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Identification of Motifs Involved in Endoplasmic Reticulum
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Glutamate Transporter
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Glutamate transporters may exist as homomultimers, but little is known about the mechanisms that ensure proper assembly and surface
expression. In the present study, we investigated the mechanisms that contribute to posttranslational processing of the GLT-1 subtype of
glutamate transporter. An extracellular leucine-based motif was identified that after mutation to alanine (6L/6A GLT-1) prevented export
of GLT-1 from the endoplasmic reticulum (ER) to the plasma membrane and displayed a glycosylation pattern characteristic of “imma-
ture” transporter. This 6L/6A variant had a selective dominant-negative effect on wild-type GLT-1 expression and formed coimmuno-
precipitable complexes with GLT-1. Mutation of two downstream arginine residues to alanine partially restored maturation and func-
tional activity of the 6L/6A variant. The fact that this additional mutation rescued maturation of GLT-1 essentially excludes the possibility
that the 6L/6A mutant variant is not appropriately processed because of simple misfolding. When the domain containing these motifs was
introduced into a topologically similar location in the interleukin 2� receptor subunit (Tac protein), the mutations had a similar effect on
protein maturation. Topological models place at least the leucine-based motif in an extracellular domain, which would face the lumen of
the ER during assembly. On the basis of these data, we suggest that an evolutionarily conserved arginine-based motif functions as an ER
retention signal and a lumenal leucine motif is required for suppression of this signal. Interestingly, a high percentage of variably spliced
GLT-1 mRNAs lacking parts of this domain are found in the CNS, suggesting that GLT-1 expression may be regulated during assembly.
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Introduction
Five subtypes of sodium-dependent glutamate transporters have
been identified with different regional and cellular expression
patterns (Amara et al., 1998; Sims and Robinson, 1999; Danbolt,
2001). The glial transporter, GLT-1 [excitatory amino acid trans-
porter 2 (EAAT2)], may represent the predominant route for
clearance of extracellular glutamate in forebrain (Haugeto et al.,
1996; Rothstein et al., 1996; Tanaka et al., 1997; for review, see
Robinson, 1999). At some synapses, binding of synaptically re-
leased glutamate to GLT-1 “buffers” the amount of glutamate
available for receptor activation on a rapid time scale (Tong and
Jahr, 1994). At others, the uptake via GLT-1, which is slower than
binding, can shape the time course for receptor activation by
controlling synaptic glutamate clearance (Mennerick et al.,
1999). Genetic deletion or antisense knockdown of GLT-1 results

in excitotoxicity (Rothstein et al., 1996; Tanaka et al., 1997). Col-
lectively, these results are consistent with the conclusion that
GLT-1 is critical for the maintenance of normal glutamate
homeostasis.

The endoplasmic reticulum (ER) is the site of synthesis, mat-
uration, and assembly of proteins destined for the plasma mem-
brane as well as for secretory and endocytic organelles (Teasdale
and Jackson, 1996; Ellgaard and Helenius, 2003). In the case of
multimeric complexes, retention ensures that only properly as-
sembled multimers are exported from the ER to the Golgi. Mis-
folded or incorrectly assembled proteins are retained in the ER
and frequently targeted for degradation, providing quality con-
trol during protein assembly (Hurtley and Helenius, 1989; Klaus-
ner and Sitia, 1990). At least two types of mechanisms contribute
to this quality control. The first provides a general surveillance
system that screens for broad conformational characteristics such
as appropriate membrane partitioning of hydrophobic domains
or unpaired cysteine residues. The second is more selective for
particular classes of proteins. This system is thought to depend on
presentation of specific motifs interacting with chaperone pro-
teins that escort complexes through the ER or Golgi, but only a
limited number of these motifs have been identified (Ellgaard
and Helenius, 2003).

Glutamate transporters are thought to exist as noncovalently
connected homomultimers (Haugeto et al., 1996). A recent
freeze-fracture electron microscopy study suggests that these
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transporters may be pentamers (Eskandari et al., 2000). Although
progress has been made in understanding the functional regula-
tion of GLT-1 (Sims and Robinson, 1999; Danbolt, 2001; Gonzá-
lez and Robinson, 2004), mechanisms governing assembly and
progression of transporter complexes through the secretory
pathway have not been identified.

We identify leucine- and arginine-based motifs that are nec-
essary for exit of GLT-1 complexes from the ER and their forward
trafficking through the secretory pathway. Mutation of the
leucine motif results in retention of the resulting protein in the
ER. In addition, transporters lacking this motif have a dominant-
negative effect on wild-type GLT-1. This ER retention can be
reversed by combining mutations of both the leucine and argi-
nine motifs; the resulting double mutant exits the ER and traffics
to the cell surface. These data suggest that the arginine motif is
masked in assembled GLT-1 complexes and that the leucine-
based motif is required for suppression of this retention signal.

Materials and Methods
Cell culture. C6 glioma, COS7, or human embryonic kidney (HEK) 293
cells were maintained in DMEM, supplemented with 10% FBS, 2 mM glu-
tamine, 100 U/ml penicillin, 100 �g/ml streptomycin and incubated at 37°C
in 5% CO2. Tissue culture media and chemicals were obtained from Invitro-
gen (Gaithersburg, MD). C6 glioma, COS7, and HEK293 cells were acquired
from American Type Tissue Collection (Rockville, MD).

cDNA constructs. GLT-1 and EAAC1 cDNAs were subcloned into the
expression vector pcDNA 3.1 (Invitrogen, Carlsbad, CA). All mutants
were made using PCR and 5�-mutagenic primers at unique BstE II or
PshA1 restriction sites to amplify 385 or 339 base pair fragments of
GLT-1 between BstE II–XbaI and PshA1–XbaI restriction sites, respec-
tively. Amplified fragments were subcloned back into the expression
vector pcDNA–GLT-1. Hemagglutinin (HA), YPYDVPDYA, or FLAG,
DYKDDDDK, epitopes were introduced at the N termini after the start
Met codon by PCR. The interleukin IL� (Tac) constructs were generated
by overlapping PCR amplification. The sequences of all constructs were
verified by sequencing at the molecular biology core at the Children’s
Hospital of Philadelphia.

