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The GABRG2 Mutation, Q351X, Associated with Generalized
Epilepsy with Febrile Seizures Plus, Has Both Loss of
Function and Dominant-Negative Suppression
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The GABAA receptor �2 subunit mutation, Q351X, associated with generalized epilepsy with febrile seizures plus (GEFS�), created a loss
of function with homozygous expression. However, heterozygous �2(�/�) gene deletion mice are seizure free, suggesting that the loss of
one GABRG2 allele alone in heterozygous patients may not be sufficient to produce epilepsy. Here we show that the mutant �2 subunit was
immature and retained in the endoplasmic reticulum (ER). With heterozygous coexpression of �2S/�2S(Q351X) subunits and �1 and �2
subunits, the trafficking deficient mutant �2 subunit reduced trafficking of wild-type partnering subunits, which was not seen in the
hemizygous gene deletion control. Consequently, the function of the heterozygous receptor channel was reduced to less than the hemi-
zygous control and to less than half of the wild-type receptors with a full gene dose. Pulse-chase experiments demonstrated that in the
presence of the mutant �2S(Q351X) subunit, wild-type �1 subunits degraded more substantially within 1 h of translation. We showed
that the basis for this dominant-negative effect on wild-type receptors was due to an interaction between mutant and wild-type subunits.
The mutant subunit oligomerized with wild-type subunits and trapped them in the ER, subjecting them to glycosylation arrest and
ER-associated degradation (ERAD) through the ubiquitin proteosome system. Thus, we hypothesize that a likely explanation for the
GEFS� phenotype is a dominant-negative suppression of wild-type receptors by the mutant �2S subunit in combination with loss of
mutant �2S subunit protein function.

Introduction
GABAA receptors are the major inhibitory neurotransmitter re-
ceptors in the CNS, and the �1�2�2S receptor is the most abun-
dant receptor isoform. The �2 subunit is critical for receptor
trafficking, clustering and synaptic maintenance (Essrich et al.,
1998; Schweizer et al., 2003), and several GABAA receptor �2
subunit missense mutations [�2(R43Q) (Wallace et al., 2001),
�2(K289M) (Baulac et al., 2001), and �2(R139G) (Audenaert et
al., 2006)] and premature translation-termination codon (PTC)-
generating mutations [�2(Q1X) (Hirose, 2006), �2(IVS6 �
2T3G) (Kananura et al., 2002), and �2(Q351X) (Harkin et al.,
2002)] have been associated with autosomal dominant idiopathic
generalized epilepsies (IGEs). The missense mutations have been
shown either to have reduced trafficking to the membrane sur-
face with relatively normal function (Bianchi et al., 2002; Gal-
lagher et al., 2004; Kang and Macdonald, 2004; Macdonald et al.,
2006) or to traffic to the surface with impaired function (Feng et
al., 2006, Bianchi et al., 2002). However, the pathophysiological
mechanisms of GABAA receptor �2 subunit nonsense mutations
are not clear.

The �2 subunit nonsense mutation, Q351X, has been associ-
ated with generalized epilepsy with febrile seizures plus (GEFS�)
(Harkin et al., 2002). Phenotypes in the affected pedigree ranged
from simple febrile seizures to the more severe seizures of the
Dravet syndrome. Mutant mRNAs containing PTCs are often
degraded by nonsense-mediated mRNA decay (NMD) (Maquat,
2004). However, the PTC in �2(Q351X) subunits is located in the
last exon of the GABRG2 gene. NMD only degrades mRNAs with
PTCs at least 50 –55 nt 5� of an exon– exon junction, and there-
fore, does not degrade mRNAs with PTCs in the last exon (Hol-
brook et al., 2004). Thus, the �2(Q351X) subunit mRNA should
not be subject to NMD. Recent studies also suggest that PTCs can
activate mRNA degradation due to an improperly configured
3�-UTR, the “faux 3�-UTR model,” even if the PTC is located in
the last exon (Amrani et al., 2004). However, studies on NMD in
other diseases have shown that NMD is often incomplete
(Kuzmiak and Maquat, 2006). Thus, it is likely that �2(Q351X)
subunit mRNA and truncated mutant protein are present in neu-
rons of affected heterozygous patients.

In the present study, we demonstrated that �2(Q351X) sub-
unit protein was produced but was immature and trafficking
deficient, resulting in haploinsufficiency of the �2 subunit. In
addition, it had a dominant-negative effect on wild-type recep-
tors by reducing their assembly, trafficking and surface expres-
sion. The dominant-negative effect was likely due to oligomer-
ization of mutant and wild-type subunits, resulting in ER
retention and glycosylation arrest of both wild-type and mutant
subunits. Retained, immature wild-type subunits were rapidly
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degraded by ERAD through the ubiquitin-
proteasomal system (UPS). As a result, the
�2 subunit mutation, Q351X, reduced
mature surface GABAA receptors to an ex-
tent that was greater than that produced by
hemizygous expression of the �2 subunit.
This combination of loss of surface expres-
sion and function of the mutant subunits
and the dominant-negative effect of the
mutant subunits on the wild-type subunits
would result in considerable loss of inhibi-
tion and is the likely explanation for the
GEFS� associated with this mutation.

Materials and Methods
Expression vectors with GABAA receptor sub-
units. The cDNAs encoding human �1, �2, �2S,
and enhanced cyan fluorescent protein (CFP)-
or yellow fluorescent protein (YFP)-tagged
GABAA receptor subunits (e.g., �2SCFP, �1CFP,
or �2SYFP subunit) were as described previously
(Kang and Macdonald, 2004; Kang et al., 2006).
The �2 subunit minigenes were generated by
inserting the full-length intron 8 of the �2 gene
between exons 8 and 9 of the �2 subunit cDNA
constructs. Since intron 8 contains the se-
quences for the �2L subunit, which is subject to
alternative splicing inside the cells, the term �2
subunit minigene was used instead of either
�2L or �2S subunit minigene in Figure 1. Sim-
ilarly, we are not sure whether truncated wild-
type or mutant �2S or �2L subunits were pro-
duced with expression of the intron 8
minigenes, and therefore, we refer to �2 and
�2(Q351X) subunits when the subunits were a
product of minigene expression. We used �2S
or �2L subunit when referring to the cDNA
constructs for the rest of study. The ecliptic
pHluorin (a pH-sensitive GFP variant)-tagged
rat �2L (�2LpH) subunit was kindly provided by
Dr. Stephen J. Moss (Tufts University School of
Medicine, Boston, MA). The FLAG (DYKD-
DDDK) and HA (YPYDVPDYA) epitopes were
inserted between amino acids 4 and 5 in the N
terminus of the protein. Rat �2 subunit siRNA
and primers were all synthesized by Qiagen. The anti-�2 subunit siRNA
sequence (AAG AAA TCT GAT GAT GAC TAT) was complementary to
an upstream sequence of the rat �2 subunit N terminus that was inter-
rupted in the YFP-tagged human �2SYFP subunit sequence.

Cell culture. Hippocampi were dissected from the brains of embry-
onic day 18 Sprague Dawley rat pups. Dissociation of cells and cell
culture and transfection procedures have been described previously
(Kang et al., 2006).

Transfection. Transfection of HEK 293-T cells for electrophysiological
experiments was as previously described (Kang and Macdonald, 2004).
The total amounts of cDNAs transfected in different conditions were
normalized by adding the empty vector pcDNA. Hippocampal neurons
and HEK 293-T cells for immunoblots were transfected with Lipo-
fectamine or Fugene (Invitrogen). Cells were cotransfected with 2 �g of
each subunit plasmid for each 60 mm2 dish and 1 �g for each 35 mm2

dish. The siRNA was prepared according to the manufacturer’s instruc-
tions (Qiagen), and siRNAs (5 �g) were transfected with Oligofectamine
or Lipofectamine (Invitrogen) to cells in each 35 mm2 dish on the same
day of the transfection of receptor subunits and on the third or fourth day
after the transfection of receptor subunits to maintain suppression of the
endogenous rat �2 subunit.

