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Abstract
Sodium-dependent glutamate uptake is essential for limiting excitotoxicity, and dysregulation of this
process has been implicated in a wide array of neurological disorders. The majority of forebrain
glutamate uptake is mediated by the astroglial glutamate transporter, GLT-1. We and others have
shown that this transporter undergoes endocytosis and degradation in response to activation of protein
kinase C (PKC), however, the mechanisms involved remain unclear. In the current study, transfected
C6 glioma cells or primary cortical cultures were used to show that PKC activation results in
incorporation of ubiquitin into GLT-1 immunoprecipitates. Mutation of all 11 lysine residues in the
amino and carboxyl-terminal domains to arginine (11R) abolished this signal. Selective mutation of
the 7 lysine residues in the carboxyl terminus (C7K-R) did not eliminate ubiquitination, but it
completely blocked PKC-dependent internalization and degradation. Two families of variants of
GLT-1 were prepared with various lysine residues mutated to Arginine. Analyses of these constructs
indicated that redundant lysine residues in the carboxyl terminus were sufficient for the appearance
of ubiquitinated product and degradation of GLT-1. Together these data define a novel mechanism
by which the predominant forebrain glutamate transporter can be rapidly targeted for degradation.
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Introduction
As the predominant excitatory neurotransmitter in the mammalian central nervous system,
glutamate is essential for synaptic depolarization and neurotransmission (Monaghan et al.,
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1989). However, extracellular levels of glutamate must be tightly controlled to limit glutamate-
mediated excitotoxicity and neuronal cell death (Choi, 1992). Since there is no system to
metabolize glutamate in the extracellular space, the only way to terminate glutamatergic
transmission is through glutamate uptake (reviewed in Schousboe, 1981). A family of Na+-
dependent, high affinity glutamate transporters is responsible for this task (for reviews, see
Sims and Robinson, 1999; Danbolt, 2001). The majority of glutamate uptake is mediated by
the glial glutamate transporter, GLT-1, which is located predominantly on astrocytes
throughout the cortex and hippocampus (reviewed in Robinson, 1998; Danbolt, 2001).

GLT-1 deletion in mice results in lethal seizures, emphasizing the importance of this transporter
for glutamate uptake and cell survival (Tanaka et al., 1997). Decreases in GLT-1 protein levels
are observed prior to neuronal death in area CA1 of the hippocampus after an ischemic insult,
suggesting that decreased uptake of glutamate via GLT-1 may contribute to later phases of
damage caused by these insults (Bruhn et al., 2000). GLT-1 protein begins to decrease in CA1
within 3-6 h post-reperfusion, indicating that it can be rapidly regulated (Torp et al., 1995;
Chen et al., 2005; Yeh et al., 2005). Likewise, GLT-1 protein is decreased after 1 h of oxygen-
glucose deprivation in astrocytic cultures isolated from CA1 (Ouyang et al., 2007). As the
levels GLT-1 protein are stable for at least 24 h in the presence of inhibitors of transcription
or translation in primary astrocyte cultures (Zelenaia and Robinson, 2000), it appears that the
half-life of GLT-1 is likely longer than 24 h. This might be expected given the importance of
this transporter to limiting excitotoxicity. Together these studies suggest that the loss of GLT-1
observed after ischemic insults is due to accelerated degradation of GLT-1 rather than
decreased transcription.