Transfection. C6 glioma, COS7, or HEK 293T cells were grown to
between 60 and 70% confluence in 10 cm dishes before transfection with
wild-type or mutant cDNA expression plasmids using the cationic lipid-
based procedure, GenePorter (Gene Therapy Systems, San Diego, CA).
Cells plated in 10 cm dishes were transfected with 10 –16 �g of DNA
mixed with 60 �l of GenePorter reagent. The amounts of DNA–Gene-
Porter were adjusted for surface area per number of cells in 12-well plates.
After incubation for 3–5 hr in 5 ml DMEM, an additional 5 ml of mod-
ified medium (DMEM containing 20% FBS, 4 mM glutamine, and 200
U/ml penicillin, 200 �g/ml streptomycin) was added, and cells were
maintained for an additional 15 hr. In initial experiments, we found that
protein maturation was somewhat slower in COS7 cells; therefore, these
cells were maintained for 48 hr after introduction of the cDNAs.

Labeling of cell-surface proteins. Cells were rinsed with ice-cold PBS
containing 0.1 mM CaCl2 and 1.0 mM MgCl2 and were incubated in the
same solution supplemented with 1 mg/ml N-hydroxysulfosuccinimido-
biotin (Pierce, Rockford, IL) for 20 min at 4°C. After incubation, cells
were rinsed several times with PBS–Ca/Mg containing 100 mM glycine
and incubated in this buffer for 30 min at 4°C to quench the unreacted
biotin. Cells were lysed with radioimmunoprecipitation assay (RIPA)
lysis buffer with protease inhibitors. Biotinylated proteins were batch
extracted using avidin-coated beads.

Measurement of Na�-dependent transport activity. Na �-dependent
L-( 3H)-glutamate (44 Ci/mmol) or L-( 35S)-cysteine (1075 Ci/mmol)
(PerkinElmer Life Sciences, Boston, MA) uptake was measured as de-
scribed previously (Davis et al., 1998). Briefly, cells were grown in a
monolayer on 12-well plates and then rinsed twice with 1 ml of warmed
(37°C) sodium- or choline-containing buffer before incubation with ra-
dioisotope (0.5 �Ci L-glutamate and 0.5 �Ci L-cysteine) in sodium- or
choline-containing buffer for 5 min. After stopping uptake with ice-cold

choline-containing buffer, cells were solubilized in 0.1N NaOH. Aliquots
of the cell lysate were analyzed for protein and radioactivity. Na �-
dependent uptake was defined as the difference between the signal ob-
served in the sodium- and choline-containing buffer.

Immunoprecipitation. For immunoprecipitation of transporters, the
supernatant of cell lysate (lysis buffer: 50 mM Tris, 1 mM EDTA, 100 mM

NaCl, 1% Triton X-100, and 0.1% SDS for HA or 1% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate for FLAG,
pH 8.0) was first precleared by incubation for 1 hr at 4°C with agarose-
conjugated rabbit serum (Sigma, St. Louis, MO). After centrifugation,
the cleared lysate was incubated overnight at 4°C with anti-HA (Boehr-
inger Mannheim, Indianapolis, IN) (5 �g) or anti-FLAG (5 �g) antibody
(Sigma). Antibody–antigen complexes were precipitated by incubation
with prewashed protein G agarose (Invitrogen) for 2 hr at 4°C. The
protein G agarose beads were washed four times in lysis buffer and re-
suspended in 50 �l sample buffer (50 mM Tris-HCl, pH 6.8, 2% SDS,
0.1% bromophenol blue, 10% glycerol, 100 mM dithiothreitol).

Deglycosylation. C6 glioma cells plated on 10 cm dishes were trans-
fected with plasmid DNA as described above. Cells were harvested 24 hr
later in RIPA lysis buffer. Samples were denatured in buffer containing
0.5% SDS and 1% �-mercaptoethanol at 100°C for 10 min and treated
according to the manufacturer’s instructions (Boehringer Mannheim)
with 2500 U of endoglycosidase H (Endo H) in 50 mM sodium citrate
buffer, pH 5.5, or 2500 U of N-glycosidase F (PNGase F) in 50 mM

sodium phosphate buffer, pH 7.5, with 1% NP-40 at 37°C for 1 hr.
Reactions were terminated by adding SDS-PAGE sample buffer.

SDS-PAGE and immunoblot analysis. Proteins were separated with
SDS-PAGE (10% gels). The contents of the complete resolving gel were
transferred to polyvinylidene difluoride (Millipore, Bedford MA) mem-
branes. After blocking in Tris-buffered saline (TBS)-T (50 mM Tris, pH
8.0, 150 mM NaCl, 0.2% Tween) containing 5% nonfat dry milk, mem-
branes were incubated with anti-GLT-1 (1:10,000), anti-excitatory
amino acid carrier (EAAC1) (1:75), anti-glutamate–aspartate trans-
porter (GLAST) (1:75), anti-actin (1:4000), anti-HA (1:500), anti-FLAG
(1:1000), or anti-Tac (1:600) antibodies. After removal of the primary
antibodies, membranes were washed and then incubated with horserad-
ish peroxidase-linked donkey anti-rabbit (1:5000) or anti-mouse
(1:10,000) IgGs, and proteins were visualized by enhanced chemilumi-
nescence. Polyclonal anti-GLT-1, anti-EAAC1, and anti-GLAST anti-
bodies were gifts from Dr. Rothstein (Johns Hopkins, Baltimore, MD)
(Rothstein et al., 1995). The anti-Tac antibody was from Santa Cruz
Biotechnology (Santa Cruz, CA). Essentially every experiment included
lysate from nontransfected cells. As reported previously (Kalandadze et
al., 2002), no cross-reacting bands were observed in untransfected cells
(these data were not shown, except in Fig. 7A). In some cases, darker
exposures of the films were presented so that expression of all of the
transporters could be observed. When appropriate, lighter exposures of
the films were quantified to ensure that the films were not saturated.
Except for Figure 9, the Western blots include from the bottom of the
stacking gel to below �40 kDa where they were cropped using Photoshop
to eliminate this blank portion of the immunoblot.