Electrophysiology. Lifted whole-cell recordings were obtained from

transfected HEK 293-T cells as described previously (Kang and Mac-
donald, 2004). Cells were voltage clamped at �50 mV, and ECl was 0 mV.
For mIPSC recordings, hippocampal neurons were voltage clamped at
�60 mV, and tetrodotoxin (TTX) (1 �M) was added to block action
potentials. D-(�)-2-Amino-5-phosphonovaleric acid (AP5; 40 �M) and
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 20 �M) were added to
block NMDA and AMPA receptor-mediated excitatory synaptic cur-
rents, and 2-hydroxysaclofen (100 �M) was added to block GABAB re-
ceptor currents. All chemicals were purchased from Sigma-Aldrich. The
mIPSCs were abolished by addition of the GABAA receptor antagonist,
bicuculline (10 �M). Analysis of mIPSC frequencies and amplitudes were
made using the Mini Analysis program by Justin Lee, which is available
online.

Live-cell confocal microscopy and fluorescence quantification. Confocal
microscopy and the measurements in COS-7 cells for each channel were
performed as reported previously (Kang and Macdonald, 2004). Clusters
in hippocampal neurons were counted by area (per 100 �m) as before
(Kang et al., 2006). For labeling of rat �2 subunits, neurons were fixed
with 4% paraformaldehyde/0.2% picric acid/0.05% glutaraldehyde
for 1 h and then permeabilized with 0.2% Triton X-100 for 10 min
before staining.

Biotinylation, immunoprecipitation, and Western blot analysis. Cell sur-
face receptor biotinylation and Western blots were performed as re-

Figure 1. Mutant mRNA and truncated protein were produced from the �2(Q351X) subunit intron 8 minigene in HEK 293-T
cells. A, The �2 subunit amino acid Q351 is located in the TM3–TM4 loop of the protein. B, The point mutation Q351X is located in
the last (ninth) exon of the GABRG2 gene. Wild-type and mutant �2 and �2YFP subunit minigenes were constructed by including
the entire intron 8 between exon 8 and 9 in �2 and �2YFP subunit cDNA constructs. Primers in flanking exons 7 and 9 were used
to determine whether the �2 subunit minigene was correctly spliced. C, HEK 293-T cells were transfected with �2 or �2(Q351X)
subunit minigenes, and each construct displayed a band at 334 bp, suggesting correct splicing in the reverse-transcribed cDNA
products from mRNAs of the �2 subunit minigene. D, HEK 293-T cells were cotransfected with �1 and �2 subunit cDNAs and
wild-type �2YFP (1:1:1 ratio), heterozygous �2YFP/�2(Q351X)YFP (1:1:0.5:0.5 ratio), and homozygous �2(Q351X)YFP (1:1:1 ratio)
subunit minigenes. Total cell lysates were directly analyzed by SDS-PAGE.
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ported previously (Kang and Macdonald, 2004). Membranes were incu-
bated with primary mouse monoclonal antibodies against GABAA

receptor �1 or �2/3 subunits or GFP (Millipore Bioscience Research
Reagents). Monoclonal HA antibody was purchased from Covance, and
rabbit polyclonal anti-�2 subunit of GABA receptor antibody from
Alamone Labs. After washing, membranes were incubated with horse-
radish peroxidase-conjugated secondary antibody [goat anti-mouse IgG
(1:2000), goat anti-rabbit IgG (1:2000), Millipore Bioscience Research
Reagents]. Digestion of protein lysates with Endo-H and PNGase F has
been described previously (Gallagher et al., 2005). For immunoprecipi-
tation, the wild-type �2FLAG and �2(Q351X)FLAG subunits were purified
by incubating cell lysates (1 mg/1 ml) overnight with 50 �l 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.

35S radiolabeling metabolic pulse-chase assays. The protocol was mod-
ified from our previous study (Gallagher et al., 2007). Briefly, 48 h after
transfection, the cells were placed in starving medium that lacked methi-
onine and cysteine (Invitrogen) and incubated at 37°C for 30 min. The
starving medium was then replaced by 1.5 ml of [35S] radionuclide me-
thionine [100 –250 �Ci/ml (1 Ci � 37 GBq); PerkinElmer] labeling me-
dium for 20 min at 37°C. The labeling medium was then changed to chase
medium for a series of different time points. FLAG-tagged GABAA re-
ceptor 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 ana-
lyzed by 12.5% SDS-PAGE and exposed on a digital PhosphorImager
(GE Healthcare).

Data analysis. Macroscopic currents were low-pass filtered at 2 kHz,
digitized at 10 kHz, and analyzed using the pClamp9 software suite (Mo-
lecular Devices). Numerical data were expressed as mean � SEM, except
that the electrophysiology data for peak current amplitudes were plotted
as mean � SD. Proteins were quantified by ChemiImager AlphaEaseFC
software, and data were normalized to either wild-type subunit proteins
or loading controls. Pulse-chase experiments were quantified by using
Quantity One software (Bio-Rad). Statistical significance, using Stu-
dent’s unpaired t test (GraphPad Prism), was taken as p � 0.05.

Results
The �2 subunit minigene was completely spliced, and
�2(Q351X) subunit mRNA and protein were produced
The �2 subunit nonsense mutation, Q351X, is located in the
TM3–TM4 loop, and the PTC should result in loss of the
C-terminal 78 aa, thus producing a truncated subunit (Fig. 1A).
The human �2 subunit gene, GABRG2, has 9 exons and 8 introns,
and the mutation (red dot) is in the last exon (Fig. 1B). PTCs
followed by an exon– exon junction �50 –55 nt downstream gen-
erally activate NMD, but PTCs in the last exon should not activate
NMD. To confirm that NMD was not activated by the �2 subunit
Q351X mutation, we made wild-type and mutant subunit mini-
gene constructs that contained intron 8 inserted between exons 8
and 9 (Fig. 1B) with and without a YFP epitope tag inserted into
the N terminus of the mature peptide. We then expressed each
minigene construct in HEK 293-T cells and used PCR with
primer pairs in exon 7 and 8 that flanked the intron 8 insert (Fig.
1B). We demonstrated that the intron 8 inserts in both the wild-
type and mutant �2 subunit minigenes were correctly spliced out
(Fig. 1C), suggesting that these minigenes were suitable for deter-
mining whether NMD was activated by the Q351X mutation.

We coexpressed YFP-tagged wild-type �2YFP or mutant
�2(Q351X)YFP subunit minigenes with �1 and �2 subunit cD-
NAs in HEK 293-T cells. Whole-cell lysates were analyzed by
Western blot and blotted with anti-GFP antibody (Fig. 1D). In
cells, transfected with the wild-type �2YFP subunit minigene,

there was a prominent band at �68 kDa (Fig. 1D, wt). In cells
cotransfected with the homozygous �2(Q351X)YFP subunit
minigene, a main band at �58 kDa was detected, consistent with
the expected shift in molecular mass produced by a truncated
subunit (Fig. 1D, hom). With expression of heterozygous �2YFP/
�2(Q351X)YFP subunit minigenes, two bands were detected. Sur-
prisingly, the band with the molecular mass of the wild-type sub-
unit was faint, and the band with the molecular mass of the
mutant subunit was strong (Fig. 1D, het).