As is observed for many other neurotransmitter transporters, including those for dopamine,
norepinephrine, serotonin, γ-aminobutyric acid (GABA), and glycine (Gomeza et al., 1995;
Qian et al., 1997; Zhang et al., 1997; Apparsundaram et al., 1998; Beckman et al., 1999;
Melikian and Buckley, 1999; Jayanthi et al., 2004; Jayanthi et al., 2005), activation of protein
kinase C (PKC) rapidly (within min) decreases GLT-1-mediated uptake and decreases cell
surface GLT-1 (Fang et al., 2002; Kalandadze et al., 2002; Zhou and Sutherland, 2004; Guillet
et al., 2005; Susarla and Robinson, 2008). In the case of the dopamine transporter (DAT), PKC
activation results in ubiquitination of lysine (Lys) residues in the amino terminus, leading to
internalization and degradation (Miranda et al., 2005; Miranda et al., 2007). Ubiquitination of
cell surface proteins is a common mechanism underlying internalization, endosomal sorting,
and either recycling back to the cell surface or sorting to the proteosome or lysosome for
degradation (reviewed in Haglund et al., 2003; Kim and Rao, 2006; Madshus, 2006; Miranda
and Sorkin, 2007).

Recently, we showed that more prolonged activation of PKC decreases the levels of GLT-1
protein by a mechanism consistent with lysosomal degradation (Susarla and Robinson,
2008). Since GLT-1 is important for cell survival and prevention of excitotoxicity, we were
interested in defining the molecular mechanisms that trigger internalization and loss of GLT-1.
Therefore, in the present study we investigated mechanisms underlying PKC-mediated down-
regulation of GLT-1. We present evidence that redundant carboxyl-terminal Lys residues of
GLT-1 are ubiquitinated and that carboxyl-terminal ubiquitination of GLT-1 is required for
internalization and degradation of the transporter. The data from this manuscript were
presented at the Annual Society for Neuroscience Meeting and were partially described in an
abstract for this meeting (Sheldon et al., 2007).
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Materials and Methods
Materials

C6 glioma cells were obtained from the American Type Culture Collection (Rockville, MD).
10-cm cell culture plates were purchased from Corning (Cambridge, MA). Dulbecco’s
modified Eagle’s medium (DMEM), L-glutamine, trypsin-EDTA, penicillin-streptomycin,
geneticin, and Protein A-agarose were from Invitrogen (Grand Island, NY). Fetal bovine serum
and Ham’s F-12 with glutamine was purchased from HyClone (Logan, UT). Bovine serum
albumin (BSA), phorbol 12-myristate 13-acetate (PMA), rabbit anti-actin antibody, and rabbit
anti-Flag antibody were obtained from Sigma (St. Louis, MO). Bisindolylmaleimide II (Bis
II) was purchased from Calbiochem (La Jolla, CA). GenePorter transfection reagent was
obtained from Gene Therapy Systems (San Diego, CA). N-hydroxysulfosuccinimidobiotin
(NHS-biotin), UltraLink immobilized monomeric avidin, and bicinchoninic acid (BCA)
protein assay kit were from Pierce (Rockford, IL). Mouse monoclonal anti-ubiquitin antibody
P4D1 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit polyclonal
anti-GLT-1 antibody was the kind gift of Dr. Jeffrey D. Rothstein (Rothstein et al., 1994). Anti-
rabbit and anti-mouse horseradish peroxidase IgG, enhanced chemiluminescence kits (ECL),
Hyperfilm ECL, and rainbow molecular weight marker were purchased from Amersham
(Arlington Heights, IL). Immobilon P (polyvinylidene fluoride membrane) was from Millipore
(Bedford, MA).

Cell Culture
C6 glioma cells were grown in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100
U/ml penicillin, and 100 μg/ml streptomycin in 5% CO2/95% air at 37°C. Cells were used for
experiments up to passage 60, and no changes in experimental effects or gross morphological
changes were observed due to passage number. Primary rat cortical co-cultures of neurons and
astrocytes were dissociated as described previously (Wilcox et al., 1994; Cummings et al.,
1996). Briefly, E18 rat embryos were removed from anesthetized pregnant Sprague-Dawley
rats. The cortices were dissected and trypsinized in DMEM containing 0.027% trypsin at 37°
C for 20 min. The tissue was then triturated in media containing DMEM, 10% fetal bovine
serum, 10% Ham’s F-12 with glutamine and 50 U/ml penicillin-streptomycin. Cells were plated
at 400,000 cells per ml in 6 cm plastic tissue culture dishes with 3 ml per dish in media
consisting of DMEM, 10% fetal bovine serum, 10% Ham’s F-12 and penicillin-streptomycin.
The cultures were maintained in an incubator at 5% CO2/95% air and 37°C for 16 days prior
to experimentation.