Immunocytochemistry and confocal microscopy. C6 glioma cells were
plated on glass coverslips in sterile 35 mm dishes. After cooling to 4°C,
the coverslips were removed and washed twice with PBS before being
fixed with 4% paraformaldehyde for 10 min. After coverslips were rinsed
in TBS, they were placed in blocking solution (5% goat serum and 0.1%
Triton X-100 in TBS) for 30 min and then subsequently incubated over-
night at 4°C with mouse anti-FLAG (20 �g/ml; Sigma) and rabbit anti-
GRP78 (1 �g/ml; Affinity Bioreagents, Golden, CO). After three washes
with blocking solution, coverslips were incubated with 1:100 dilutions of
anti-mouse fluorescine and anti-rabbit rhodamine (Jackson Immu-
noResearch, West Grove, PA) for 30 min at room temperature. After
Hoechst staining and mounting with Vectashield (Vector Laboratories,
Burlingame, CA) medium on glass microscope slides, immunolabeled
cultures were optically sectioned at 0.5 �m intervals with a Leica (Nuss-
loch, Germany) Inverted DM IRE2 HC fluo TCS 1-B-UV microscope
coupled to a Leica TCS SP2 spectral confocal system/UV. We confirmed
that in the absence of primary antibodies no signal was observed and that
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the two secondary antibodies did not cross-react with antibodies from
the other species.

Results
Identification of trafficking signals in a C-terminal domain
Our recent study suggested that a C-terminal domain might be
involved in maturation and subsequent cell surface expression of
glutamate transporters (Kalandadze et al., 2002). We hypothe-
sized that this domain may contain signals required for post-
translational processing. In this domain of GLT-1, we identified a
heptad leucine repeat characteristic of leucine zippers (leucines
451, 458, 465, and 472); three of these leucine residues are part of
dileucine motifs (Fig. 1A). To study the involvement of the
leucine residues in GLT-1 assembly and sorting, a family of
GLT-1 variants was created with different combinations of these
leucine residues mutated to alanine (Fig. 1B). Wild-type or mu-
tant variants of GLT-1 were transiently transfected into C6 gli-
oma. The degree of protein maturation and cell surface expres-
sion were determined by batch extraction of biotinylated
proteins. In agreement with previously published results
(Haugeto et al., 1996; Danbolt, 2001), wild-type GLT-1 protein
migrates as a monomeric band, but also has a tendency to form
multimers on SDS-PAGE (Fig. 2A). The molecular weight of the
predominant multimer is consistent with a trimer. In addition,
there is a larger molecular band that may represent a tetramer,
but with these percentages of gels, the molecular weight cannot be

determined accurately. The major monomer migrated as a broad
band centering at �75 kDa, but a minor, faster migrating band of
�60 kDa was also observed; corresponding multimers of the
smaller band were also observed. It has been suggested that the 75
and 60 kDa bands represent “mature” (terminally glycosylated)
and “immature” (partially glycosylated) forms of the protein
(Grunewald et al., 1998), and they will be referred to in this man-
ner because of data provided below.

Approximately 80% of the wild-type GLT-1 migrated as the
monomer and multimer of mature protein (Fig. 2B), and of that
mature protein, 75% was expressed at the plasma membrane
(Fig. 2C). Mutation of six leucine residues in an extracellular
domain of GLT-1 to alanine (6L/6A) completely eliminated the
75 kDa band with its corresponding multimers (Fig. 2A,B) and
abolished cell surface expression of the transporter. To determine
whether the heptad repeat or the dileucine motifs, or both, are
required for “maturation” and cell surface expression, these mo-
tifs were mutated separately to alanine residues. Although muta-
tion of all four heptad leucines (4L/4A) reduced expression some-
what compared with control, most of the protein migrated as a
mature form (not significantly different from GLT-1). Mutation
of one of the dileucine motifs (2L/2A-1) had no effect on expres-
sion or maturation; however, mutation of the second dileucine
motif (2L/2A-2) reproducibly decreased overall expression and
maturation but to a lesser extent than that observed in 6L/6A.

The function of each of these transporter variants was also
examined by measuring Na�-dependent glutamate transport ac-
tivity. Expression of wild-type GLT-1 increased the level of trans-
port above that observed in control cells to �180% of control
(Fig. 2D). Consistent with the biotinylation studies, the 6L/6A
mutant variant did not increase transport activity at all. The levels
of activity of the other variants roughly correlated with the per-
centage of protein that was mature (Fig. 2B) multiplied by the
percentage of the mature protein that was expressed on the cell
surface (Fig. 2C). On the basis of these data, we concluded that six
leucine residues in this domain were the minimal determinants
required for interruption of normal posttranslational processing
of GLT-1 and that the resulting immature protein was retained
intracellularly.

Forward trafficking of mature GLT-1 is facilitated by a
dileucine motif
Examination of the cell surface expression of these mutant vari-
ants suggested that components of the six-leucine motif are re-
quired for forward trafficking of mature protein. Although elim-
ination of subcomponents of this motif did not completely block
maturation, two different mutants were not trafficked to the
plasma membrane as efficiently as wild-type GLT-1 (Fig. 2C).
Mutation of either the heptad repeat (4L/4A) or one of the
dileucine motifs (2L/2A-2) substantially reduced the percentage
of mature protein that is trafficked to the cell surface, providing
evidence that these residues are important for forward trafficking
of mature protein to the plasma membrane. Because 4L/4A and
2L/2A-2 share a mutation at position 465, the simplest explana-
tion is that this dileucine motif is required for cell surface expres-
sion (forward trafficking) of mature transporter.

The diarginine motif may function as an ER retention signal
Additional analysis of this leucine-rich domain revealed a diargi-
nine motif that is highly conserved in different glutamate trans-
porters and immediately downstream of the leucine-rich domain
(Fig. 1C). We hypothesized that this motif could function to
prevent surface expression of the 6L/6A mutant variant as part of