Heterozygous �1�2�2S/�2S(Q351X) receptor currents were
reduced compared with wild-type �1�2�2S or hemizygous
control �1�2�2S(�/�) receptor currents
Based on our minigene results, truncated mutant �2 subunits
were produced. To determine the effect of the truncated
�2S(Q351X) subunit on expression of functional GABAA recep-
tors, we used wild-type and mutant �2S subunit cDNA con-
structs. We recorded from HEK 293-T cells following cotransfec-
tion of �1 and �2 subunits with wild-type �2S subunits (1:1:1
cDNA ratio), a 50% concentration of hemizygous �2S subunit
(1:1:0.5 cDNA ratio) or heterozygous �2S/�2S(Q351X) subunits
(1:1:0.5:0.5 cDNA ratio). We used “wild-type,” “hemizygous,”
“heterozygous,” and “homozygous” subunit expression, recep-
tors, and currents to indicate that we transfected cells with non-
mutant (wild-type) cDNAs, half concentrations of nonmutant
cDNAs (hemizygous), an equal mixture of nonmutant and mu-
tant cDNAs (heterozygous), or mutant cDNAs (homozygous)
and studied their expression and function. We used this notation
to facilitate descriptions of the transfection techniques, and no
genetic mechanism or specific assembly patterns were implied.

Currents were evoked by application of 1 mM GABA for 6 s
(Fig. 2A) or 28 s (data not shown). Hemizygous control receptor
peak currents (2551 � 1268 pA) (n � 16) were reduced to 61.3%

Figure 2. Expression of heterozygous �2S/�2S(Q351X) subunits and �1 and �2 subunits
resulted in reduced peak current amplitudes compared with expression of wild-type or hemi-
zygous control �1, �2, and �2S subunits. A, GABAA receptor currents were obtained from HEK
293-T cells cotransfected with wild-type �1 and �2 subunits and �2S (1:1:1 cDNA ratio; wt,
black trace), hemizygous control �2S (1:1:0.5 cDNA ratio; hem, gray trace), or heterozygous
�2S/�2S(Q351X) (1:1:0.5:0.5 cDNA ratio; het, green trace) subunits with application of 1 mM

GABA applied for 6 s. Peak wt, hem, and het currents were marked with a black arrow, a gray
arrow or a green arrow, respectively. B, The amplitudes of GABAA receptor currents from A were
plotted. Values were mean � SD (n � 15–16 cells from 6 different transfections) (***p �
0.001 vs wt, †p � 0.05 vs hem).
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of wild-type receptor currents (4161 �
852 pA) (n � 17; p � 0.001) (Fig. 2A,B).
Heterozygous receptor peak currents
(1449 � 955 pA) (n � 15) were reduced to
34.9% of wild-type receptor currents ( p �
0.0001) and to 56.9% of hemizygous con-
trol receptor currents ( p � 0.012) (Fig.
2A,B). Only very small currents were oc-
casionally recorded from cells cotrans-
fected with �1 and �2 subunits and “ho-
mozygous” �2S(Q351X) subunits (1:1:1
cDNA ratio) (data not shown).

With coexpression of heterozygous �2S/
�2S(Q351X) subunits and �1 and �2
subunits, surface expression of wild-
type �2S subunits was reduced due to
ER retention
The current amplitude recorded with ex-
pression of heterozygous �1�2�2S recep-
tors was less than half that recorded from
wild-type receptors and was less than that
recorded from hemizygous control recep-
tors. Was the reduced current recorded
with expression of heterozygous �1�2�2S
receptors a result of loss of surface recep-
tors due to the failure of assembly of
�2S(Q351X) subunits and/or due to re-
duction of surface �1�2�2S receptors? To
explore this question, we characterized the
trafficking pattern of receptors with het-
erozygous expression of �2S/�2S(Q351X)
subunits as would be seen in an autosomal
dominant disease. We determined the sur-
face expression of �2S subunits by biotiny-
lation and immunoblotting following co-
transfection of HEK 293-T cells with �1
and �2 subunits and wild-type �2SYFP,
hemizygous control �2SYFP, heterozygous
�2SYFP/�2S(Q351X)YFP, and homozygous
�2S(Q351X)YFP subunits (Fig. 3A, left).
For all expression conditions, surface
�2SYFP/�2S(Q351X)YFP subunit protein
IDVs were normalized to wild-type levels
(Fig. 3A, right). Hemizygous control
�2SYFP subunit surface levels were reduced
relative to control wild-type �2SYFP sub-
unit levels (0.68 � 0.03, n � 7, p � 0.001).
Heterozygous �2SYFP/�2S(Q351X)YFP

subunit surface levels were also reduced
relative to control wild-type �2SYFP sub-
unit levels (0.43 � 0.04, n � 7, p � 0.0001)
and were also reduced relative to the hemi-
zygous control condition ( p � 0.0002).
Homozygous �2S(Q351X)YFP subunit ex-
pression was reduced to such an extent
that no significant surface protein was
detected.

Because the mutant subunit did not ap-
pear to traffic to the cell surface, we determined the subcellular
location of the mutant protein by cotransfecting COS-7 or HEK
293-T (data not shown) cells with �2SYFP and/or �2S(Q351X)YFP

subunits and �1 and �2 subunits. The surface membrane was

identified using the plasma membrane marker FM4 – 64 (red)
(Fig. 3B, Mem), and the ER was marked by pECFP-ER (blue)
(Fig. 3B, ER). The surface and intracellular distributions of wild-
type �2SYFP and �2S(Q351X)YFP subunits (green) were deter-

Figure 3. With heterozygous expression, surface �2S subunit levels were reduced and �2S subunits were retained in the ER.
A, HEK 293-T cells were cotransfected with �1 and �2 subunits and �2SYFP (1:1:1 cDNA ratio, wt), �2SYFP (1:1:0.5 cDNA ratio,
hem), �2SYFP/�2S(Q351X)YFP (1:1:0.5:0.5 cDNA ratio, het), or �2S(Q351X)YFP (1:1:1 cDNA ratio, hom) subunits, and surface
proteins were biotinylated, isolated, separated by SDS-PAGE, and probed with anti-GFP antibody. Surface proteins were normal-
ized to the wild-type �2SYFP subunit protein. Values are mean � SEM (n � 7) (***p � 0.001 vs wt). B, COS-7 cells were
cotransfected with �1 and �2 subunits and �2SYFP (1:1:1 cDNA ratio, wt), �2SYFP/�2S(Q351X)YFP (1:1:0.5:0.5 cDNA ratio, het),
or �2S(Q351X)YFP (1:1:1 cDNA ratio, hom) subunits, and the images were obtained 48 h later under confocal microscopy. Mem
stands for membrane, R for �2SYFP subunit, ER for endoplasmic reticulum, and CO for colocalized images.
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mined (Fig. 3B, R). All three signals were coregistered to demon-
strate their relative subcellular localizations (Fig. 3B, CO). Wild-
type �2SYFP subunit fluorescence was primarily on the surface
and had a smooth distribution (Fig. 3B, wt, CO). Heterozygous
expression resulted in reduced surface expression and increased
intracellular expression of �2SYFP/�2S(Q351X)YFP subunits (Fig.
3B, het, CO). Homozygous expression resulted in no visible sur-
face expression with substantial intracellular ER localization of
�2S(Q351X)YFP subunits (Fig. 3B, hom, CO).