Generation of mutant transporters
Lys to Arg (K-R) substitution mutants were created using the QuikChange site-directed
mutagenesis kit from Stratagene (La Jolla, CA) and pcDNA3.1+ rat GLT-1 templates
(Kalandadze et al., 2002). After 11 Lys in the amino and carboxyl termini were mutated to Arg
to make the 11R transporter, Arg to Lys (R-K) restoration mutants were also created with
Quikchange, using the pcDNA3.1+ 11R template. All sequences were confirmed at the
molecular biology core at the Children’s Hospital of Philadelphia.

Transient transfection of C6 glioma cells
50-60% confluent C6 cells grown in 10-cm plates were transfected with 12 μg of cDNA mixed
with 60 μl GenePorter in a 1 μg: 5 μl ratio. The amount of cDNA and GenePorter used for
transfection of C6 cells grown in 12-well plates was adjusted for surface area/number of cells
(Kalandadze et al., 2002). Cells were used for experiments ~18h after transfection.
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Immunoprecipitation
Immunoprecipitation of glutamate transporters was performed as described previously, with
small changes (Sheldon et al., 2006). Cells were serum-starved in DMEM containing 0.5%
BSA prior to treatment (C6 cells 1h and primary cultures 3h). After treatment, cell monolayers
were washed twice with ice-cold PBS (pH 7.35) containing 0.1 mM CaCl2 and 1.0 mM
MgCl2. Cells were then lysed (0.7 mL for C6 cells grown in 10 cm dishes and 0.4 mL for
primary cultures grown in 6 cm dishes) in Triton/Glycerol/HEPES (TGH) buffer containing:
150 mM KCl, 2 mM MgCl2, 20 mM HEPES, 10% glycerol, (pH 7.2), 1% Triton X-100, 1%
sodium deoxycholate, 1 mM dithiothreitol (DTT), 1mM ethylene glycol tetraacetic acid
(EGTA), 1mM ethylenediamine tetraacetic acid (EDTA), 10 μg/ml leupeptin, 1 mM
phenylmethanesulfonyl fluoride, 10 μg/ml aprotinin, 1 mM iodoacetamide, 10 mM sodium
fluoride, 1 mM sodium orthovanadate, and 10 mM N-ethylmaleimide (Huang et al., 2006a).
Lysates were cleared of cellular debris by centrifugation at 17,000 × g for 20 min at 4°C. The
resulting supernatant was pre-cleared by shaking with 40 μl protein-A agarose beads at 4°C
for 1 h. This slurry was centrifuged at 17,000 × g for 15 min and then equal amounts of
subsequent supernatant (reflecting 450 μg of protein from the lysate) were mixed overnight at
4°C with 15 μL GLT-1 antibody or a comparable amount of rabbit IgG antibody. Antibody
bound proteins were isolated using 30 μl protein-A agarose beads. After incubating for 2 h at
4°C, the material was centrifuged and the pellets (beads) were washed three times: once with
TGH buffer containing 500 mM NaCl, once with TGH buffer containing 100 mM NaCl, and
once with TGH buffer containing no NaCl. Immunoprecipitates were eluted from the agarose
beads by incubation at 95°C for 5 min in 30 μl SDS-PAGE loading buffer.