Figure 1. Structure of wild-type and mutant variants of GLT-1. A, Schematic topological
model of GLT-1 based on that proposed by Grunewald and Kanner (2000). Location and se-
quence of C-terminal domain that contains a heptad leucine repeat characteristic of a leucine
zipper (overscore line) and three dileucine motifs (underlined) is expanded. B, Mutant variants
of the transporter generated for this study. Positions of mutations are depicted in bold and
underlined. C, Sequence alignment of the domain thought to be required for posttranslational
processing. This analysis includes the other members of the Na �-dependent glutamate trans-
porter family and transporters from different species. The high degree of homology between
transporters suggests that they use similar mechanisms to ensure appropriate posttranslational
maturation.
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a quality control mechanism. Mutation of
the two arginine residues to alanine (2R/
2A) in wild-type GLT-1 slightly reduces
overall expression, but essentially all of the
protein is mature and the level of cell sur-
face expression is indistinguishable from
wild-type GLT-1 (Fig. 3). Importantly, in-
troduction of this mutation into the 6L/6A
mutant transporter (6L/6A–2R/2A) par-
tially restored maturation and cell surface
expression of this protein. In fact, the per-
centage of mature 6L/6A–2R/2A observed
on the cell surface is as high as could be
expected, because the dileucine motif that
appears to be required for forward traf-
ficking of mature protein (2L/2A-2) is ab-
sent in this construct (see previous para-
graph). Therefore, although one might
simply conclude that the 6L/6A mutation
causes misfolding, the fact that further
mutation of the two downstream arginine
residues rescues maturation and cell sur-
face expression argues strongly that mis-
folding cannot explain the intracellular
retention of the 6L/6A variant. Instead,
these data suggest that the arginine-
based motif functions as an ER retention
signal and that the leucine motif is re-
quired for suppression of the retention
signal.

The leucine motif is required for ER
escape and maturation of GLT-1
On the basis of these observations, one
would predict that the 6L/6A variant of
GLT-1 is retained in the ER. To test this
prediction, C6 glioma cells were trans-
fected with wild-type GLT-1 or 6L/6A
GLT-1 that were epitope tagged with
FLAG. In optical cross sections of the cells,
wild-type GLT-1 was essentially confined
to the cell surface with almost no intracel-
lular staining. In contrast, the 6L/6A mu-
tant variant was restricted to intracellular
compartments (Fig. 4A), consistent with the lack of biotinylated
surface protein (Fig. 2). Because our hypothesis was that the
leucine motif suppresses an ER retention signal, we costained
cells for the ER chaperone protein, 78 kDa glucose regulated
protein (GRP78). GRP78 (BiP) extensively colocalized with the
6L/6A variant of GLT-1 and did not overlap with wild-type
GLT-1 (Fig. 4A). These data indicate that the mutant variant of
GLT-1 resides in the ER and are consistent with the hypothesis
that this leucine motif functions to suppress an ER retention
signal.

To determine whether the 60 and 75 kDa bands and their
corresponding multimers represent differentially glycosylated trans-
porters, wild-type or the two mutant variants (6L/6A or 6L/6A–2R/
2A) of GLT-1 were expressed in C6 glioma cells and treated with
PNGase F or Endo H. PNGase F removes all Asn-linked glycans,
whereas Endo H specifically recognizes only high-mannose-type
carbohydrate backbones characteristic of partially glycosylated pro-
teins resident in the proximal secretory pathway (ER to medial-
Golgi). After exit from the ER, proteins proceed through the secre-

tory pathway, and most glycoproteins acquire Endo H resistance in
the medial-Golgi (Huh and Wenthold, 1999). Therefore, insensitiv-
ity to Endo H can reflect the maturation state of glycoproteins. Con-
sistent with a mature protein, wild-type GLT-1 was insensitive to
Endo H, but treatment with PNGase F decreased the molecular
weight of the monomer band by �10–15 kDa (Fig. 4B, bottom
panel). In contrast, the 6L/6A mutant variant of GLT-1 was sensitive
to both Endo H and PNGase F, indicating that this protein is not
terminally glycosylated and represents an immature form of the
transporter. As might be expected, both monomer bands observed
after expression of 6L/6A–2R/2A are sensitive to PNGase F, but only
the smaller (�60 kDa) band is sensitive to Endo H, providing further
evidence that the combination of the Arg and Leu mutations restores
maturation of the transporter. The multimer bands displayed simi-
lar sensitivities to these endoglycosidases (Fig. 4B, top panel). These
data provide complementary evidence that the leucine-based motif
is required for maturation–ER to Golgi trafficking of GLT-1, unless
the arginine-based motif is also eliminated by mutation.

Figure 2. Mutation of a leucine-based motif in the C-terminal domain prevents maturation and cell surface expression of
GLT-1. A–C, Expression pattern of wild-type and mutant variants of GLT-1. C6 glioma cells were transiently transfected with
wild-type or mutant variants of GLT-1 (abbreviations used to identify constructs are in Fig. 1 B). Cell surface expression of the
transporter was examined using a membrane-impermeant biotinylation reagent followed by batch extraction of biotinylated
proteins with avidin-conjugated agarose beads. GLT-1 immunoreactivity was examined in lysate, nonbiotinylated (intracellular),
and biotinylated (cell surface) fractions. Mature protein was defined as the monomer that migrates at �75 kDa and multimers of
this band. Immature protein was defined as the monomer that migrates at �60 kDa and its respective multimer band. A,
Expression profile of wild-type and mutant variants of GLT-1. Note that none of the 6L/6A mutant variant is expressed on the cell
surface. B, Quantification of maturation level of wild-type and mutant variants of GLT-1. The optical densities of the mature and
immature bands were quantified in lysate, and the amount of mature protein was expressed as a percentage of the total
immunoreactivity in this fraction. Mutation of six leucines in an extracellular domain of GLT-1 (6L/6A) completely abolished
maturation of the transporter. C, Quantification of cell surface expression of wild-type and mutant variants of GLT-1. The level of
mature protein on the cell surface was expressed as a percentage of mature protein found in the lysate. As might be expected,
none of the 6L/6A mutant variant was detected on the cell surface. These data also show that both the 4L/4A and 2L/2A-2
mutations impair forward trafficking of mature protein to the plasma membrane. D, Sodium-dependent Glu transport activity of
wild-type and mutant variants of the transporter was measured after expression in C6 glioma cells. The mean number of disinte-
grations per minute observed in the presence of Na � was 11,610 � 1690 and in the absence of Na � was 789 � 128. After
normalization to the amount of protein in each set of wells, uptake was expressed as a percentage of that observed in mock-
transfected control cells. Data are expressed as the mean � SEM of between three and eight independent observations and were
compared by ANOVA. **p � 0.01, and ***p � 0.001 compared with GLT-1 (B, C).
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Helix-breaking mutations prevent maturation of GLT-1
At least part of this leucine-based domain has been modeled as an
�-helix (Grunewald and Kanner, 2000; Seal et al., 2000; Slotboom
et al., 2001), which could form the basis for a hydrophobic dimer-
ization motif. In leucine zippers, the heptad repeat occurs every
two turns of the helix, with individual positions in each heptad
designated by the letters “a” through “g” (Hu et al., 1990).
Leucine residues are usually found in the “d” position, and in
combination with another critical residue in the a position, form
an interface composed of primarily hydrophobic residues be-
tween parallel �-helical coiled domains. Proline residues cannot
be tolerated at positions that form the dimer interface, and their
introduction in the a positions breaks the helix and subsequent
coiled-coil interaction (Hu et al., 1990). To test whether the
leucine motif in GLT-1 might depend on a coiled-coil interac-
tion, proline mutations were introduced at three a positions (3P).
As was observed with the 6L/6A variant, none of the 3P mutant
transporter migrated as a mature protein, and none of the protein
was expressed on the cell surface (Fig. 5). Thus, these data suggest
that a coiled-coil interaction may be required for forward traf-
ficking of appropriately assembled transporter complexes from
the ER to the Golgi.

