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Ionotropic !-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors (iGluRs) mediate the majority of excitatory synaptic
transmission in the CNS and are essential for the induction and
maintenance of long-term potentiation and long-term depression,
two cellular models of learning and memory. We identified a genomic
deletion (0.4 Mb) involving the entire GRIA3 (encoding iGluR3) by
using an X-array comparative genomic hybridization (CGH) and four
missense variants (G833R, M706T, R631S, and R450Q) in functional
domains of iGluR3 by sequencing 400 males with X-linked mental
retardation (XLMR). Three variants were found in males with mod-
erate MR and were absent in 500 control males. Expression studies in
HEK293 cells showed that G833R resulted in a 78% reduction of
iGluR3 due to protein misfolding. Whole-cell recording studies of
iGluR3 homomers in HEK293 cells revealed that neither iGluR3-M706T
(S2 domain) nor iGluR3-R631S (near channel core) had substantial
channel function, whereas R450Q (S1 domain) was associated with
accelerated receptor desensitization. When forming heteromeric re-
ceptors with iGluR2 in HEK293 cells, all four iGluR3 variants had
altered desensitization kinetics. Our study provides the genetic and
functional evidence that mutant iGluR3 with altered kinetic proper-
ties is associated with moderate cognitive impairment in humans.

glutamate receptor ! X-linked mental retardation

Mental retardation (MR) affects 2–3% of the general popu-
lation (1, 2) and is defined by significant limitations in

intellectual function and adaptive behavior that occur before 18
years of age. The etiology for mental retardation is highly hetero-
geneous, involving many cellular pathways and processes (3, 4).
Both genetic defects and environmental insults, alone or in com-
bination, are known to cause cognitive impairment in humans (5,
6). Numerous studies have established that genetic defects likely
account for !50% of the identifiable causes of mental retardation
(6). X-linked MR (XLMR) occurs in 1 in 600 males and is
genetically heterogeneous with an estimated 150–200 responsible
loci on the X chromosome (7, 8). Steady progress has been made
over the last 15 years with the identification of 59 XLMR genes,
primarily by using classical genetic approaches (8). However, with
the identification of the relatively common genetic causes for
XLMR disorders, the majority of the remaining "100 or so XLMR
genes are likely found in a small number of families with fewer
affected individuals and in patients with less severe cognitive
impairment (7–9). These characteristics reduce the effectiveness of
classical genetic approaches for identifying the remaining XLMR
genes.

L-glutamate is a predominant neurotransmitter that mediates
excitatory neurotransmission in CNS via activation of ionotropic
and metabotropic receptor families (10–12). The ionotropic gluta-
mate receptor family (iGluRs) consists of three major types:
NMDA, !-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA), and kainate, each containing multiple subunits that are
assembled into heteromeric functional receptors (12, 13). Key
functional domains of these receptors (transmembrane domains,
ligand-binding domains, and receptor channel core) have been
characterized experimentally (14, 15). Both in vitro and in vivo
animal studies indicated that these receptors are essential for the
induction and maintenance of long-term potentiation and long-
term depression, two cellular models of learning and memory
(16–18). Despite this progress, our understanding on how iono-
tropic glutamate receptor signaling pathways contribute to human
brain development, cognitive function, and diseases remains very
limited (8).

In a screen for candidate XLMR genes using an X chromosome
cDNA microarray, we identified one proband with an "10-fold
reduction of GRIA3 expression (19). Although sequence analysis of
GRIA3, including all 17 exons plus "150 bp of flanking introns and
"500 bp of proximal promoter in this patient failed to identify a
causative variant, this result plus the identification of a complete
GRIA3 deletion in another XLMR patient (see below) led us to
sequence GRIA3 in 400 unrelated XLMR probands. Here, we
describe genetic identification, functional characterization, and
phenotypic correlation of naturally occurring mutations (one de-
letion and four missense variants) in key functional domains of
iGluR3 in patients with XLMR.