Biotinylation of cell surface transporters
C6 cells were serum-starved in DMEM containing 0.5% BSA for one hour at 37°C. Following
vehicle (DMSO) or PMA (100 nM) treatment for 30 min, cell surface proteins were biotinylated
as described previously (Davis et al., 1998; Fournier et al., 2004; Sheldon et al., 2006). Briefly,
C6 cells were washed twice with ice-cold PBS Ca/Mg. The cells were then incubated in 2 ml
biotinylation solution (1 mg/ml NHS-biotin in PBS Ca/Mg) for 25 min at 4°C with gentle
shaking. The solution was aspirated and un-reacted biotin was quenched by incubating cells
with PBS Ca/Mg containing 100 mM glycine for 25 min at 4°C with gentle agitation. Cells
were lysed in 0.7 ml of radioimmunoprecipitation assay (RIPA) buffer containing protease
inhibitors (1 μg/ml leupeptin, 250 μM phenylmethanesulfonyl fluoride, 1 μg/ml aprotinin, and
1 mM iodoacetamide) (Gonzalez et al., 2007). Cellular debris was removed by centrifugation
at 17,000 × g for 20 min at 4°C, and then biotinylated proteins were batch-extracted using
UltraLink immobilized monomeric avidin beads. SDS-PAGE sample buffer was added to cell
lysate, biotinylated proteins (cell surface proteins), and non-biotinylated proteins (intracellular
proteins). These three fractions were diluted so that the sum of the immunoreactivity in the
biotinylated and non-biotinylated fractions would equal that observed in the lysate if the yield
from extraction was 100%.

Measurement of Na+-dependent transport activity
Transport activity in C6 glioma was measured in 12-well plates as previously described (Dowd
and Robinson, 1996; Kalandadze et al., 2002). C6 cells were assayed in a 37°C water bath, and
wells were washed twice with either 1 ml of warm Na+- or choline-containing buffer and then
incubated with 0.5 μM [3H]-glutamate for five min. After halting uptake of radioactive
glutamate, the cells were solubilized, and samples were taken for analysis of radioactivity in
a scintillation counter. Na+-dependent uptake was defined as the difference in radioactivity
accumulated in the presence and absence of Na+.

Sheldon et al. Page 4

Neurochem Int. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Degradation assay
C6 cells were pretreated with 0.5% BSA in DMEM for one hour before incubation with vehicle
(DMSO) or PMA (100 nM) for 2 h at 37°C. Next, cells were rinsed twice with PBS Ca/Mg
and then lysed in 0.7 ml of RIPA buffer containing protease inhibitors (listed above). Cellular
debris was removed by centrifugation at 17,000 × g for 20 min at 4°C. Cell lysates were then
mixed 1:1 with SDS sample buffer.

Western blot analysis
Proteins were resolved using 8% SDS-polyacrylamide gels, transferred to polyvinylidene
fluoride membranes and blocked overnight in TBS-T (50 mM Tris, pH 8.0, 150 mM NaCl,
0.2% Tween 20) containing 5% nonfat dry milk. Membranes were then probed with the
appropriate primary antibody: anti-ubiquitin (1:200), anti-GLT-1 (1:10,000), anti-Flag
(1:1000), or anti-actin (1:5,000). Membranes were washed in TBS-T containing 1% nonfat dry
milk and then incubated with anti-rabbit or anti-mouse horseradish peroxidase IgG (1:5,000).
Protein bands were visualized with ECL.

Immunoreactivity was quantified using NIH Image software. Immunoreactive bands are
routinely observed at ~66 kDa, which corresponds to GLT-1 monomer, and at ~200 kDa, which
corresponds to irreversible GLT-1 multimers/aggregates (Haugeto et al., 1996). We routinely
quantitate and analyze the monomers, the multimers, and the sum of these bands (Sims and
Robinson, 1999). In some of the current experiments, the multimer bands were more abundant,
resulting in slight saturation of the signal for the multimer bands when the exposure was long
enough to quantitate the monomer band. Therefore, it may appear that the monomer band
changes more than the multimer band. In all cases, the changes in multimer and monomer were
qualitatively similar. We also quantitated monomer and multimer bands for the data presented
in figure 5 performed with wild type GLT-1 using different exposures of the film under
conditions where the signal was not saturated. Under these conditions, the change in monomer
and multimer were not statistically different. The data presented are the sum of the
immunoreactivity found in the monomer and multimer bands under these conditions; therefore,
if anything the average data presented represent a slight underestimate in change in transporter
immunoreactivity. Transporter immunoreactivity in each fraction (lysate, cell surface, or
intracellular fraction) was normalized to the amount of actin in the lysate fraction. The amount
of transporter observed under treatment conditions was expressed as a percentage of transporter
in the corresponding vehicle. In addition to acting as a loading control, actin immunoreactivity
was measured to ensure that cells were not permeabilized during the biotinylation procedure.
The percentage of biotinylated actin in untreated controls was 3% or less and did not change
with treatment. Data are presented as the mean ± standard error of the mean (SE). For each
individual construct, the effects of PMA (as a percentage) were compared to the effects of
vehicle (100%) using a one-sample t-test. In addition, data were compared using one-way
ANOVA with Bonferroni post-hoc analysis. These tests were employed to compare the effect
of PMA on mutant transporters to the effect of PMA on wild-type GLT-1.