Elimination of the ER retention signal rescues cysteine uptake
It has been noted previously that arginines in the C-terminal
domain of the glutamate transporters, GLAST and EAAC1, are

required for transport of glutamate (Con-
radt and Stoffel, 1995; Bendahan et al.,
2000). These arginines in EAAC1 and
GLAST occupy positions that are homolo-
gous to the second arginine in the GLT-1
RXR motif. Previous studies revealed that
this family of proteins transport nondicar-
boxylic amino acid substrates in addition
to dicarboxylic acid substrates such as
L-glutamate and L-aspartate. For example,
EAAT2 (GLT-1) and EAAT3 (EAAC1) av-
idly transport L-cysteine (Zerangue and
Kavanaugh, 1996; Chen and Swanson,
2003). Mutation of arginine 447 in EAAC1
completely abolishes Na�-dependent glu-
tamate transport without affecting Na�-
dependent cysteine transport. This cys-
teine transport is insensitive to inhibition
by excess glutamate, suggesting that Arg-
447 is required for interaction with the
�-carboxy group of glutamate (Bendahan
et al., 2000). On the basis of these data, we
hypothesized that mutation of arginines in
the RMR motif of GLT-1 might also abol-
ish glutamate transport, leaving cysteine
uptake intact. To test this possibility, glu-
tamate and cysteine uptake were measured
in C6 glioma cells transfected with wild-
type and mutant variants of GLT-1 (2R/
2A, 6L/6A, 6L/6A–2R/2A). Using L-[ 3H]-
glutamate as a substrate, none of these
mutant variants of GLT-1 increased the
levels of Na�-dependent transport over
that observed in control cells (Fig. 6A).
Similarly, the 6L/6A variant of GLT-1 did
not increase Na�-dependent L-[ 35S]-
cysteine transport above that observed in
control cells (Fig. 6B); however, the mu-

tant variant of GLT-1 that lacks both the leucine motif and the ER
retention signal (6L/6A–2R/2A) transported L-[ 35S]-cysteine.
These data demonstrate that elimination of the arginine motif in
6L/6A not only restores cell surface expression but also restores
functional activity of the transporter. Furthermore, these data
indicate that the putative signal required for ER retention over-
laps with a site that is important for substrate specificity.

Dominant-negative effects of 6L/6A mutant variant
Limited data based on chemical cross-linking experiments and
freeze-fraction electron microscopy suggest that glutamate trans-
porters self-associate to form homo-oligomers in situ (Haugeto et
al., 1996; Eskandari et al., 2000). If multimerization is required
before export from the ER, coexpression of the 6L/6A mutant
with wild-type GLT-1 might interfere with normal GLT-1 pro-
tein processing. To test this possibility, wild-type GLT-1 was co-
transfected with increasing amounts of 6L/6A. When excess
6L/6A was coexpressed with wild-type GLT-1, both total and cell
surface expression were decreased in a dose-dependent manner
(Fig. 7A,B), suggesting that mutant and wild-type GLT-1 can
coassemble into complexes. To test for formation of complexes,
wild-type GLT-1 and the 6L/6A mutant variant were differen-
tially tagged with HA and FLAG epitopes. These tagged trans-
porters were coexpressed in C6 glioma. An anti-FLAG antibody
was used for immunoprecipitation, and the precipitates were

Figure 3. Mutation of two arginines downstream of the leucine motif partially restores maturation and cell surface expression
of the 6L/6A mutant variant of GLT-1. A, Expression pattern of wild-type and mutant variants of GLT-1. B, C, Quantification of
maturation of wild-type and mutant variants of GLT-1 (Fig. 2 legend). Mutation of the two arginine residues in the 6L/6A mutant
variant partially restores maturation ( B) and cell surface expression ( C) of the transporter. Data are expressed as the mean � SEM
of between three and seven independent observations and were compared by ANOVA. ***p � 0.001 compared with GLT-1; ¥p �
0.05 and ¥¥¥p � 0.001 compared with 6L/6A.
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probed with an anti-HA antibody. Using this approach, we were
able to isolate complexes of FLAG-tagged GLT-1 with HA-tagged
GLT-1 that migrated predominantly as multimers (Fig. 7C). Sim-
ilarly, FLAG-tagged 6L/6A coexisted in complexes with HA-
tagged 6L/6A, and as expected, the multimers migrated as lower
molecular weight bands. FLAG-tagged GLT-1 also coexisted in
complexes with the HA-tagged 6L/6A mutant variant, but both

mature and immature protein were found in complexes. The fact
that both mature and immature bands were observed provides
evidence that at certain stoichiometries, complexes of mutant
6L/6A with wild-type GLT-1 can exit the ER. In these same ex-
periments, we probed the immunoprecipitates for EAAC1 that is
endogenously expressed in C6 glioma (Davis et al., 1998). In these
parallel studies, no EAAC1 immunoreactivity was observed (data
not shown), and we found that EAAC1 can be detected in immu-
noprecipitates using anti-EAAC1-directed antibodies (González
et al., 2003), suggesting that it could have been detected had
aggregates with GLT-1 been formed after solubilization.