Results
Reduction of GRIA3 Expression in Males with XLMR. In a screen of
lymphoblast RNA from 43 unrelated male XLMR probands, we
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identified one with a !10-fold reduction in the expression of GRIA3
(encoding iGluR3) located at Xq25 (19). Quantitative RT-PCR
confirmed the reduction of GRIA3 mRNA, and RT-PCR showed
that the residual transcript was of normal size. Southern blot
analysis did not reveal any evidence for a genomic rearrangement
in or near the GRIA3 locus (data not shown). We sequenced the
PCR products from all 17 GRIA3 exons plus "150 bp of flanking
introns, "500 bp of the proximal promoter, and "2.1 kb of the
ultra-conserved region down-stream of the 3# UTR [supporting
information (SI) Table 1] but identified no sequence variant that is
likely responsible for the GRIA3 transcript reduction. In a parallel
study using an X chromosome array comparative genomic hybrid-
ization (CGH), we identified another proband with a 0.4-Mb
deletion at Xq25 (122.00–122.40 Mb) in which GRIA3 appeared to
be the only gene deleted (SI Fig. 7 and SI Text). These observa-
tions stimulated us to sequence GRIA3 in an additional 400
unrelated males with MR and a pedigree consistent with X-linked
inheritance.

GRIA3 Missense Variants in Males with XLMR. We identified four
GRIA3 missense variants (G833R, M706T, R631S, and R450Q),
each in a single proband. All four variants are in critical regions of
iGluR3: G833R is located within transmembrane domain (TM)-4;
M706T is located within the S2 ligand-binding domain (14); R631S
is located at the edge of TM3 facing the cytoplasm, 6 aa from the

predicted channel core (15); and R450Q is located within the S1
ligand-binding domain (14) (Fig. 1a). The residues at all four
positions are conserved across vertebrate evolution, including fish
(Fig. 1 b and c). We found none of the variants in a screen of 500
control males. G833R, M706T, and R631S cosegregated with the
MR phenotype (Fig. 2 a–c). R450Q was present in the proband’s
mother and a maternal uncle who was described by family members
as having normal cognitive function but having had no formal IQ
testing (Fig. 2d). In the respective families, patients with G833R
(n $ 2) have moderate MR, macrocephaly, seizures, myoclonic
jerks, and autistic behavior; patients with R631S (n $ 4) have
moderate MR and aesthenic body habitus; patients with M706T
(n $ 2) have mild to moderate MR, aesthenic body habitus, poor
muscle bulk, distal muscle weakness, and hyporeflexia. Patients
with the 0.4-Mb GRIA3 deletion (n $ 3) have moderate MR,
reduced muscle bulk, and hyporeflexia.

iGluR3-G833R Reduction Due to Endoplasmic Reticulum Protein Mis-
folding. We performed in vitro functional studies on GRIA3 mis-
sense variants in transiently transfected HEK293 cells. All four
produce stable GRIA3 mRNA (Fig. 3a). On immunoblots, iGluR3-
M706T, iGluR3-R631S, and iGluR3-R450Q were present in
amounts similar to WT iGluR3, (96%, 93%, and 89% of WT,
respectively), whereas iGluR3-G833R was present in a substantially
reduced amount (22% of WT) (Fig. 3 b and c).

Fig. 1. Location and amino acid conservation of
iGluR3 missense variants in males with XLMR. (a). Sche-
matic diagram of the location of the four missense
variants in iGluR3. (b) Sequence annotation of the four
missense variants in iGluR3. (c) Evolutionary conserva-
tion of the amino acids involved.

Fig. 2. DNA sequence and pedigrees
of four iGluR3 missense variants in the
respective proband families. (a) G833R.
(b) M706T. (c) R631S. (d) R450Q. N, nor-
mal; M, mutant. Arrows indicate the
probands in the respective families.
Filled symbols indicate males with MR;
open symbols indicate males or females
without MR. Circles with dots indicate
obligated female carriers. Asterisks in-
dicate individuals who were genotyped
for the indicated GRIA3 alleles in the
respective families and for whom the
results were consistent with their clini-
cal phenotype. The question mark in d
(I-2) indicates the apparent normal ma-
ternal uncle who was found positive for
the R450Q allele.
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To understand the molecular mechanism for the reduced
amount of iGluR3-G833R, we cultured transiently transfected
HEK293 cells expressing either iGluR3-WT or iGluR3-G833R at
30°C for 48 h or at 37°C for 24 h in a medium containing 10 "M
lactacystin, a specific 20S proteasome inhibitor (20, 21). We found
a 4-fold increase in iGluR3-G833R compared with levels of
iGluR3-WT (Fig. 4a) in cells cultured at 30°C, and we found a 3-fold

increase in iGluR3-G833R (Fig. 4b) in cells cultured in medium
containing lactacystin. In both experiments, we were able to restore
iGluR3-G833R to near the levels of iGluR3-WT. These results
support the hypothesis that the reduction of iGluR3-G833R is likely
the result of rapid degradation of an abnormally folded receptor
protein involving proteosome.

