of
mutations that generate PTCs. We determined whether other
GABA , receptor subunit nonsense mutations that cause subunit
truncation would also result in the formation of high-molecular-
mass protein complexes. We generated a series of y2 subunit
nonsense mutations that were N terminal to the Q351X muta-
tion, including G234X at the C-terminal end of the N terminus,
N258X at the end of TM1, R284X at the C-terminal end of TM2,
and V321X at the C-terminal end of TM3 (Fig. 8A). Similar to
¥2S(Q351X) mutant subunits, all of these nonsense mutations
generated truncated subunits that formed high-molecular-mass
protein complexes (Fig. 8 B), although the ratio of the amount of
high-molecular-mass protein complexes to the amount of sub-
unit monomers varied. When normalized to the dimers (Fig. 8 B,
red arrows) over monomers (Fig. 8 B, green arrows) of the wild-
type subunits, all of the truncated mutant y2S subunits had in-
creased dimer to monomer ratios (each mutant subunit ratio was
divided by the wild-type subunit ratio), ranging from an increase
of ~2-fold to 2.5-fold, indicating that mutant subunits were
more prone to form dimers (n = 6). However, our data might not
be an accurate estimation of the exact ratio of multimers over
monomers because the formation of dimers and monomers may
be very dynamic, and we did not include tetramer or even high-
molecular-mass protein complexes.

We also generated mutations that would impair protein fold-
ing by deleting a major portion of the TM3-TM4 loop in a1, 32,
and 2 subunits (Fig. 8 D). Disruption of the TM3—TM4 loops of
B2 and 728, but not of a1, subunits produced substantial high-
molecular-mass protein complexes on SDS-PAGE (Fig. 8 E, Loop
del), but the amount of the protein complexes was greater for y2S
(74.1%) than B2 (29.2%, p = 0.0015 vs y2S loop del) loop deleted
subunits. In addition, mutant y2S(Q351X) subunits produced

Figure 7.

mutant (mut) o1 327y2S A6

Kang et al. @ GABRG2(Q351X) Causes Subunit Accumulation and Aggregation

=3
g 200
¥2S(Q351X)FLAG S 150
30 60 90 180 (min) %.0 L
-+ -+ -+ Chlo -Z 100
7 g 50 1 +mut+chlo
o " mut
S 60 120 180
Chase time (min)
alB2y2SFLaG/ D
2S(Q351X)FLAG )
! wt(Q ml)lt IDV fold increase
+ Chlo 25
| KDa m W .
| 2.0 — mut
{100 15
1.0
| 50 05
| 40
0.0

IP: FLAG - + Chlo

Blot: FLAG

Mutant -y25(Q351X) subunits were degraded through the lysosome pathway. 4, Cells mock transfected (mock) or
transfected with y25(Q351X) ¢ subunits were labeled with [ **S]methionine for 20 min, followed by chase in the absence (—)
orpresence (+) of chloroquine (Chlo, 100 wum) for the indicated time periods. The cells were lysed, immunopurified using anti-Flag
antibody, and analyzed by SDS-PAGE. B, The percentage radioactivity relative to the amount of radioactivity measured at time 0 for
mutant subunits without chloroquine treatment in the absence (—) or presence (+) of chloroquine was plotted (*p << 0.05,
*¥p < 0.0 vs mutant without chloroquine; n = 4). ¢, HEK 293T cells expressing equimolar concentrations of wild-type (wt) and
subunits were incubated without (—) or with (+) chloroquine (100 wum) for 4 h. The total lysates
were immunopurified and immunoblotted with rabbit polyclonal anti-FLAG antibody. D, The total y2 subunit protein IDVs with
chloroquine treatment were normalized to the untreated group (*p << 0.05 vs wild type + chloroquine; n = 4).

more high-molecular-mass protein complexes than y2S loop de-
leted subunits (153.5%, p = 0.0035 vs y2S Loop del, n = 4) (Fig.
8F). These data suggest that formation of SDS-resistant, high-
molecular-mass protein complexes is a common phenomenon
with truncated and misfolded GABA, receptor subunit proteins
and that some mutant or misfolded subunits are more prone to
form aggregates than others. The cellular and functional conse-
quences of these truncations, however, could differ depending on
their properties such as ability to oligomerize with other sub-
units, their stability, and the likelihood of each mutant subunit to
self-associate.