Figure 4. Expression and deglycosylation of wild-type and 6L/6A mutant variants of GLT-1
indicate that the 6L/6A mutant variant does not escape the ER and is not terminally glycosy-
lated. A, FLAG epitopes were introduced at the N terminus of the wild-type and mutant 6L/6A
variants of GLT-1 to analyze subcellular distribution of these transporters. C6 glioma cells trans-
fected with FLAG-GLT-1 were immunostained for FLAG-tagged transporter (green) and for
GRP78 (red). Images are optical cross sections taken near the middle of the cell. FLAG-tagged
GLT-1 is expressed at or near the plasma membrane and does not appreciably overlap with
staining for the ER chaperon protein, GRP78 (BiP). In contrast, expression of the 6L/6A mutant
variant of GLT-1 overlaps with GRP78, indicating that this protein is retained in the ER. This
experiment has been reproduced with similar results. B, Deglycosylation profiles of wild-type
and mutant variants of GLT-1. Expressed proteins were digested with Endo H or PNGase F.
Mature bands represent a complex glycosylation state, indicating that the protein has passed
through the Golgi apparatus and is Endo H resistant. Immature bands represent the high-
mannose-type form characteristic of proteins resident in the ER. The top panel shows a lighter
exposure of the higher molecular weight “multimer” bands, and the bottom panel shows a
darker exposure of lower molecular weight “monomer” bands from the same Western blot.
GLT-1 is digested by PNGase F but not Endo H (the minor PNGase F-resistant band may represent
an O-linked oligosaccharide). The 6L/6A variant is sensitive to both EndoH and PNGase F. The
smaller of the bands observed for 6L/6A–2R/2A is sensitive to both glycosidases, and the larger
band is only sensitive to PNGase F. These data are representative of three independent
experiments.

Figure 5. Introduction of helix-breaking proline mutations into the leucine-rich domain in
GLT-1 mimicked the expression pattern of the 6L/6A mutant variant of GLT-1, with no mature
protein and no protein on the cell surface after expression in C6 glioma. The top and bottom
panels are lighter and darker exposures of the same immunoblot to show the effect of mutation
on multimer and monomer bands, respectively.

Figure 6. Mutation of the two arginine residues downstream of the 6L/6A motif restores
L-([ 35S])-cysteine transport. Na �-dependent transport of L-glutamate ( A) and L-cysteine ( B)
was measured in C6 glioma cells transfected with different mutant variants of GLT-1. For glu-
tamate uptake, the mean number of disintegrations per minute observed in the presence of
Na � was 7905 � 870 and in the absence of Na � was 1026 � 234. For cysteine, the mean
number of disintegrations per minute was 2717�1360 in the presence of Na � and 964�175
in the absence of Na �. After normalization to the amount of protein in each set of wells, uptake
was expressed as a percentage of that observed in mock-transfected control cells. Data are the
mean � SEM of three (glutamate) or four (cysteine) independent observations and were com-
pared by ANOVA. **p � 0.01 compared with control.
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To determine whether the dominant-negative effect of 6L/6A
is specific for the GLT-1 subtype of glutamate transporter, wild-
type GLT-1 or EAAC1 was cotransfected with increasing
amounts of 6L/6A in HEK293T cells. As was observed in C6
glioma, coexpression of 6L/6A dose-dependently inhibited total
and cell surface expression of GLT-1 (Fig. 8A,B); however, coex-

pression with 6L/6A had no effect on ei-
ther total or cell surface expression of
EAAC1 (Fig. 8C,D). Because expression of
these proteins is controlled by the same
promoter, these later results rule out the
possibility that the decrease in GLT-1 ex-
pression is related to competition for pro-
moter activators. The fact that no increases
in intracellular accumulation of GLT-1
immunoreactivity was observed in these
coexpression studies suggests that com-
plexes of mutant and wild-type transport-
ers are being targeted for degradation by
the surveillance mechanisms that direct
inappropriately trafficked proteins for
proteosomal degradation (for review, see
Ellgaard et al., 1999; Ellgaard and Hele-
nius, 2003). This possible fate of trans-
porter complexes was not examined in the
present study. In the HEK cells, we tested
for interactions and the specificity of the
immunoprecipitation reaction. These cells
were transfected with either FLAG-GLT-1
and HA-GLT-1 or HA-GLT-1 and GLAST.
We observed HA-GLT-1 and FLAG-GLT-1
in complexes and found no evidence for
GLT-1 and GLAST in complexes (data not
shown). Together with the data described in
the previous paragraph, these data would
suggest that these complexes are not an arti-
fact of postsolubilization aggregation.

The leucine- and arginine-based motifs
are sufficient to control Tac trafficking
Although these data provide strong evi-
dence that the leucine-based motif may be
important for suppression–masking of an
arginine-based ER retention signal, we
wanted to determine whether these signals
function similarly after introduction into
another transmembrane protein. A do-
main that includes both the leucine and
arginine motifs was spliced into the � sub-
unit of the interleukin 2 receptor (also
called the Tac antigen) to create a Tac-
GLT1-Tac chimera. The N terminus of
Tac is extracellular and contains a single
transmembrane domain that starts at
amino acids 238 or 239 (Bonifacino et al.,
1990; Cosson et al., 1991). Topological
models of the glutamate transporters have
placed the leucine motif that was identified
as being important for masking the puta-
tive ER retention signal in an extracellular
domain (Fig. 1A); therefore, this domain
(amino acids 446 – 477 from GLT-1) was
substituted for a comparable domain in

Tac (amino acids 238 –249). The wild-type variant of these chi-
meras (called Tac-GLT-1) migrated as a band of �60 kDa (Fig.
9A), consistent with the expected molecular weight of mature
Tac. As was observed with the 6L/6A variant of GLT-1, the 6L/6A
variant of the Tac-GLT-1 chimeras (Tac-6L/6A) migrated as
smaller band of �40 kDa. Finally, as was observed with the trans-

Figure 7. The 6L/6A mutant variant functions as a dominant-negative inhibitor and forms an immunoprecipitable complex
with wild-type GLT-1. A, C6 glioma were transiently transfected with wild-type GLT-1 in either the absence or presence of the
6L/6A mutant variant of GLT-1. The total amount of DNA was held constant by varying the amount of empty plasmid (pcDNA3.1).
The expression of GLT-1 in the lysate (L), the nonbiotinylated–intracellular fraction (I), and biotinylated– cell surface expression
(S) of GLT-1 was examined. Actin immunoreactivity was also examined in these same three fractions. B, Summary of quantitation
of four independent experiments. 6L/6A dose-dependently decreased total (data not shown) and cell surface expression of GLT-1
immunoreactivity. Data are the mean � SEM. C, GLT-1 and 6L/6A were differentially tagged with HA and FLAG epitopes in the N
termini. Different combinations of these epitope-tagged proteins were coexpressed in C6 glioma cells. FLAG-tagged GLT-1 coim-
munoprecipiates with HA-tagged GLT-1 or with HA-tagged 6L/6A. FLAG-tagged 6L/6A also interacts with HA-tagged 6L/6A. Data
are representative of three independent experiments.