When coexpressed with �1 and �2 subunits, �2L(Q351X)
pHluorin-tagged subunits had minimal expression on the
surface of rat hippocampal neurons
Because the data above were obtained using HEK 293-T and
COS-7 cells, we extended the study to determine the surface ex-
pression of wild-type and mutant subunits in neurons. pHluorin-
tagged rat �2LpH and �2L(Q351X)pH subunits were coexpressed

with human �1 and �2 subunits in hip-
pocampal neurons for 6 d. We used �2L
instead of �2S subunits since �2L subunits
cannot traffic to the surface alone but �2S
subunits can. pHluorin should only gener-
ate fluorescence when at the cell surface
and should produce minimal fluorescence
at the acidic pHs (pH �6.5) that are char-
acteristic of vesicular compartments
(Miesenböck et al., 1998). After 6 d, fluo-
rescence from �2LpH and �2L(Q351X)pH

subunits was visible and appeared as
puncta on neurons (Fig. 4A; enlarged
views for the red boxed areas in Fig. 4A are
shown in Fig. 4B,C). Because pHluorin
only fluoresces at the surface and �2L sub-
units cannot traffic to the surface alone but
can with �2 or �1 subunits, the puncta on
neurons were assumed to be surface �2L
subunits assembled in receptors. Neurons
cotransfected with wild-type �1�2�2LpH

subunits (Fig. 4A, wt, B) had many more
fluorescent puncta than neurons cotrans-
fected with �1�2�2L(Q351X)-pHluorin
subunits (Fig. 4A, mut, C), indicating that
the majority of mutant receptors were
trapped intracellularly in neurons.

With coexpression of heterozygous
�2SYFP/�2S(Q351X)YFP subunits and �1
and �2 subunits in hippocampal
neurons, mIPSCs had reduced peak
current and reduced number of events
It is also important to characterize the
functional properties of mutant heterozy-
gous currents in neurons. However, since
there were endogenous �2 subunit-
containing receptors in neurons, it would
be difficult to characterize the phenotype
of heterozygous receptors. We thus de-
signed an siRNA to “knock down” endog-
enous �2 subunits. Rat hippocampal neu-
rons treated for 6 – 8 d with siRNA (5 �g)
targeting the rat �2 subunit gene had sig-
nificantly reduced �2 subunit protein flu-
orescence compared with the untreated

control cultures as probed with anti-rat �2 antibody and visual-
ized with FITC (Fig. 5A) or by measuring the �2 subunit total
protein (Fig. 5B).

GABA (1 mM) evoked large currents (6003 � 598 pA, n � 14)
from untreated hippocampal neurons but evoked only small cur-
rents from siRNA-treated neurons (59.6 � 11.7 pA, n � 9) (Fig.
5E). Diazepam (1 �M) enhanced GABA (2 �M)-evoked currents in
neurons untreated with siRNA (217% � 15.3%, n � 5), but not in
neurons treated with siRNA (110.6 � 10.3%, n � 5) (Fig. 5C), con-
sistent with reduction of �2 subunit-containing GABAA receptors in
siRNA-treated neurons. Wild-type �2SYFP, heterozygous �2SYFP/
�2S(Q351X)YFP, and homozygous �2S(Q351X)YFP subunit cDNAs
and �1 and �2 cDNAs were then cotransfected into hippocampal
neurons in addition to treatment with siRNA (5 �g) for 6–8 d.
Neurons were voltage clamped at �50 mV, and GABA (1 mM) was
applied for 28 s. GABA evoked large and rapidly desensitizing cur-
rents from wild-type receptors (1789.5 � 234.1 pA, n � 11) and

Figure 4. �2L(Q351X)pHluorin subunit protein had minimal expression on the surface of rat hippocampal neurons. A–C, Rat
hippocampal neurons were transfected with �1�2�2LpHluorin (wt) or �1�2�2L(Q351X)pHluorin (mut) subunits for 6 d and were
imaged as puncta on the surface of neurons. A, Representative images of wt �2LpHluorin or mut �2L(Q351X)pHluorin subunits are
presented. B, C, Enlarged views of the boxed areas for wt (B) and mut (C) receptors in A. In A–C, wt stands for wild-type �2LpHluorin

subunits, mut stands for mutant �2L(Q351X)pHluorin subunits, CO stands for colocalized images, T stands for transmitted images,
and F stands for fluorescent images.
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smaller currents from heterozygous recep-
tors (Fig. 5D,E) (695 � 67.9 pA, n � 12)
( p � 0.0001 vs wt). Only minimal currents
were obtained from homozygous receptors
(140 � 21.2 pA, n � 7) ( p � 0.0001 vs wt or
het) (Fig. 5E). The heterozygous current was
less than half of the wild-type current, sug-
gesting a dominant-negative effect of the
mutant protein on the wild-type receptors in
neurons.

We also recorded mIPSCs from the
same groups of neurons. The cells were
voltage clamped at �60 mV, and mIPSCs
were recorded from neurons transfected
with wild-type �1�2�2SYFP and heterozy-
gous �1�2�2SYFP/�2S(Q351X)YFP recep-
tors (Fig. 5F). The mIPSCs from neurons
transfected with heterozygous receptors
had a significantly smaller mean peak am-
plitude (30.1 vs 48.65 pA) and fewer events
(287 vs 409 events) than mIPSCs from
neurons transfected with wild-type recep-
tors (Fig. 5G).

With heterozygous expression, mutant
�2S(Q351X) subunits had immature
glycosylation, and wild-type �2S
subunits had less total and less mature
glycosylation compared with
hemizygous expression of �2S subunits
To explore the basis for the reduction of
surface wild-type �2S subunit proteins
with coexpression of heterozygous �2S/
�2S(Q351X) subunits and �1 and �2 sub-
units in HEK 293-T cells (Fig. 3), we deter-
mined the total expression and maturity of
wild-type and mutant �2S subunit pro-
teins following coexpression of �1 and �2
subunits and wild-type �2SYFP, heterozy-
gous �2SYFP/�2S(Q351X)YFP, or homozy-
gous �2S(Q351X)YFP subunits (Fig. 6). As
observed in previous studies, �2 subunit
protein bands in Western blots were often
smeared rather than discreet (Connolly et
al., 1996). With expression of wild-type
subunits, the �2SYFP subunit protein usu-
ally migrated as a single, broad main band
at �68 kDa, and with homozygous sub-
unit expression, the �2S(Q351X)YFP sub-
unit protein migrated as a main band at �58
kDa, consistent with the reduced molecular
mass of the truncated subunit, and some-
times as a faint band �45 kDa, which was
likely to be unglycosylated �2S(Q351X)YFP

subunit protein (Fig. 6A). With heterozy-
gous �2SYFP/�2S(Q351X)YFP subunit ex-

Figure 5. Heterozygous �1�2�2S(Q351X) receptor current amplitudes were less than half of wild-type peak current ampli-
tudes in hippocampal neurons. A, Rat hippocampal neurons in the absence or presence of 5 �g of siRNA targeting the rat �2
subunit gene for 8 d were permeabilized and stained with anti-rat �2 antibody and visualized with FITC. B, The whole-cell lysates
from the sister dishes were probed with rabbit anti-rat �2 antibody by Western blot. C, Whole-cell currents evoked by GABA (2
�M) and GABA (2 �M) plus diazepam (1 �M) were recorded from 16-d-old hippocampal neurons in the absence (Control) or
presence of 5 �g of siRNA targeting the rat �2 subunit gene for 6 – 8 d (siRNA). D, Wild-type �1�2�2SYFP, heterozygous
�1�2�2SYFP/�2S(Q351X)YFP, and homozygous �1�2�2S(Q351X)YFP receptor currents from 15- to 16-d-old endogenous �2
subunit silenced hippocampal neurons were evoked with GABA (1 mM) for 28 s. E, The peak current amplitudes of neurons
untreated (con) or treated with siRNA (siRNA) and transfected with human �1�2�2SYFP (wt), �1�2 �2SYFP/�2S(Q351X)YFP

(het), and �1�2�2S(Q351X)YFP (hom) were plotted (***p � 0.001 vs wt, †††hom vs het, data from 13–15 cells from 5 batches
of cells). F, G, GABAergic mIPSCs for cells transfected with �1 and �2 subunits and wild-type �2SYFP or heterozygous �2SYFP/
�2S(Q351X)YFP subunits were recorded at a holding potential of �60 mV. G, Individual mIPSCs from a 5 min recording period
were averaged for wild-type and heterozygous subunit-transfected cells. The amplitude distributions of mIPSCs obtained
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during a 5 min recording period were displayed in a histo-
gram. The histograms were fitted using Mini Analysis pro-
gram by Justin Lee (**p � 0.01 het vs wt, n � 6 for each
group).
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pression, subunit proteins migrated in two or three bands with a
minor band at �68 kDa (wild-type subunit protein), a main band at
�58 kDa (mutant subunit protein) and sometimes a band at �45
kDa (unglycosylated form of the mutant subunit protein). When
normalized to the total �2S subunit protein obtained with wild-type
expression, total wild-type �2SYFP subunit protein obtained with
heterozygous subunit expression was reduced to less than half of
total �2SYFP subunit protein obtained with wild-type receptor
expression.