Effects of iGluR Missense Variants on Heteromeric iGluR2/3 Assembly.
The endogenous AMPA receptors consist of primarily either
iGluR2/3 or iGluR1/2 heteromers (12, 13). To evaluate the influ-
ence of these iGluR3 variants on the assembly of heteromeric
iGluR2/3 receptors, we first conducted coimmunoprecipitation
using HEK293 cells cotransfected with expression constructs for
WT-iGluR2 and each of the four iGluR3 variants (1:1 ratio) (Fig.
5a). When the IP was done with !-iGluR2, we observed the
expected reduced amount for iGluR3-G833R but no substantial
difference for the other three variants (R450Q, R631S, and M706T)

Fig. 3. Northern blot and immunoblot analyses of the iGluR3 missense
variants in transfected HEK293T cells. (a) Northern blot analysis was done
using cDNA probes for human GRIA3 (nucleotides c.281 to c.1070) and #-actin.
Note that there is no significant difference in GRIA3 transcript levels between
WT and the variants. (b) Immunoblotting was done using !-iGluR3 (JH4300)
and !-#-tubulin antibodies. Note that all four variants generate protein
products of comparable size as compared with WT and a substantial reduction
of iGluR3-G833R protein. (c) Quantification of iGluR3 protein products. Each
data point represents mean % SEM of the relative amount of iGluR3 compared
with the WT (n $ 5). Note that the iGluR3-G883R was "22% of the WT-iGluR3.

Fig. 4. Protein misfolding studies of the iGluR3-G833R variant. (a) HEK293 cells
transfected with either WT or iGluR3-G833R expression constructs were cultured
at 37°C or 30°C for 48 h. Immunoblot analysis was performed using !-iGluR3
(JH4300) and !-#-tubulin. Note that culturing cells at 30°C restores iGluR3-G833R
protein to a near normal level. Each data point represents mean % SEM of the
relative amount of iGluR3 at 30°C compared with that at 37°C (n $ 3). (b) HEK293
cells transfected with either the WT or iGluR3-G833R expression constructs were
cultured at 37°C in standard medium for 24 h and then switched to a medium
containing lactacystin (10 "M) for another 24 h. Immunoblotting was performed
using !-iGluR3 (JH4300) and !-#-tubulin. Note that iGluR3-G833R protein was
restored to near normal levels in the culture medium that contained lactacystin.
Eachdatapointrepresentsmean%SEMoftherelativeamountof iGluR3inmedia
with or without lactacystin (n $ 3).

Fig. 5. Levelsofplasmamembraneexpressionandeffectsof the iGluR3variants
onheteromericassemblywith iGluR2. (a)Coimmunoprecipitiationof iGluR2with
either the WT or each of the iGluR3 variants in lysates of transfected HEK293T
cells. (Upper) IP with !-iGluR2 (JH4297) and immunoblotting (IB) with either
!-iGluR2 (JH4297) or !-iGluR3 (JH4300) are shown. (Lower) The expression of
each protein was confirmed by IB using the indicated antibodies. (b) Surface
expression of the wt-iGluR2/iGluR3 variants in transfected HEK293T cells. (Upper)
Total membrane proteins from HEK293T cells transfected with expression con-
structs of WT-iGluR2 and either WT or each of the iGluR3 variants (1:1 ratio) were
obtained using a surface biotinylation pull-down method 48 h after transfection
and were immunoblotted with either !-iGluR2 (JH4297) or !-iGluR3 (JH4300),
respectively. (Lower) Expression of each protein product was confirmed by im-
munoblotting using the indicated antibioties. (c) Each data point represents the
mean % SEM, reflecting the relative abundance of iGluR2 and iGluR3 in the
plasma membrane fraction (n $ 3).
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from WT. We then used a biotin-mediated cell membrane protein
pull-down method to determine the relative abundance of iGluR2
and each of the iGluR3 variants in the plasma membrane fraction
(Fig. 5b). Compared with the WT-iGluR3, we found no significant
difference for iGluR3-R450Q and iGluR3-R631S, but we did find
a substantial reduction for iGluR3-G833R and iGluR3-M706T
(!2-fold) (Fig. 5c).