Figure 8. The dominant-negative effect of the 6L/6A variant was specific for GLT-1. HEK293T cells were transiently transfected
with wild-type GLT-1 (A, B) or EAAC1 (C, D) in the absence or presence of the 6L/6A variant of GLT-1. The total amount of DNA was
held constant by varying the amount of empty plasmid (pcDNA3.1). The expression of GLT-1 or EAAC1 in the lysate (L), the
nonbiotinylated–intracellular fraction (I), and biotinylated– cell surface expression (S) of GLT-1 was examined. Actin immunore-
activity was also examined in these same three fractions. 6L/6A dose-dependently decreased total and cell surface expression of
GLT-1 but had no effect on expression of EAAC1. Data are the mean � SEM of four independent observations.
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porter constructs, further mutation of the
diarginine motif in the Tac-6L/6A chimera
(Tac-6L/6A–2R/2A) partially reversed the
effects of mutation of the six leucine residues
in these chimeras with two clear bands, one
at 60 kDa and the other at 40 kDa.

The mature form of Tac contains both
N-linked and O-linked oligosaccharides
(Steen et al., 1998). To confirm that the
bands in these experiments represent ma-
ture (terminally glycosylated) and imma-
ture (partially glycosylated) forms of Tac,
the samples were treated with PNGase F or
Endo H (Fig. 9B). The higher molecular
weight bands observed after expression of
either the Tac-GLT-1 or the Tac-6L/6A–
2R/2A constructs were insensitive to Endo
H and were partially deglycosylated by
PNGase F to a molecular weight of �50
kDa, consistent with the mature form that
contains O-linked oligosaccharides
(Standley et al., 2000). In contrast, the 6L/6A variant (Tac-6L/6A)
was sensitive to both Endo H and PNGase F, indicating that this
protein is not terminally glycosylated and represents an imma-
ture form of this protein. Together, these data demonstrate that
the diarginine and the leucine-rich motifs have similar effects on
maturation when they are introduced into another protein. This
provides further evidence that motifs identified in our study con-
tribute to forward trafficking from the ER to the Golgi and sug-
gest that these motifs function as part of a quality control mech-
anism during the posttranslational processing that occurs in the
ER.

Discussion
An extracellular leucine motif suppresses ER retention
of GLT-1
Secondary quality control mechanisms during posttranslational
processing depend on the presentation or masking of specific
sequences within the complex being assembled. Evolving models
suggest that these motifs interact with chaperone proteins that
either retain inappropriately assembled macromolecules in the
ER or facilitate retrieval from the Golgi (Ellgaard and Helenius,
2003). Although most proteins are presumed to have specific
surveillance mechanisms that prevent premature export from the
ER, surprisingly few of these signals have been identified. The best
characterized signal (KDEL) functions to retain chaperones in
the ER and is present in the C terminus of these soluble ER resi-
dent proteins. Dibasic residues near either the C or N termini
(KKXX or KXKXXX) of specific membrane proteins appear to
interact with coatamer protein I to facilitate retrieval from the
Golgi (Ellgaard and Helenius, 2003). Arginine-based motifs
(RXR) have recently been identified in the C termini of some
channels–receptors, including the KATP channels, GABAB recep-
tors, and NMDA receptors (Zerangue et al., 1999; Margeta-
Mitrovic et al., 2000; Standley et al., 2000), suggesting that com-
mon chaperones may facilitate retention and forward trafficking
of these proteins. This motif is found on cytoplasmic domains
and therefore resides in the cytoplasm when the protein is being
assembled in the ER. Recently, PL(Y/F)(F/Y)XXN was identified
as a transmembrane ER retention signal in acetylcholine recep-
tors (Wang et al., 2002). Except for KDEL, which retains ER
chaperone proteins, other lumenal retention motifs have not
been identified.

In the present study, we identified a motif composed of six
leucine residues that is required for export of GLT-1 from the ER.
Mutation of these six leucine residues to alanine results in expres-
sion of a smaller molecular weight protein that colocalizes in the
ER with the chaperone protein, GRP78 (BiP). Unlike wild-type
GLT-1, this mutant protein is sensitive to Endo H deglycosyla-
tion, is not accessible to a membrane-impermeant biotinylation
reagent, and does not transport glutamate, providing several lines
of evidence that this motif is required for forward trafficking of
GLT-1. Combining mutation of a distal diarginine motif with
mutation of these leucine residues partially restored maturation,
cell surface expression, and functional activity. Finally, these mo-
tifs were sufficient to cause ER retention–release of an unrelated
transmembrane protein, Tac. The observed effects of mutation of
the leucine-based motif are not likely to be related to simple
misfolding, because it is highly improbable that further mutation
of two arginine residues would restore appropriate folding and
functional activity. The fact that we observe an incomplete rescue
with both of these constructs suggests that other mechanisms also
contribute to ER retention– quality control or that the double
mutants traffic more slowly through the secretory pathway than
wild-type transporters. Together, these data provide evidence
that the leucine-based motif is important for suppression of an
ER retention signal that is mediated by the distal diarginine motif.
Interestingly, two studies have identified novel proteins that in-
teract with this general region of the glutamate transporters
(Ruggeiro et al., 2003; Watanabe et al., 2003), and one of these
proteins, GTRAP3–18 (glutamate transporter-associated protein
3-18) affects transporter maturation, consistent with a chaperone-
like protein.