Results
GLT-1 protein levels decrease after activation of PKC

GLT-1-mediated activity is decreased by PKC activation, and this effect is associated with a
redistribution of GLT-1 from the plasma membrane to an intracellular compartment (Sims et
al., 2000; Fang et al., 2002; Kalandadze et al., 2002; Zhou and Sutherland, 2004; Guillet et al.,
2005). More recently, we showed that prolonged treatment with the phorbol ester, PMA,
decreases total GLT-1 protein levels within 2 to 4 h in C6 glioma cells transiently transfected
with GLT-1, consistent with accelerated degradation (Susarla and Robinson, 2008). In the
present study, we confirmed that PMA caused a loss in total GLT-1 protein levels within 2 h
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to ~50% of control (Fig 1a). To determine if this loss of GLT-1 is related to activation of PKC,
the effects of the selective PKC antagonist, Bis II, were examined. Bis II completely blocked
the PMA-induced loss of GLT-1 (Fig. 1a), suggesting that the degradation of GLT-1 is PKC-
dependent. In our previous study, we demonstrated that two different inhibitors of lysosomal
degradation partially attenuated this loss of GLT-1 immunoreactivity (Susarla and Robinson,
2008). More recently Gibb and colleagues demonstrated that caspase-3 selectively cleaves the
carboxyl-terminal domain of GLT-1 (Gibb et al., 2007). Since this domain contains the epitope
recognized by the GLT-1 antibody used in the current study and the loss of GLT-1 was only
partially blocked by lysosomal inhibitors, it was important to determine if some of this loss of
GLT-1 immunoreactivity might be attributed to partial proteolysis of the carboxyl terminus.
To address this possibility, C6 glioma were transfected with an epitope-tagged variant of
GLT-1 with a Flag epitope at the amino terminus, and the effects PMA (2 h) on transporter
levels were examined (Fig. 1b, c). In these experiments, the decreases in GLT-1
immunoreactivity with the Flag-tagged variant of GLT-1 was not different from that observed
with wild-type GLT-1. Importantly, the decrease in amino-terminal Flag immunoreactivity
(Fig. 1c) was not significantly different from that observed for the carboxyl-terminal GLT-1
immunoreactivity (Fig. 1b) (p = 0.68 by Student’s paired t-test). Since Gibb and colleagues
showed that there was no loss of the amino terminus after activation of caspase-3 (Gibb et al.,
2007), these data are consistent with the hypothesis that this loss of GLT-1 immunoreactivity
cannot be attributed to partial proteolysis; instead it is likely due to degradation of the
transporter. To determine if transient treatment with PMA causes a loss of GLT-1
immunoreactivity, transfected C6 glioma were treated with PMA for 5 min followed by an
extensive wash and continued incubation for 2h in the absence of PMA. This transient treatment
with PMA caused the same decrease in GLT-1 as that observed with continuous treatment with
PMA for 2 h (Fig. 1d). As PMA is relatively lipophillic one cannot rule out the possibility that
these washes do not completely remove PMA, however, these data do suggest that transient
activation of PKC may also cause a loss of GLT-1 protein under these circumstances.