Disruption of the N-terminal disulfide bond destabilized the
mutant protein, suggesting that 2 subunit cysteines C151
and C165 in the signature Cys loop were likely involved in
formation of subunit complexes

What is the basis for the mutant y2(Q351X) subunits to form
complexes? It has been reported that disulfide bonds stabilize
proteins and accelerate folding (Matsumura et al., 1989; Fei and
Perrett, 2009). Thus, we mutated the y2 subunit cysteines C151
and C165 in the signature Cys loop to alanine to determine
whether they were important for formation of the high-
molecular-mass protein complexes (Fig. 8G). Transfection of
HEK 293T cells with FLAG-tagged y2(Q351X) FLAG subunits re-
sulted in formation of substantial high-molecular-mass com-
plexes (Fig. 8 H, con). Mutation of C151, C165, or both cysteines
substantially reduced formation of the higher-molecular-mass
protein complexes and facilitated protein degradation (Fig. 8 H).
The same phenomenon of destabilizing the protein by disrupting
the disulfide bond was observed with wild-type subunits but to a
lesser extent (supplemental Fig. 5, available at www.jneurosci.org as
supplemental material). When normalized to mutant y2(Q351X)



Kang et al. e GABRG2(Q351X) Causes Subunit Accumulation and Aggregation

A B

v2S subunit truncations
351 234258 284 321

C Dimer to monomer IDV
ratio normalized to
3.5, the wt ratio

3.0l lll

v2S

COOH

2.5
2.0] l
1.5
1.0 > wt
N258X
V321 0.5
Q351X 0.0
351 234258 284 321
FLAG
425746 IP: FLAG 728
Blot: FLAG
D E
Percent dimer vs monomer
NH3 Loop del  wt Q351X 20
COOH
15 §$§
10 I*l
50 ﬂ
oL L1l 1=l
u p— al B2 12 2 p
Blot: FLAG Loopad (@99
G H ) | Normalized IDV
¥2S y28(Q351X)AC ratio to y2(Q351X)
NH3 (514 U tcon“151 165 1514165 (C to A) 1.0
ClI65A Q351X
0.5
ok ok
sokok R
LD
1 3 J \d Nad
IP: FLAG C & p@
Blot: FLAG N

o\‘o

Figure8. Multiple truncated or misfolded GABA, receptor subunits formed SDS-resistant protein complexes, and cysteines 151
and 165 in the N terminus were involved in the formation of the SDS-resistant protein complexes. A, Schematic locations of
mutations that were introduced to produce truncated y2S subunits were indicated by red crosses. B, Total lysates of HEK 293T cells
transfected with y25(Q351X) "¢, 25(G234X) A€, y2S(N258X) F1A°, 25(R284X) A%, and y25(V321X) A subunits were im-
munopurified using anti-FLAG antibody and analyzed by SDS-PAGE. C, The ratios of the total IDVs of dimers over monomers for each
truncated 25 subunit in B were plotted. The data were normalized to wild-type 25 ™*A° subunit (wt). The ratio of the total IDVs
of dimer in wild type was arbitrarily taken as 1 (n = 6) (C). D, Schematic topology of 1, 82, and ~y2S subunits with deletions of
a major portion of the intracellular TM3—TM4 loops were marked with red crosses to represent the portion of the intracellular
TM3-TM4 loop that was removed. E, Total lysates of HEK 293T cells transfected with ac1™S, 32™A€, and 25 ™S with loop
deletion, 25 "A%(wt) and y25(Q351X) A% subunits, and their partnering subunits were immunopurified using anti-FLAG anti-
body and analyzed by SDS-PAGE. The loop-deleted o1 ™A€ subunits were cotransfected with wild-type 32 and 25 subunits; the
loop-deleted 32 "¢ subunits were cotransfected with a1 and y2S subunits; and the wild-type, loop-deleted and mutant 25
subunits were cotransfected with 1 and 32 subunits. F, The percentages of total IDVs of dimers over monomers for each
condition were plotted [n = 4; ***p < 0,001 vs wild type; 'p < 0.01vs y25(Q351X) "4 55p < 0.01vs 32 "¢ loop deletion].
In B and E, the green arrows designated mutant 25 "¢ subunits that migrated as monomers, and the red arrows designated
potential subunit dimers. G, Schematic topology of y25(Q351X) subunits with cysteines (151 and (165 in the signature Cys-loop
mutated to alanines. H, Total lysates of HEK 293T cells untransfected (U) or transfected with y25(Q351X) ™A€ subunits without
cysteines mutated (con) orwith mutant 25(Q351X) "¢ subunits containing mutationsin C151(151), (165 (165), or both (151 -+
165). Mutant y25(Q351X) A subunits without or with mutation of the cysteines were immunopurified using anti-FLAG antibody
and analyzed by SDS-PAGE. /, The total IDVs in H for 25(Q351X) "¢ subunits without or with mutation of the cysteines were
plotted. The data were normalized to the 25(Q351X) "¢ subunit without mutant cysteines. The total IDV of y25(Q351X) *A®
subunits was arbitrarily taken as 1[n = 4 from four different transfections; ***p << 0.001 vs y25(Q351X) "¢ subunit].