Homomeric iGluR3 Variants Are Associated with Altered Channel
Function. To evaluate the effects of these iGluR3 variants on the
electrophysiological properties of AMPA receptors, we conducted
whole-cell recording studies on HEK293 cells transfected with
expression constructs of WT and each of the variants (Fig. 6a).
Homomeric iGluR3-R450Q produced currents with desensitization
and deactivation time constants similar to those of WT receptors.
However, desensitization was slightly accelerated, and recovery
from desensitization was drastically slowed (117 % 10 ms vs. 26 %
3 ms; P & 0.01). Homomeric iGluR3-R631S and iGluR3-M706T
produced minimal or no current, suggesting that these subunits,

when expressed alone, are not effectively trafficked to the surface
or do not form a functional receptor.

Heteromeric iGluR2-wt/iGluR3 Variants Show Distinct Channel Kinetic
Properties. To investigate the functional consequences of iGluR3
variants as iGluR2/3 heteromers, we conducted whole-cell record-
ing studies on HEK293 cells cotransfected with iGluR2-WT and
each of the iGluR3 variants (1:1 ratio). The iGluR2-WT and
iGluR3-WT homomers demonstrated highly distinct kinetics prop-
erties in that the latter has 3- to 4-fold faster desensitization and
deactivation and 8-fold smaller steady-state/peak ratios (Fig. 6b).
The iGluR2/3-WT heteromers exhibited kinetic properties inter-
mediate between those of the homomers. When iGluR2-WT was
coexpressed with each iGluR3 variant, the responses were signifi-
cantly different from those of the WT heteromers (Fig. 6b).
Desensitization time constants for these variants were 1.5- to 3-fold
larger than that of the WT heteromers and were comparable to that
of the GluR2-WT homomers. Similarly, steady-state/peak ratios for
iGluR3-R450Q or iGluR3-G833R were significantly higher than

Fig. 6. Electrophysiological properties of iGluR3 variants in homomeric and heteromeric receptors. A whole-cell voltage-clamp recording was made from HEK293
cells 48–72 h after transfection. After establishing whole-cell contact, the cell was lifted and positioned in a constant stream of recording solution. Long or short pulses
of 10 mM glutamate were applied using a piezo-driven fast solution switch system (see Methods). The holding potential was '70 mV. Summary data are shown as the
mean and SEM, and Student’s t test (two-tailed) was used for statistical analysis. (a) Glutamate-induced currents produced by homomeric iGluR3 receptors. (Upper)
Representative traces for WT and each of the iGluR3 variants; glutamate was applied for 100 ms as indicated by the horizontal bar. (Lower) Comparison of kinetic
properties for WT-iGluR3 (WT, n $ 7) and iGluR3-R450Q (n $ 9–10). ‘‘% SS/Peak’’ denotes the percentage of the steady-state current relative to the peak current. ***,
P $ 0.001. Recovery from desensitization (‘‘recovery’’) was measured by applying two 100-ms pulses at different intervals. The peak amplitude of the second response
relative to the first (percent of first peak) was plotted against the interpulse interval (WT, n $ 4; R450Q, n $ 6). Recovery time constants were calculated by fitting the
data with a single exponential function. (Inset) (Left) Averaged data are given. (Right) Representative traces with an 80-ms interval are shown. ***, P & 0.001. (b)
Glutamate-induced currents of iGluR receptors formed when coexpressing iGluR3 variants with WT-iGluR2. Representative traces are shown for 500 ms (Top) and 1 ms
pulses (Middle) of 10 mM glutamate. The traces on the far right are from homomeric WT-iGluR2 receptors. The bar graphs show summary data from 9 ((WT-iGluR3),
5 ((R450Q), 7–8 ((R631S), 11((M706T), and 4 ((G833R) experiments. For comparison, data have been included for homomeric iGluR2 (n $ 8) and WT-iGluR3 (n $
7). *, P & 0.05; ***, P & 0.005 vs. WT-iGluR2/3; #, P & 0.05, mutant heteromers vs. homomeric iGluR2. Recovery time constants were measured in three or four
experiments.
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that of the WT heteromers and were comparable to the
iGluR2-WT homomers. Interestingly, the steady-state/peak ratios
for iGluR3-R631S and iGluR3-M706T were intermediate between
the WT heteromer and iGluR2 homomer but were statistically
different from both. This data suggests that R631S and M706T are
incorporated into the heteromeric receptors but perhaps with
altered stoichiometry or a reduced impact on overall kinetic
properties. There is little evidence that either the iGluR-R450Q or
iGluR3-G833R variants are present in a substantial number in
heteromeric receptors, because most kinetic parameters were in-
distinguishable from those of WT-iGluR2 homomers (Fig. 6b).