Ubiquitin is incorporated into GLT-1 immunoprecipitates after PKC activation
To investigate whether ubiquitination of GLT-1 is involved in PKC-induced internalization or
degradation, we tested for the presence of ubiquitin in GLT-1 immunoprecipitates after PKC
activation. C6 glioma cells were transiently transfected with GLT-1 cDNA and treated with
PMA for 30 min. Transfected C6 cells were also pre-treated with or without the PKC-selective
inhibitor, Bis II, for 5 min. Following treatment, GLT-1 was immunoprecipitated and analyzed
by Western blot using an anti-ubiquitin antibody. PKC activation resulted in broad ubiquitin
signals around ~100 kDa and ~250 kDa; both bands are ~30 kDa larger than the GLT-1
monomers and multimer bands, respectively (Fig. 2a). In parallel experiments, no ubiquitin
signal was observed in cells transfected with empty vector (mock) that were treated with vehicle
or PMA and immunoprecipitated with an anti-GLT-1 antibody. In addition, no signal was
observed in GLT-1 transfected cells that were treated and immunoprecipitated with a control
antibody (IgG). The appearance of the ubiquitin bands was blocked by the PKC inhibitor, Bis
II. These Western blots were stripped and reprobed with GLT-1 antibody to test for equal
immunoprecipitation of GLT-1 (Fig. 2b). Somewhat surprisingly, no GLT-1 immunoreactivity
was detected as diffuse bands of ~100 or 250 kDa similar in size to those observed for ubiquitin
immunoreactivity (Fig. 2b). In some of these blots, a sharp band at ~100 kDa is observed. This
band is observed in mock transfected cells or after immunoprecipitation with control serum
(IgG). We frequently observe this band with other immunoprecipitations and suspect that it
represents dimers of antibody. Since the molecular weight shift was similar for both monomers
and multimers and the agarose beads used for immunoprecipitation underwent relatively
stringent high salt washes, the simplest explanation is that ubiquitin is directly incorporated
into GLT-1 (see discussion for other possible explanations).
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The time-course for incorporation of ubiquitin into GLT-1 immunoprecipitates was
investigated by treating GLT-1-transfected C6 cells with PMA for up to 2 h. There was robust
ubiquitination of GLT-1 at short time points, but the signal declined at longer time points (Fig.
2c). Based on a comparison with our previously published time-course for the loss in total
GLT-1 immunoreactivity (Susarla and Robinson, 2008), this time-course is consistent with
ubiquitination preceding degradation. To determine if ubiquitination of GLT-1 is selective for
C6 cells, GLT-1 was immunoprecipitated from primary cortical co-cultures of astrocytes and
neurons treated with PMA for 30 min. Ubiquitin immunoreactivity was also observed in this
system, indicating that ubiquitination of GLT-1 can occur in a more physiologically relevant
system (Fig. 2d).

Mutation of 11 Lys residues in the carboxyl and amino termini abolishes the incorporation
of ubiquitin into GLT-1 immunoprecipitates

Based on the crystal structure of a bacterial glutamate transporter and cysteine mutagenesis
scanning of mammalian GLT-1, there are 8 transmembrane domains with cytoplasmic carboxyl
and amino termini (Grunewald and Kanner, 2000; Yernool et al., 2004). Using these analyses,
we predicted that there were up to 16 intracellular Lys residues, four on the amino terminus,
seven on the carboxyl terminus, and up to five in the intracellular loops. We began by mutating
the 4 Lys residues of the amino terminus to Arg (N4K-R), the 7 Lys residues of the carboxyl
terminus to Arg (C7K-R), and by mutating all 11 Lys residues in both termini to Arg (11R).
All mutants were tested for glutamate transport function. C6 cells were transfected with GLT-1,
empty vector (pcDNA3.1+), or K-R mutant transporter cDNAs, and glutamate uptake activity
was measured. Since C6 cells endogenously express the neuronal glutamate transporter,
EAAC1, glutamate uptake for each construct was expressed as a percentage of uptake observed
with naïve (control) cells (Kalandadze et al., 2002). GLT-1 and these K-R mutant transporters
significantly increased glutamate uptake compared to naïve or mock-transfect cells (Fig. 3a),
providing strong evidence that these mutations do not cause such dramatic changes in protein
conformation that they affect transporter function.