subunits without interruption of the cysteine loop, mutation of ei-
ther cysteine reduced the total amount of both high-molecular-mass
protein complex and subunit monomer mutant subunit protein to
less than one-third (0.33 =+ 0.01 for C151A, 0.21 * 0.07 for C165A,
and 0.15 = 0.08 for C151A + C165A) (Fig. 81). However, protein
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aggregation is a very complex process and
usually involves multiple protein domains.
It is not know whether other regions of the
subunit are also involved in the dimeriza-
tion or aggregation of this mutant protein.

Discussion

The GABRG2(Q351X) mutation

may cause more than impaired

receptor trafficking

Although the majority of children with
GABA, receptor or sodium channel gene
mutations only have mild epilepsy pheno-
types, there is a small subgroup of chil-
dren harboring these mutations that
manifest the more severe disease pheno-
type Dravet syndrome, which includes re-
fractory seizures, a progressive disease
course, impaired development, and cog-
nitive decline. Genetic studies have linked
this subgroup to truncation mutations
frequently to SCN1A and occasionally to
GABRG2 genes (Scheffer et al, 2001;
Berkovic et al., 2006; Hirose, 2006). The
underlying bases for the association of
these truncation mutations with the more
severe epilepsy phenotype are not clear
and may be partially attributable to the
complete loss of function of the mutant
allele in contrast to missense mutations
that generally have only impaired func-
tion of the mutant allele. Our previous
work demonstrated that one of these
mutations, GABRG2(Q351X) associated
with GEFS+, including Dravet syndrome,
had more impaired a132y2S GABA, re-
ceptor channel function than could be ex-
plained by the loss of one allele (Crestani
et al., 1999). Thus, the GABRG2(Q351X)
mutation may reduce a132y2S receptor
channel function more than either the
heterozygous GABRG2 gene knock-out
(Crestani et al., 1999) or the heterozygous
GABRG2(R43Q) epilepsy mutation (Tan
et al., 2007). In addition to the loss of
inhibition produced by the GABRG2
(Q351X) mutation, we observed an SDS-
resistant, high-molecular-mass protein
complex that contained y2S(Q351X) sub-
units. However, the cellular consequence
of the presence of the high-molecular-
mass protein complex is not clear. Al-
though our data demonstrated that the
protein aggregation and formation of high-
molecular-protein complex was a common
phenomenon for y2S™4 subunits, other
truncated GABA, receptor subunits, such
as the mutant «1(S326£s328X) subunit as-
sociated with childhood absence epilepsy,

were unstable, were degraded rapidly (Kangetal., 2009a), and did
not form stable high-molecular-mass protein complexes. Fur-
thermore, some truncation mutations may trigger nonsense-
mediated mRNA decay, thus eliminating the majority of the
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mutant protein and causing haploinsufficiency for the subunit.
Therefore, despite the frequent genetic association of patients
with Dravet syndrome with nonsense mutations of SCN1A and
GABRG2, it is still unknown whether and how a truncated
SCNIA or GABRG2 subunit worsens a disease phenotype by
mechanisms in addition to a reduced channel function.