Discussion
AMPA receptors mediate fast excitatory synaptic transmission in
the CNS and are crucial to brain development and activity-
dependent synaptic plasticity (12, 13). AMPA receptor modulators
that alter receptor kinetics may influence long-term potentiation,
long-term depression (22–24), and various forms of memory func-
tion in both animals (23, 25, 26) and humans (27, 28). Mice with
either a GRIA1 or GRIA3 gene deletion showed significant changes
in hippocampal long-term potentiation (18, 29). A female with
moderate MR, seizures, and bipolar disorder was found to have an
apparently balanced chromosomal translocation t(X;12)(q24;q15)
that interrupted GRIA3 (30).

We identified a complete genomic deletion and four missense
variants in GRIA3 involving highly conserved residues in key
functional domains of iGluR3, including one missense variant
(G833R) that is associated with a 78% reduction of receptor protein
and two missense mutations (M706T and R631S) that are associ-
ated with minimal or no channel current on whole-cell recording,
in multiple affected individuals in the respected XLMR families.
These mutations cosegregated with MR phenotype in the proband
families and were found to be absent in 600 normal males. In two
families (iGluR3-R631S and iGluR3-M706T), linkage-analysis data
were consistent with the primary disease loci at Xq25. In three
families (iGluR3-G833R, iGluR3-M706T, and iGluR3-R450Q),
sequence analysis was conducted on 737 vertebrate genome anno-
tation (VEGA)-annotated X chromosome genes, including all
known XLMR genes, and no obvious disease causing mutations in
these genes were found. Interestingly, these mutants with an
apparent loss of iGluR3 function due to gene deletion, reduced
receptor protein, or loss of channel current share similar a clinical
phenotype: moderate MR, poor muscle bulk, muscle weakness,
asthetic body habitus, and hyporeflexia.

Because the native AMPA-type of glutamate receptors consists
of heteromeric GluR1/2 and GluR2/3, there are several possible
reasons why there is a lack of significant contribution of the iGluR3
mutants to the overall channel kinetic properties of the heteromers:
(i) a reduced total amount of mutant iGluR3 subunit on plasma
membrane due to either protein instability (G833R) or a potential-
membrane trafficking defect (M706T); (ii) a nonfunctioning
iGluR3 subunit as suggested by minimal or no channel current
recorded for both iGluR3-R631S and iGluR3-M706T homomers;
or (iii) defects in GluR2/3 heteromeric assembly due to these
mutants. Data from the current studies could not distinguish these
mechanisms but do suggest that there is a lack of significant
contribution of the iGluR3 mutants into functional iGluR2/3
heteromer. These data support the conclusion that missense vari-
ants (M706T, G833R, and R631S) are associated with significant
defects of iGluR3 function. iGluR3-R450Q produces a stable
receptor protein, normal membrane trafficking, and normal cur-
rents on whole-cell recording but with distinct kinetic changes in
that desensitization was slightly accelerated and recovery from
desensitization was drastically slowed. Because this variant was also
found in a male with apparent normal cognitive function, it is not
clear from the current study how these kinetic alterations relate to
the MR phenotype.

Our studies provide genetic and functional evidence that muta-
tions in functional domains of iGluR3 produce kinetic changes in
AMPA receptor function and that a significantly reduced iGluR3
channel function is associated with moderate MR and a distinct
neurological phenotype in humans. Although it is tempting to
speculate that the kinetic alterations of these mutants directly
contribute to MR, their effects may be indirect through changing
neuronal development or altering neuronal circuits. Studying ani-
mal models that express these mutant receptors should provide a
system to examine how mutations in iGluR3 contribute to cognitive
impairment in humans.