Different groups have examined the transmembrane topology
of the glutamate transporters using approaches including cys-
teine scanning accessibility (Grunewald and Kanner, 2000; Seal et
al., 2000; Slotboom et al., 2001). From these studies, the identified
leucine motif is located in an extracellular domain (Fig. 1A).
From studies with GLAST, the diarginine motif is partly extracel-
lular (Seal et al., 2000), and with studies of GLT-1, the diarginine
motif would be embedded in the membrane (Grunewald and
Kanner, 2000). Importantly, none of these studies place any part
of this domain on the cytoplasmic side of the membrane. There-
fore, unlike many of the other previously identified putative ER

Figure 9. Expression of pattern of Tac-GLT-1 and 6L/6A mutant variants of Tac-GLT-1 chimeras. A, Western analysis of expres-
sion of Tac-GLT-1 and Tac-mutant variants of GLT-1 (Tac-6L/6A and Tac-6L/6A–2R/2A) after expression in COS7 cells. B, Degly-
cosylation profiles of wild-type and mutant variants of the Tac-GLT-1 chimeras. Expressed proteins were digested with Endo H or
PNGase F. Mature bands represent the complex glycosylation state that is insensitive to Endo H, indicating that the protein has
passed through the ER to the Golgi. Immature bands represent the high-mannose-type form characteristic of proteins resident in
the ER. Tac-GLT-1 is digested by PNGase F but not Endo H. The partial shift can be explained by the presence of O-linked
oligosaccharides (Standley et al., 2000). The 6L/6A variant is sensitive to both Endo H and PNGase F. The higher molecular weight
band for Tac-6L/6A-2R/2A variant is sensitive to PNGase F but resistant to Endo H. This experiment has been repeated.
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retention signals, the motifs identified in the present study do not
face the cytoplasm during assembly of the protein complex.

The glutamate transporters share a high degree of sequence
similarity, and not surprisingly, the homology is highest in trans-
membrane domains (Amara et al., 1998). The motifs identified in
the present study are remarkably well conserved within the family
of glutamate transporters (Fig. 1C). The diarginine motif is
present in all five glutamate transporters and is evolutionarily
conserved from insect to human homologs. With the exception
of leucine residues 451 and 472, all of the other elements of the
leucine-based motif are identical or contain conservative substi-
tutions. If the same residues contribute to forward trafficking of
all of the glutamate transporters, this might suggest that the four
remaining leucine residues provide the critical minimal determi-
nants required for suppression of the putative retention signal.
Although not tested in the present study, it is tempting to specu-
late that similar mechanisms govern the assembly of the different
members of this transporter family.

For most of our studies, we used C6 glioma, a CNS-derived
cell line that endogenously expresses the EAAC1 subtype of trans-
porter (Davis et al., 1998) and therefore expresses the appropriate
machinery for posttranslational transporter processing. We also
used both HEK and COS7 cells, and both of these cells also en-
dogenously express functional transporters (Davis et al., 1998;
Tan et al., 1999). Because similar effects on processing were ob-
served with the GLT-1 variants expressed in C6 glioma and with
GLT-1-Tac chimeras in COS7 cells, this would suggest that the
role of these motifs is not restricted to particular cell types.

Glutamate transporters exit the ER as homo-oligomers
Chemical cross-linking (Haugeto et al., 1996) and freeze-fracture
electron microscopy (Eskandari et al., 2000) studies suggest that
glutamate transporters exist as homomultimers and that differ-
ent transporters do not coassemble as hetero-oligomers. The pro-
posed number of subunits in the complex range from two or
three (on the basis of chemical cross-linking) up to five (on the
basis of freeze-fracture studies). The fact that differentially tagged
GLT-1 subunits can be coimmunoprecipitated using an antibody
that specifically recognizes only one of the epitopes provides ev-
idence for a physical interaction in situ. When equimolar
amounts of wild-type GLT-1 and 6L/6A are coexpressed in C6
glioma, there is a modest increase in total and cell surface expres-
sion of transporter compared with the levels observed with
GLT-1 alone. At higher concentrations, the 6L/6A variant causes
a dose-dependent inhibition of wild-type transporter expression.
Coimmunoprecipitation of epitope-tagged wild-type GLT-1
with differentially epitope-tagged 6L/6A reveals both immature
and mature variants of the complex. Together, these studies sug-
gest that the presence of a single mutant variant in a complex with
wild-type GLT-1 is not sufficient to prevent ER export. There-
fore, the only way to reconcile these observations is to propose
that a minimum of three subunits coassemble into functional
transporters.

On the basis of the present study, it is not known whether
individual transporter subunits interact through the extracellular
leucine motif or whether another protein, possibly a chaperone,
interacts with this motif to mask the diarginine motif. Regardless,
the fact that the 6L/6A had a dominant-negative effect on and
interacts with wild-type GLT-1 provides strong evidence that this
domain is not required for interaction between monomers that
are coassembled as functional transporters. Together with the
fact that 6L/6A did not have a dominant-negative effect on
EAAC1, these data strongly suggest that the residues required for

subtype-specific homo-oligomerization lie outside of this do-
main. Other recent studies have identified leucine repeats that are
critical for multimer assembly of the GABA transporter (Schloze
et al., 2002), the dopamine transporter (Torres et al., 2003), and
the serotonin transporter (Just et al., 2004). All of these leucine
motifs lie within transmembrane domains (Sitte and Freissmuth,
2003).

Inappropriate targeting of glutamate transporters
Altered expression of glutamate transporters has been observed
in several neurodegenerative diseases, including Alzheimer’s dis-
ease, amyotrophic lateral sclerosis (ALS), trauma, and ischemia
(Sims and Robinson, 1999; Danbolt, 2001). In some cases, altered
expression includes inappropriate targeting of the transporter to
specific cellular compartments. For example, in glioma, one of
the subtypes (GLAST/EAAT1) is targeted to the nucleus rather
than the plasma membrane (Ye et al., 1999). In ALS, there is a
large decrease in the levels of GLT-1 protein (Rothstein et al.,
1995; Fray et al., 1998) but not mRNA in the spinal cords (Bristol
and Rothstein, 1996). Originally, this loss of GLT-1 protein was
attributed to selective aberrant splicing of GLT-1 mRNA in af-
fected brain regions (Lin et al., 1998). Others have been unable to
detect increased expression of these transcripts in patients with
ALS but have observed a surprisingly high level of these trans-
porter transcripts (up to 40% of the total) in normal tissue (Flow-
ers et al., 2001). These transcripts lack either part or all of the
domain identified in the present study. Although it is not clear
whether these are disease-specific transcripts or are generally ex-
pressed, we have identified determinants that are sufficient to
explain how these aberrant proteins could prevent ER export of
functional transporter. Because GLT-1 can have toxic conse-
quences (Guo et al., 2002), it is possible that translation of these
aberrant transcripts in normal tissue prevents overexpression of
GLT-1 by targeting these proteins for degradation before export
from the ER.
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