Formation of SDS-resistant, high-molecular-mass protein
complexes is a feature of several neurodegenerative diseases
The presence of the SDS-resistant high-molecular-mass protein
complexes was surprising because formation of protein com-
plexes or protein aggregates is a hallmark of many neurodegen-
erative diseases (Tran and Miller, 1999; Wanker, 2000; Rajan and
Kopito, 2005) but in general not of genetic epilepsy syndromes.
Formation of SDS-resistant, high-molecular-mass protein com-
plexes or insoluble protein aggregates is a feature of many neu-
rodegenerative diseases, including Parkinson’s disease and
Huntington’s disease. Many of the mutations that cause domi-
nantly inherited neurodegenerative disease have been demon-
strated to increase dramatically the propensity of the mutant gene
product to self-associate into protein aggregates both in vitro and
invivo (Fink, 1998). This supports the widely accepted hypothesis
that this feature of protein aggregation underlies the molecular
pathogenesis of many neurodegenerative diseases. The presence
of misfolded or aggregated mutant proteins has been demon-
strated to activate the unfolded protein response, leading to up-
regulation of molecular chaperones. Additional study focusing
on the signaling pathways of the unfolded protein response and
activities of molecular chaperones in the cells harboring the mu-
tant y2(Q351X) subunits will help determine whether the mu-
tant subunit has cellular consequences common to other
trafficking-defective proteins.

Mutant y2S(Q351X) subunits adopt a relatively stable
conformation rapidly after translation and have a slower
degradation rate than wild-type y2S subunits

What is the basis for mutant y2S(Q351X) subunit protein accu-
mulation and aggregation? Our data demonstrated that both
wild-type y2S and mutant y25(Q351X) subunits formed high-
molecular-mass protein complexes within 5-10 min of the onset
of translation. Occasionally with pulse labeling at time 0, when-
ever the monomer was detected, the high-molecular-mass pro-
tein complexes were present, suggesting that formation of the
aggregates was spontaneous. However, in our experiments, sub-
unit radioactivity was not detected reliably until 5 min after pulse
labeling. Thus, we concluded that aggregate formation was likely
cotranslational in the ER. Formation of the protein complexes
with expression of wild-type y2S subunits, however, occurred
significantly only in the absence of a1 and 2 subunits, suggest-
ing that oligomerization with partnering subunits masked the
v2S subunit domain for self-association or inhibited misfolding
and aggregation of wild-type y2S subunits.

In contrast, mutant y2S(Q351X) subunits formed high-
molecular-mass protein complexes regardless of the presence of
other wild-type subunits and accumulated attributable to slowed
degradation. A similar accumulation of mutant protein has been
observed for mutant a-Synuclein(A53T), which is associated
with Parkinson’s disease (Bennett et al., 1999), and the degrada-
tion rate of a-Synuclein(A53T) protein was 50% slower than that
of the wild-type protein. Our pulse-chase experiments demon-
strated that, when expressed alone, mutant subunits were more
stable than wild-type subunits. However, under more physiolog-
ical conditions with coexpression of wild-type y2S and partner-
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ing aand B subunits, wild-type y2S subunits would be subject to
more complicated posttranslational modifications and recycling
and would traffic to the cell surface and to synapses. Thus, the
half-life of wild-type y2S subunits should not be the same as that
observed in heterologous expression systems in vitro, but it is
likely that mutant subunits adopt a stable conformation and de-
grade slowly both in vitro and in vivo.