To determine the maturation of �2S and �2S(Q351X) subunit
proteins when coexpressed with �1 and �2 subunits in HEK
293-T cells, total wild-type �2SYFP and homozygous mutant
�2S(Q351X)YFP subunit proteins were analyzed with and without
digestion with Endo-H (H) or PNGase F (F). Endo-H removes
high-mannose N-linked carbohydrates attached in the ER but
not those attached in the trans-Golgi region. In contrast, PNGase
F removes all carbohydrates attached in both ER and trans-Golgi
regions. The undigested �2SYFP subunit protein migrated pri-
marily in one band at �68 kDa (Fig. 6B, U), and the undigested
�2S(Q351X)YFP subunit protein migrated primarily in a band at
�58 kDa (Fig. 6C, U). With Endo-H digestion, the �2SYFP sub-
unit protein migrated in two strong bands (Fig. 6B, H), a molec-
ular mass shift that was consistent with a previous report (Con-
nolly et al., 1996), and the �2S(Q351X)YFP subunit protein
migrated primarily in the same single band, suggesting that the
majority of the mutant protein was retained inside the ER and
only had immature ER glycosylation (Fig. 6C, H). With PNGase F

digestion, both �2SYFP and
�2S(Q351X)YFP subunit proteins mi-
grated in one band (Fig. 6B,C, F in both
panels) that was at the molecular mass of
their Endo-H-sensitive bands. The Endo-
H-insensitive �2SYFP subunit upper band
represented the protein trafficked beyond
the ER to the trans-Golgi and surface
membrane, and the Endo-H-sensitive
�2SYFP lower band represented the por-
tion of wild-type �2SYFP subunit that had
not exited the ER. With the
�2S(Q351X)YFP subunit, Endo-H diges-
tion shifted the main band to the same
level obtained with PNGase F digestion,
suggesting that when coexpressed with �1
and �2 subunits, �2S(Q351X) subunit
protein underwent ER, but not Golgi,
glycosylation.

We also compared the total expression
and Endo-H sensitivity of wild-type �2S
subunits in the hemizygous expression
condition (hem; U, H, F) with those in the
presence of mutant �2S(Q351X) subunits
(het; U, H, F). Hemizygous �2SGFP or
�2SHA and heterozygous �2SGFP/
�2S(Q351X) or �2SHA/�2S(Q351X) sub-
units were coexpressed with �1 and �2
subunits. To discriminate between the two
types of subunit since the molecular
masses of the unglycosylated wild-type
subunit and mutant subunit were similar,
only wild-type �2S subunits were tagged.
The smaller HA epitope was included to
exclude alteration of trafficking due to
YFP epitope tagging. Empty pcDNA vec-

tor was used to normalize the total amount of transfected cDNA
in the hemizygous condition. In the presence of mutant
�2S(Q351X) subunits, both the total and Endo-H-insensitive
amounts of wild-type �2SYFP were reduced compared with the
hemizygous condition (Fig. 6D,E). The fraction of total �2SYFP

subunit protein that was Endo-H insensitive with wild-type sub-
unit expression (0.40 � 0.08) (Fig. 6B,E) or hemizygous control
subunit expression (0.52 � 0.03) (Fig. 6D,E) were not signifi-
cantly different. However, with heterozygous subunit expression
(Fig. 6D), the Endo-H-insensitive fraction of �2SYFP protein was
reduced compared with wild-type (Fig. 6B) and hemizygous con-
trol (Fig. 6D) subunits (0.15 � 0.04; p � 0.03 vs wt; p � 0.0001 vs
hem) (Fig. 6E). With homozygous subunit expression there was
minimal Endo-H-insensitive �2S(Q351X)YFP subunit protein
(0.02 � 0.007) (Fig. 6C,E). Together, these experiments demon-
strated that with homozygous or heterozygous expression, the
�2S(Q351X) subunit had immature glycosylation and did not
traffic to the cell surface, and with heterozygous expression, the
wild-type �2 subunit also had less mature glycosylation and re-
duced trafficking to the cell surface.

The �2S(Q351X) subunit oligomerized with and reduced the
trafficking of �1 and �2 subunits
The above data demonstrated that although truncated
�2S(Q351X) subunits were expressed, they were retained in the
ER and not trafficked to the cell surface and that coexpression of
heterozygous �2S/�2S(Q351X) subunits with �1 and �2 sub-

Figure 6. Glycosylation arrest caused the reduction of mature wild-type �2S subunit protein. A, HEK 293-T cells were cotrans-
fected with �1 and �2 subunits and wild-type �2SYFP (1:1:1 cDNA ratio, wt), heterozygous �2SYFP/�2S(Q351X)YFP (1:1:0.5:0.5
cDNA ratio, het), or homozygous �2S(Q351X)YFP (1:1:1 cDNA ratio, hom) subunits. Total proteins were analyzed by SDS-PAGE and
probed with anti-GFP antibody. B, C, The total cell lysates with wild-type �2SYFP (B) or mutant �2S(Q351X)YFP (C) subunit
transfection were undigested (U) or digested with PNGase F (F) or Endo-H (H). D, Total cell lysates of hemizygous control
�1�2�2SYFP/pcDNA or �1�2�2SHA/pcDNA (1:1:0.5:0.5 cDNA ratio) subunits and heterozygous �1�2�2SYFP/�2S(Q351X) or
�1�2�2SHA/�2S(Q351X) subunits (1:1:0.5:0.5 cDNA ratio) were transfected into HEK 293-T cells and undigested (U) or digested
with Endo-H (H) or PNGase F (F). E, The protein bands insensitive to Endo-H were quantified and presented as a fraction of their
total undigested bands (*p � 0.05 vs wt; §§§p � 0.001 vs hem; n � 5). Values are mean � SEM.
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units resulted in current that was less than half of wild-type re-
ceptor current and less than hemizygous receptor current. These
findings suggested that mutant subunits may oligomerize with
�1 and �2 subunits and/or impair their ability to assemble with
�2S subunits, resulting in fewer surface wild-type �1�2�2S re-
ceptors. To determine whether �2S(Q351X) subunits can assem-
ble with �1 and �2 subunits, �2 subunits and fluorescent en-
hanced cyan fluorescent protein (CFP)-tagged �1 (�1CFP)
subunits were coexpressed in COS-7 cells with or without �2S or
�2S(Q351X) subunits (Fig. 7). If assembled, were the mutant
receptors retained in the ER? If assembly did not occur, were
�1�2 receptors formed and trafficked to the cell surface? Coex-
pression of �1CFP and �2 subunits alone (Fig. 7A, left) or with �2S
subunits (Fig. 7A, middle) resulted in localization of �1CFP sub-
units on the cell surface. In contrast, with coexpression of �1CFP,
�2, and �2S(Q351X) subunits, �1CFP subunits were localized pri-
marily intracellularly (Fig. 7A, right), suggesting that
�2S(Q351X) subunits oligomerized with �1 subunits and pre-
vented them from oligomerizing with �2 subunits, and/or di-
rectly oligomerized with �2 subunits, and thus prevented assem-
bly of �1�2 receptors.