Materials and Methods
Samples. Males with MR and a pedigree consistent with X-linkage
were recruited from patients followed at Greenwood Genetic
Center (Greenwood, SC) and the Johns Hopkins Hospital (Balti-
more, MD). The human subject research protocols were approved
by the Institutional Review Board at both institutions. An informed
consent was obtained from each study patient and/or their parents
or guardians. These patients were evaluated by clinical geneticists
and underwent standard laboratory evaluations for mental retar-
dation. All patients had a normal karyotype and a negative mo-
lecular test for fragile X syndrome, as well as a negative screen for
common inborn errors of metabolism. For each patient, 5–10 ml of
blood was collected to establish lymphoblast cell lines by Epstein–
Barr virus transformation. Cell lines and DNA samples from
additional XLMR patients, and normal controls were obtained
from Greenwood Genetic Center, Coriell Cell Repositories (Cam-
den, NJ), ECACC (Salisbury, U.K.), and a cohort of samples from
males with XLMR collected for the Genetics of Learning Disability
(GOLD) Study (Cambridge, U.K.), with appropriate U.K. Medical
Research Educational Centre approval. This cohort includes sam-
ples from New South Wales, Australia; Greenwood, SC; and the
U.K. Among the 400 XLMR families enrolled in the study, "20%
have linkage analysis data (LOD !2.0) for the responsible loci on
the X chromosome, including the families with iGluR3-R631S and
iGluR3-M706T; "62% (250 of 400) of the probands were se-
quenced for 737 vertebrate genome annotation (VEGA)-
annotated X chromosome genes that include all known XLMR
genes. The study identified no obvious disease-causing mutations in
these genes in the probands with iGluR3-G833R, iGluR3-M706T,
and iGluR3-R450Q (31, 32).

Mutation Analysis. Genomic DNA was extracted from lymphoblast
cell lines. For each sample, 17 exons of GRIA3 (NM007325, flip;
NM000228, flop) with 150-bp flanking introns were PCR-amplified
using HotMaster TaqDNA polymerase (Eppendorf, Boulder, CO)
according to the manufacturer’s instruction. PCR amplicons and
primer sequences are provided in SI Table 1. PCR products were
purified by Exo1/SAP following a standard protocol (Applied
Biosystems, Foster City, CA). Sequencing was performed using
ABI PRISM BigDye Terminator Cycle Sequencing kit on an
ABI3100 automatic DNA sequencer (Applied Biosystems).

Expression Constructs. The full-length GRIA3 cDNA was cloned
into pcDNA3 vector (Invitrogen, Carlsbad, CA) between EcoRV
and NotI sites. The flip form iGluR3 with unedited A at the R/G
editing site was used for subsequent experiments. The full-length
GRIA2 cDNA was cloned in the pRK5 expression construct. The
iGluR3 variants (G833R, M706T, R631S, and R450Q) were gen-
erated using the QuikChange site-directed mutagenesis kit (Strat-
agene, La Jolla, CA) according to the manufacturer’s instructions.

Cell Culture and Transfection. HEK293T cells have no detectable
endogenous GRIA3 expression, serve as a clean system to study
exogenous expression from GRIA3 vectors, and are standard cells
for electrophysiological recording studies of channel kinetics of
glutamate receptors (24). The cells were cultured in DMEM
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supplemented with 10% FBS, 100 units/ml penicillin, and 100
mg/ml streptomycin at 37°C in 5% CO2. The culture medium was
replenished every 3 days. Transient transfection was conducted
using either FuGENE6 or calcium phosphate methods according to
the manufacturer’s instruction (Roche, Indianapolis, IN).

Northern Blot Analysis. Total RNA was isolated from transfected
HEK293T cells by using TRIzol reagent (Invitrogen). Northern
blot analysis was conducted according to a standard protocol (33)
by using a 32P-labeled human GRIA3-cDNA probe (789 bp,
nucleotides c.281 to c.1070) and a cDNA probe for #-actin (Am-
bion, Austin, TX).

Immunoblotting. Transfected HEK293T cells were harvested in a
lysis buffer containing 1% TritonX-100 and protease inhibitor
mixture (Roche). Protein concentration was determined using a
BCA protein assay kit (Pierce, Rockford, IL). Twenty "g of protein
was resolved using SDS/7.5% PAGE and was transferred to a
nitrocellulose membrane. The blot was blocked using 5% nonfat
milk in 1x Tris-buffered saline Tween-20 (TBST) at room temper-
ature for 1 h and then incubated in respective primary polyclonal
antibodies, !-GluR3 (JH4300) or !-GluR2 (JH4297), overnight at
4°C. After washing, the blot was incubated in respective HRP-
labeled secondary antibody (PerkinElmer, Boston, MA) at RT for
1 h. The target proteins were visualized using an ECL kit (Pierce)
according to the manufacturer’s instruction. The intensity of the
target protein bands was quantified using ImageQuant 5.2 software
(Molecular Dynamics, Sunnyvale, CA).