The high-molecular-mass protein complex may be composed
of modified dimeric y2S mutant subunits that form a core
structure for a larger protein complex

We propose that the high-molecular-mass protein complex ob-
served on SDS-PAGE was likely composed of modified dimers of
v25(Q351X) subunits. The increase in molecular mass of the
protein complexes for both wild-type y2S and mutant y2S(Q351X)
subunits correlated with a difference in molecular mass of their
monomers. A similar molecular mass shift was observed with
expression of other y2S subunit nonsense mutations and y2S
subunits with deletion of the intracellular TM3-TM4 loop, again
suggesting formation of subunit dimers and that the deletion of
the TM3-TM4 loop structure or exposure of hydrophobic resi-
dues attributable to protein misfolding caused subunit self-
association. The band detected in neurons that migrated at ~160
kDa was a potential tetramer formed by association of dimers
with longer incubation time, which thus became more promi-
nent with the longer time between transfection and harvesting of
neurons (8 d) than of HEK 293T cells (2 d). Mutant protein
dimers have been observed also with mutant Rhodopsin (P23H)
associated with autosomal-dominant retinitis pigmentosa (Rajan
and Kopito, 2005). It is unknown, however, whether or not the
subunit monomer or the dimeric subunit protein complex is
cytotoxic and, if so, which is more toxic. In addition, our obser-
vation was made on SDS-PAGE, and the detergent used may have
caused dissociation of additional, more loosely conjugated pro-
teins, leaving only the most tightly conjugated, protein core
structure. Under physiological conditions, multiple wild-type
partnering subunits coexist in a crowded cellular environment,
and it is possible that the aggregates may contain also those part-
nering subunits such as al and (B2 subunits depending on
their relative binding affinities and on the relative abundance
of each subunit. Nevertheless, the presence of the higher-
molecular-mass protein complex on SDS-PAGE suggests that
the proteins associated with mutant 2 subunits are bound
very tightly and with high stability.

Formation of SDS-resistant, high-molecular-mass protein
complexes is a common phenomenon for truncated or
misfolded GABA 4, receptor subunit proteins and disruption
of the signature Cys loop destabilized the mutant subunit
protein

The proband carrying the GABRG2(Q351X) mutation presented
with a severe type of epilepsy, Dravet syndrome. In addition to
the GABRG2(Q351X) mutation, the GABRG2(Q1X) nonsense
mutation has also been associated with twin sisters with Dravet
syndrome in a small Japanese pedigree (Hirose, 2006). It is likely
that these nonsense mutations result in either truncated or non-
functional proteins with relatively stable conformations or in ex-
posure of hydrophobic residues that causes rapid self-association
to form aggregates. Although mutant protein aggregation may be
a complex process and multiple domains or segments in the pro-
tein may be involved, the y2 subunit cysteines C151 and C165 at
least contribute to the mutant protein dimerization and aggrega-
tion. The presence of the stable trafficking-deficient mutant pro-
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tein may be toxic to cells over alifelong disease course, in addition
to its loss of biological function and/or to its destructive interac-
tion with wild-type partnering subunits (Mezghrani et al., 2008;
Kang and Macdonald, 2009), thus resulting a more severe disease
phenotype compared with simple gene deletion knock-out con-
dition. This study suggests that an ion channel mutation such as
GABRG2(Q351X) associated with a genetic epilepsy, Dravet syn-
drome, may have additional pathological actions in addition to
simple loss of neuronal inhibition or GABAergic signaling in
early stages of brain development. This extra pathological action
caused by inefficient subunit protein degradation and subunit
aggregation may disturb intracellular signaling pathways, alter
expression of genes that are critical for neurodevelopment, and
lead to neuronal dysfunction, rendering neurons more vulnera-
ble to cellular stresses over time. However, it is unclear whether
the presence of the mutant protein complex would worsen the
disease phenotype in vivo. Future work comparing GABRG2
(Q351X) knock-in mice with gene deletion GABRG2 knock-out
mice and/or with knock-in mice, such as GABRG2(R43Q)
knock-in mice, that have a mutation that does not result in for-
mation of stable aggregates may further elucidate the pathologi-
cal effect of the presence of the mutant aggregates.
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