We then compared �1 subunit surface protein detected using
biotinylation following coexpression of �1 and �2 subunits or of �1
and �2 subunits with wild-type �2S, hemizygous �2S, heterozygous
�2S/�2S(Q351X), or homozygous �2S(Q351X) subunits (Fig. 7B).
Surface �1 subunit levels were high with expression of �1�2 (taken
as 1) and �1�2�2S (0.93 � 0.06, n � 5) subunits and with coexpres-
sion of hemizygous �2S subunits with �1 and �2 subunits (0.99 �
0.01, n�4) (Fig. 7C). Surface�1 subunit protein levels were reduced
slightly but significantly with heterozygous �2S/�2S(Q351X) sub-
unit expression (0.77 � 0.04 n � 6, p � 0.038 vs wt; p � 0.002 vs
hem) when compared with either wild-type or hemizygous �2S sub-
unit expression and were reduced substantially with homozygous
�2S(Q351X) subunit expression (0.37 � 0.02, n � 8, p � 0.0001 vs
wt) when compared with all other conditions (Fig. 7C). However,
there was a quantitative discrepancy between the loss of surface �1
subunit and the peak current in the heterozygous condition. This
probably suggests that there are other unknown mechanisms in-
volved in the receptor trafficking and function in the presence of the
mutant protein. In addition, it is unknown about the ratio of �1�2
versus �1�2�2S receptors on the surface in the heterozygous condi-
tion. �1�2 and �1�2�2S receptors have different channel conduc-
tance and kinetics, thus resulting in different current amplitudes.
The discrepancy could also be due to the fact that both Western blot
and whole-cell recording are poorly quantitative techniques.

We then compared the whole-cell current amplitudes from
receptor channels formed by expression of �1 and �2 subunits
with or without the �2S(Q351X) subunit. Currents recorded
with �1�2�2S(Q351X) subunit transfection (75.1 � 23.6 pA,
n � 62) were much smaller than those recorded with �1�2 sub-
unit transfection (219.9 � 25 pA, n � 19; p � 0.0001) (Fig. 7D) or
with �1�2�2S subunit transfection (4161 � 852 pA, n � 17) (Fig.
2A,B). Two types of currents were obtained following
�1�2�2S(Q351X) subunit transfection and both were small and
ran-down rapidly (data not shown). In addition, incremental
increases in the �1�2�2S(Q351X) subunit cDNA ratios from 1:1:1
to 1:1:10 resulted in a �2S(Q351X) subunit cDNA concentration-
dependent loss of the small current (Fig. 7D) although the total
cDNA amounts were normalized by adding the empty vector
pcDNA.

What was the basis for �2S(Q351X) subunits causing reten-
tion of wild-type �1, �2, and �2S subunits? Does the �2S(Q351X)
subunit oligomerize with �1 and �2 subunits? To determine this

we coexpressed FLAG-tagged �2S (�2SFLAG) and �2S(Q351X)FLAG

subunits with �1 and �2 subunits in HEK 293-T cells and purified
the �2SFLAG and �2S(Q351X)FLAG subunits from the total lysates
with FLAG-conjugated beads. The protein that was pulled down was
probed with either anti-�1 or anti-�2 antibody. In both �2S (wt)
and �2S(Q351X) (hom) protein complexes, �1 (Fig. 7E, left) or �2
subunits (Fig. 7E, right) were detected, suggesting that the
�2S(Q351X) subunit oligomerized with both �1 and �2 subunits.
Similarly, we cotransfected wild-type and mutant �2S subunits
tagged with either the FLAG or HA tag (i.e., �2SFLAG and
�2S(Q351X)HA or �2SHA and �2S(Q351X)FLAG subunits) with �1
and �2 subunits. We then pulled down the total protein with anti-
FLAG antibody and blotted with HA. In each heterozygous condi-
tion, the �2SHA or �2S(Q351X)HA subunit protein was detected,
suggesting that the mutant �2S (Q351X) subunit also oligomerized
with the wild-type �2S subunit (Fig. 7F).

�1 subunits were retained in the ER and had accelerated
degradation in the presence of �2S(Q351X) subunits
Reduction of �1 and �2 subunits on the surface produced by
coexpression with �2S(Q351X) subunits could be caused by re-
duction of total cellular subunit proteins due to accelerated deg-
radation or by ER retention and failure of subunit maturation.
We thus determined total expression and glycosylation of wild-
type subunits by Western blot and Endo-H digestion. In HEK
293-T cells following coexpression of �1 and �2 subunits with
wild-type �2S, hemizygous control �2S, heterozygous �2S/
�2S(Q351X), or homozygous �2S(Q351X) subunits, total �1
subunit proteins were undigested (U) or digested (H) with
Endo-H (Fig. 8A). GAPDH was used as the gel loading control,
and �1 subunit protein levels were expressed as �1 subunit/
GAPDH IDV ratios normalized to wild-type receptor (Fig. 8B).
With heterozygous �2S/�2S(Q351X) subunit expression, total
�1 subunit protein (85.7 � 14.28) was slightly, but not signifi-
cantly, reduced compared with wild-type �1 subunit expression
( p � 0.50, n � 5) but was reduced compared with hemizygous
control �2S subunit expression (138.79 � 10.22) ( p � 0.02).
With homozygous �2S(Q351X) subunit expression, total �1 sub-
unit protein was reduced (24.49 � 6.12) compared with that with
either wild-type �2S ( p � 0.002) or heterozygous �2S/
�2S(Q351X) ( p � 0.004) subunit expression (Fig. 8B). These
data demonstrated that there was a small decrease in total �1
subunit protein with heterozygous �2S/�2S(Q351X) subunit ex-
pression, and a large decrease in total �1 subunit protein with
homozygous �2S(Q351X) subunit expression.

The reduction of �1 subunit protein was likely due to ER
retention and subsequent ERAD. We therefore studied the effect
of expression of the �2S(Q351X) subunit on maturation of �1
subunit protein by characterizing its glycosylation pattern (Fig.
8A,C) by using digestion with Endo-H. With coexpression of
wild-type subunits, Endo-H digestion shifted the �1 subunit mo-
lecular mass from 50 to 48.4 kDa and also to 46 kDa depending on
different transfection methods (data not shown). The presence of
a 46 kDa band with expression of wild-type subunits was likely
caused by the excess protein production partially overwhelming
the cellular glycosylation machinery with a high efficient trans-
fection system. The 48.4 kDa band represented the mature sub-
unit trafficked beyond the trans-Golgi region, and the 46 kDa
band represented the immature subunit protein in the ER (Gal-
lagher et al., 2005). With Endo-H digestion, most �1 subunits
expressed with either wild-type or hemizygous control �2S sub-
units migrated in the 48.4 kDa band with only a very small por-
tion migrating in the immature 46 kDa band (48.4 kDa/total �
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95 � 4% for wt and 97 � 6.9 for hem) (Fig.
8A,C). However, the ratio of 48.4 kDa/to-
tal bands was decreased with heterozygous
�2S/�2S(Q351X) subunit expression
(62.9 � 9) and was decreased even more
with homozygous �2S(Q351X) subunit
expression (51 � 1.9) (Fig. 8C). These re-
sults suggested that increased mutant �2
subunits decreased maturation of �1 sub-
units, consistent with ER retention. To
further confirm the dominant-negative ef-
fect of the �2S(Q351X) subunit on �1 sub-
units, we transfected HEK 293-T cells with
�1�2�2S(Q351X) subunits at cDNA ra-
tios of 1:1:1, 1:1:5, and 1:1:10 (Fig. 8D).
With increasing �2S(Q351X) subunit
cDNA concentration, there was a progres-
sive reduction of total �1 subunit protein
(data not shown) and reduction of mature
relative to immature �1 subunit protein
(Fig. 8E).