Coimmunoprecipitation. HEK293T cells were transfected with the
described combinations of pRK5-GluR2 and the WT or variants of
pcDNA3-GRIA3 (iGluR3) (5 "g:5 "g) by using a standard calcium
phosphate method. At 48 h after transfection, the cells were lysed
in TNE buffer containing 50 mM Tris!HCl (pH8.0), 150 mM NaCl,
20 mM EDTA, 1% Triton X-100, 10 "g/ml aprotinin, and 10 "g/ml
leupeptin, and were immunoprecipitated with an !-GluR2
(JH4297) antibody. Immunoprecipitated samples and total cell
lysates were resolved using SDS/PAGE followed by immunoblot-
ting using either !-GluR2 (JH4297) or !-GluR3 (JH4300).

Cell-Surface Protein Biotinylation and Pull-Down. HEK293T cells
transiently transfected with expression constructs of the described
combination were cooled on ice 48 h after transfection, washed
twice with ice-cold PBS containing 5 mM MgCl2 and 1 mM CaCl2,
and then incubated in PBS containing 5 mM MgCl2, 1 mM CaCl2,
and 1 mg/ml Sulfo-NHS-SS-Biotin (a membrane-impermeable
derivative of biotin) for 20 min on ice according to the instructions
provided in the Protein Biotinylation and Purification kit (Pierce).
Unreacted biotinylation reagent was removed using a quench buffer
and was washed three times with ice-cold TBS [50 mM Tris!HCl
(pH 7.5), 150 mM NaCl]. The cells were harvested in RIPA buffer

containing 10 mM Tris!HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA,
1% Triton X-100, 0.1% SDS, 0.1% sodium deoxycholate, 10 "g/ml
aprotinin, and 10 "g/ml leupeptin. The cell homogenates were
centrifuged at 15,000 ) g for 20 min at 4°C. The resulting super-
natant was incubated with NeutrAvidin beads (Pierce) for 3 h at
4°C. The biotinylated proteins were resolved on SDS/PAGE fol-
lowed by immunoblotting using respective antibodies.

Whole-Cell Recording from HEK293 Cells. HEK293 cells were trans-
fected with plasmids for iGluR3 variants either alone or in com-
bination with pRK5-iGluR2 (1:1 ratio) by using lipofectamine 2000
(Invitrogen CA). A plasmid expressing eGFP was routinely in-
cluded in the transfection mixture at 1/20th of total DNA for
visualization during recording. Transfected cells were maintained at
36.5°C in MEM (Invitrogen) supplemented with 10% newborn calf
serum (Sigma, St. Louis MO), penicillin/streptomycin and 100 "M
DNQX (Sigma). One day before recording, the cells were trans-
ferred to a coverglass coated with polyD-lysine (0.1 mg/ml). Ex-
periments were typically carried out 48–72 h after transfection.

A whole cell voltage-clamp recording was made with a glass
pipette (2–5 megohms) containing 130 mM CsF, 10 mM EGTA-K,
2 mM ATP-Mg, 0.1 mM spermine, and 10 mM Hepes (pH 7.3).
After establishing whole-cell contact, cells were lifted and posi-
tioned in a constant flow of the recording solution containing 140
mM NaCl, 3 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM glucose,
10 mM and Hepes (pH 7.3). A pulse of glutamate (10 mM) was
applied to the cell by rapidly moving the solution application pipette
with a piezo translator. Responses were recorded with Axo-
Patch-1D (Axon Instruments, Union City, CA) at a filter frequency
of 5 kHz, and the signals were digitized at 10 kHz by using Digidata
1322A/ pClamp 8 (Axon Instruments). The holding potential was
'70 mV, and all of the experiments were carried out at ambient
temperature (24 % 1°C)

Typically, 10 consecutive responses were averaged for further
analysis. The desensitization and deactivation time constant was
calculated by fitting the decay phase of the response with a single
exponential function. Responses with a rise time slower than 0.8 ms
and a peak amplitude &100 pA were excluded from analysis. All of
the results are expressed as mean and SEM, and Student’s t test
(two-tailed) was used for statistical analysis.
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