What is the basis for the reduction of
the wild-type partnering subunits? We de-
termined how rapid wild-type �1 subunits
were degraded when expressed with the
mutant �2S(Q351X) subunits, and
whether the reduction of wild-type �1 and
�2 subunits was through ubiquitin-
proteosome degradation. HEK 293-T cells
were cotransfected with �1 and �2 sub-
units and wild-type �2S or mutant
�2S(Q351X) subunits. For pulse-chase ex-
periments, �1FLAG subunits were radiola-
beled with 35S and purified with FLAG M2
antibody-conjugated beads. Wild-type
�1FLAG subunits were substantially re-
duced in the presence of mutant
�2S(Q351X) subunits compared with the
presence of wild-type �2 subunits with ei-
ther a 1 h (100 vs 33.19 � 3.7%) or 3 h (100
vs 47.81 � 4.7%) chase (Fig. 8F,G), sug-
gesting that degradation of wild-type
�1FLAG subunits occurred rapidly. The
proteasomal inhibitor, lactacystin (10 �M,
6 h), increased �1FLAG subunit levels when
coexpressed with either wild-type �2S or
mutant �2S(Q351X) subunits (Fig. 8H).
However, total �1 subunits increased to a
greater extent with mutant �2S(Q351X)
subunits (176.4 � 10.29%, n � 5) than
with wild-type �2S subunits (122.2 �
3.6%, n � 5), suggesting that �1 subunits
were subject to enhanced proteasomalFigure 7. The truncated �2S(Q351X) subunit impaired trafficking of �1�2 receptors to the cell surface due to its oligomer-

ization with wild-type subunits. A, COS-7 cells were transfected with �1CFP�2 (left), �1CFP�2�2S (middle), or
�1CFP�2�2S(Q351X) subunits, and the confocal images were obtained 48 h later. B, HEK 293-T cells were transfected with empty
pcDNA vector (mock) or with �1�2 (1:1 cDNA ratio), �1�2�2S (1:1:1 cDNA ratio, wt), �1�2�2S (1:1:0.5 cDNA ratio, hem),
�1�2�2S/�2S(Q351X) (1:1:0.5:0.5 cDNA ratio, het), or �1�2�2S(Q351X) (1:1:1 cDNA ratio) subunits, and surface proteins were
prepared as described in the methods and visualized with anti-human �1 subunit antibody. C, Surface protein IDVs were nor-
malized to �1�2 receptors (n�4 – 8) (*p�0.05, ***p�0.001 vs wt; ††p�0.01 vs hem; §§§p�0.001 vs �1�2). Values were
mean � SEM. D, HEK 293-T cells were transfected with �1�2 (1:1 cDNA ratio) or �1�2�2S(Q351X) (1:1:1, 1:1:2.5, 1:1:5, 1:1:10
cDNA ratio) subunits, and the peak current amplitudes were plotted (***p � 0.0001 vs �1�2) [n � 19 for �1�2, n � 62 for
�1�2�2S(Q351X) (1:1:1), n � 16 for �1�2�2S(Q351X) (1:1:2.5), n � 5 for �1�2�2S(Q351X) (1:1:5 and 1:1:10)]. Values were
mean�SD. In A–D, the total amounts of cDNAs were normalized by the empty vector pcDNA. E, Total lysates from HEK 293-T cells
expressing �1�2�2SFLAG or �1�2�2S(Q351X)FLAG (1:1:1 cDNA ratio) subunits were purified with agarose-
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immobilized anti-FLAG M2 antibody, and the conjugated
subunits were liberated with FLAG-peptide and probed with
anti-�1 (E, left) or anti-�2 (E, right). F, Total lysates from
HEK 293-T cells expressing �1�2�2SHA/�2S(Q351X)FLAG

(het1) or �1�2�2SFLAG/�2S(Q351X)HA (het 2) (1:1:0.5:0.5)
were purified with FLAG M2 antibody as described in E and
visualized with anti-HA antibody.
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degradation in the presence of
�2S(Q351X) subunits.

Discussion
The �2 subunit mutation, Q351X,
produced a truncated subunit protein
with loss of function
The �2 subunit mutation, Q351X, is in the
last exon of a 9 exon gene, and thus, should
not activate NMD but should allow trans-
lation of a truncated protein. Using an in-
tron 8 minigene construct, we demon-
strated that truncated �2(Q351X)
subunits were produced and that whole-
cell levels were actually higher than those
of wild-type �2 subunits. However, de-
spite the presence of large amounts of mu-
tant subunits, they only attained imma-
ture, core glycosylation, were retained in
the ER and were not trafficked to the cell
surface when coexpressed with �1 and �2
subunits. As a result, currents recorded
with coexpression of �1 and �2 subunits
and heterozygous �2S/�2S(Q351X) sub-
units were smaller than those produced
with coexpression of wild-type �1, �2, and
�2S subunits. Thus, the �2 subunit muta-
tion, Q351X, is a loss-of-function
mutation.

The �2S(Q351X) subunit had a
dominant-negative effect on partnering
wild-type �1 and �2 subunits and on
�2S subunits leading to reduction in
surface expression of �1�2�2S and
�1�2 receptors
Because the �2 subunit mutation, Q351X,
is a loss-of-function mutation, this auto-
somal dominant disease could result from
�2 subunit hemizygosity. However, the
heterozygous, haploinsufficient �2 sub-
unit knock-out mouse had a phenotype of
hyper-anxiety, not epilepsy (Crestani et
al., 1999), suggesting a relatively mild
functional compromise of GABAAergic in-
hibition. Our data also suggested that the

Figure 8. The �1 subunit was subject to glycosylation arrest and enhanced degradation in the presence of the �2S(Q351X)
subunit. A, HEK 293-T cells were cotransfected with �1 and �2 subunits and wild-type �2S (1:1:1 wt or 1:1:0.5 hem cDNA ratio),
heterozygous �2S/�2S(Q351X) (1:1:0.5:0.5 hem cDNA ratio), and homozygous �2S(Q351X) (1:1:1 cDNA ratio) subunits. The cell
lysates were either undigested (U) or digested with Endo-H (H) and analyzed by SDS-PAGE. B, Total undigested �1 subunit protein
IDVs were quantified, and the data were normalized to GAPDH IDVs (n � 5). C, The fractions of Endo-H-digested �1 subunit
proteins were quantified and expressed as percentage maturation [taken as 100% if there was only a single 48.4 kDa present and
a percentage of the 48.4 kDa band (A, top lanes in H) over 48.4 plus 46 kDa bands (A, bottom lanes in H) if there were two bands
present]. In B and C, *p � 0.05, **p � 0.01, ***p � 0.001 versus wt; ††p � 0.01 versus het 0.5; §p � 0.05, §§p � 0.01, §§§p �
0.001 versus hemizygous control (n � 5). D, HEK 293-T cells were cotransfected with �1, �2, and �2S(Q351X) subunits using
cDNA ratios of 1:1:1, 1:1:5, and 1:1:10. The lysates were either undigested (U) or digested with Endo-H (H) and analyzed by 10%
SDS-PAGE. E, The fractions of Endo-H-digested �1 subunit protein IDVs were quantified as described in C. In A–E, the total

4

amounts of cDNAs were normalized by the empty vector
pcDNA. **p � 0.01, ***p � 0.001 versus �1�2�2S(Q351X)
(1:1:1) (n � 4). F, G, HEK 293-T cells containing 35S
methionine-radiolabeled �1FLAG�2�2S (wt) and
�1FLAG�2�2S(Q351X) (hom) receptors were lysed, immuno-
purified with FLAG M2 antibody, and analyzed by SDS-PAGE.
After 20 min of labeling, the cells were chased for the indi-
cated times (n � 4). The same amount of total protein (800
�g) from each sample was used for immunopurification (F ).
The graph plots the percentage radioactivity normalized to
�1FLAG subunit IDV of �1FLAG�2�2S receptors at the given
chase time (G) (**p � 0.01 vs �1FLAG�2�2S). H, The total
lysates from cells expressing �1�2�2S and
�1�2�2S(Q351X) receptors with or without treatment by
lactacystin (Lac, 10 �M) for 6 h were analyzed by SDS-PAGE
and blotted with anti-�1 antibody.
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functional impairment produced by a nonfunctional, truncated
�2S(Q351X) subunit in the heterozygous condition was more
severe than in the haploinsufficient condition. With coexpression
of heterozygous �2S/�2S(Q351X) subunits and �1 and �2 sub-
units, currents and surface expression of �1�2�2 receptors were
reduced compared with the hemizygous control condition. Our
study suggested that with heterozygous expression of �2S/
�2S(Q351X) subunits, the reduction of whole-cell current and
surface �1�2�2 receptors relative to hemizygous control recep-
tors was due to a dominant-negative effect of �2S(Q351X) sub-
units. We demonstrated that �2S(Q351X) subunits oligomerized
with �1, �2, and �2S subunits to form oligomers that were
trapped in the ER, thus impairing assembly and forward traffick-
ing of �1�2�2S receptors to the cell surface and resulting in
reduced whole-cell current.

The dominant-negative effect of �2S(Q351X) subunits on �1
and �2 subunits was supported by both electrophysiological and
Western blot results. With coexpression of �2S(Q351X) subunits
and �1 and �2 subunits, only very small currents that “ran down”
rapidly were recorded. These small currents were abolished by
increasing the concentration of �2S(Q351X) subunit cDNA.
This, suggested that the small current was likely to be produced
by “escape” of �1�2 receptors from trapping by �2S(Q351X)
subunits, and the increasing amount of mutant protein increas-
ingly reduced surface expression �1�2 receptors. With coexpres-
sion of �2S(Q351X) subunits and �1 and �2 subunits, the wild-
type partnering �1 and �2 subunits had reduced maturation and
were retained in the ER. Similarly, the biochemical data demon-
strated that an incremental increase of �2S(Q351X) subunits
progressively diminished the total expression of �1 subunits. Fi-
nally, �1, �2, and �2S subunits were all coimmunoprecipitated
with mutant �2(Q351X) subunits. However, it is unclear whether
oligomerization comes before glycosylation arrest, since both dif-
ferent glycosylated forms of �1 and �2 subunits appeared to be
pulled down by �2S(Q351X)FLAG subunits. The dominant-
negative effect of �2S(Q351X) subunits on �2S subunits was sup-
ported by the observation that with heterozygous expression, less
than one half of the total wild-type �2S subunit was found with
�1�2�2S receptor expression, and total wild-type �2S subunit
levels were less than those of mutant subunits. In addition, wild-
type and mutant �2S subunits were demonstrated to coimmuno-
precipitate. Together, these data suggest that the �2S(Q351X)
subunit accumulated intracellularly and oligomerized with wild-
type �1, �2, and �2S subunits, thus impairing assembly and traf-
ficking of wild-type receptors.

Reduction of the total wild-type subunits was rapid and likely
due to ERAD through the UPS
ER quality control only allows correctly folded and assembled
molecules to mature and traffic to later compartments of the
secretory pathway (Ellgaard and Helenius, 2003). Misfolded
wild-type and mutant proteins like the cystic fibrosis transmem-
brane conductance regulator are substrates for proteasomal deg-
radation (Jensen et al., 1995; Ward et al., 1995). We recently
demonstrated that the misfolded mutant GABAA receptor
�1(A322D) subunit was also degraded through the UPS (Gal-
lagher et al., 2007). Here we show that in the presence of mutant
�2S(Q351X) subunits, wild-type partnering �1 subunits were
subject to glycosylation arrest and degraded at least partially
through the proteasomal system. We assume that the other wild-
type partnering �2 subunit was subject to the similar cellular fate,
but the magnitude of reduction for each subunit may be different
due to different protein metabolic kinetics demonstrated in our

pulse-chase experiments (data not shown). A dominant-negative
effect of mutant subunits on wild-type subunits has been ob-
served with other ion channel proteins including calcium chan-
nels (Page et al., 2004) and potassium channels (Gong et al.,
2004). The basis for the dominant-negative effect of mutant pro-
teins on wild-type proteins in these channels involves multimer-
ization of wild-type and mutant proteins (Aizawa et al., 2004;
Gong et al., 2004) and the unfolded protein response including
ERAD (Page et al., 2004; Mezghrani et al., 2008). The same mech-
anism of suppression of wild-type subunit maturation has also
been reported in autosomal dominant retinitis pigmentosa (Ra-
jan and Kopito, 2005), thus suggesting that the promoted ERAD
of wild-type protein may be a unifying mechanism underlying
many dominant-negative diseases (Mezghrani et al., 2008). How-
ever, the lysosome pathway may also contribute to the reduction
of the wild-type receptors in the presence of mutant �2S(Q351X)
subunits during receptor trafficking, endocytosis, and recycling,
but this needs to be clarified.

Heterozygous expression of nonfunctional �2S(Q351X)
subunits and hemizygous �2S subunits have different
molecular pathologies
The dominant-negative effect of �2S(Q351X) subunits with het-
erozygous expression may explain why hemizygous GABRG2
(�/�) gene-deletion and heterozygous �2S(Q351X) mutation
conditions are pathologically different. Although the mutant
subunit is trafficking deficient, it can oligomerize with partnering
wild-type subunits, thus preventing their maturation and pro-
moting their degradation. This negative effect is not present in
the hemizygous GABRG2 gene-deletion animal. In contrast,
there is a small compensatory subunit increase in the hemizygous
condition, resulting in slightly more than the half of the wild-type
subunit expression. The underlying mechanisms could be related
to the availability of chaperone proteins or other unknown rea-
sons. The reason that �2S(Q351X) subunits can oligomerize with
wild-type subunits is probably due to their intact N termini,
which have been demonstrated to mediate subunit assembly in
both GABAA and nACh receptors (Verrall and Hall, 1992; Klaus-
berger et al., 2001).

�1�2 receptors were formed due to the decrease in available
�2S subunits
Our data on hemizygous control receptors and studies of the
heterozygous �2 subunit knock-out mouse (Crestani et al., 1999)
both suggested that �1�2 receptors are formed and trafficked to
the surface with reduced expression of the �2 subunit. This sug-
gests that �1�2 receptors will be formed if �2 subunits are re-
duced or unavailable, resulting in a slight compensation for the
loss of GABAAergic inhibition due to the decrease in available �2S
subunits.

�2S(Q351X) subunits result in both “loss of function” and
“dominant-negative suppression”
This study is the first report of dominant-negative suppression of
a naturally occurring mutant GABAA receptor subunit protein.
The mutant protein could have a “gain of toxic function” in
addition to the loss of the function of the mutant allele itself. For
example, the presence of the mutant protein caused more degra-
dation of the wild-type subunits. This effect could be due to the
direct interaction of the mutant and wild-type subunits or par-
tially to the mutant protein triggering ER stress or the unfolded
protein response. This response is to reduce the burden on the ER
resulting from unfolded or trafficking deficient molecules
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through a series of cellular processes including inhibition of tran-
scription, rescue of unfolded protein by increasing the expression
of chaperones and ERAD (Hampton, 2000; Rao et al., 2004).
Future study focusing on transcription, recycling, and degrada-
tion may further elucidate the underlying mechanisms of this
trafficking deficient mutant in epileptogenesis.
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