To determine if these lysine residues are required for incorporation of ubiquitin, C6 cells were
transfected with GLT-1 or K-R mutant transporter cDNAs. After activation of PKC with PMA
for 30 min, anti-GLT-1 antibodies were used to immunoprecipitate these transporters, and the
resulting immunoprecipitates were analyzed for ubiquitin immunoreactivity by Western blot
analysis. Although we observed evidence for ubiquitin immunoreactivity of similar sizes to
that observed for wild-type GLT-1 with both the N4K-R and C7K-R constructs, no ubiquitin
immunoreactivity was observed in the immunoprecipitates from cells transfected with the 11R
mutant variant (Fig. 3b). The amount of GLT-1 immunoreactivity observed in these
immunoprecipitates was comparable (Fig 3b, lower panel). These studies provide strong
evidence that the appearance of ubiquitin immunoreactivity in these immunoprecipitates can
occur when Lys residues are preserved in either the amino or the carboxyl termini of the
transporter, but that elimination of all 11 lys residues abolishes the incorporation of ubiquitin
immunoreactivity into GLT-1 immunoprecipitates.

Carboxyl-terminal Lys residues are required for internalization and degradation of GLT-1
To determine if these same Lys residues are required for internalization, C6 cells were
transfected with GLT-1, N4K-R, C7K-R, or 11R cDNAs. After activation of PKC with PMA
(30 min), a membrane impermeant biotin reagent was utilized to covalently label and separate
biotinylated (cell surface) from non-biotinylated (intracellular) proteins (Daniels and Amara,
1998; Davis et al., 1998; Sheldon et al., 2006). The percentage of transporter at the cell surface
under basal conditions did not differ between constructs and was essentially 100% (data not
shown). As shown previously, activation of PKC caused a significant decrease in the amount
of biotinylated GLT-1 to 73 ± 7% of control (Fig. 4a,e). This effect was associated with a slight
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increase in non-biotinylated transporter, but was also associated with a significant decrease in
the amount of total GLT-1 immunoreactivity to 82 ± 5% of control (Fig 4e). Although PMA
caused a significant decrease in the amount of biotinylated N4K-R transporter that was not
significantly different from that observed for wild-type GLT-1, it had no effect on either the
C7K-R or the 11R mutant variants of GLT-1 (Fig. 4c,d,e). These results suggest that although
Lys residues on both the amino and carboxyl termini are required for incorporation of ubiquitin
into immunoprecipitates, only Lys residues on the carboxyl terminus are required for regulated
internalization of the transporter.

Although the effects of PMA on total transporter were not significantly different for wild-type
GLT-1 and the N4K-R construct, PMA did not decrease total N4K-R transporter
immunoreactivity compared to vehicle treated control after 30 min (Fig. 4e). Since the
decreases in total GLT-1 are somewhat small and therefore more difficult to detect with
relatively small sample sizes, the effects of longer-term activation of PKC on total transporter
immunoreactivity were compared for the three mutant variants. C6 cells were transfected with
GLT-1, N4K-R, C7K-R, or 11R and treated with PMA for 2 h. Lysates were then analyzed by
Western blot. PMA caused a decrease in total GLT-1 protein (to 47 ± 10% of control) or N4K-
R (to 55 ± 1% of control), but had no effect on the levels of the C7K-R or 11R mutant variants
of GLT-1 (Fig. 5a, b). The effect of PMA on the N4K-R mutant variant did not differ
significantly from the effect of PMA on wild-type GLT-1, and there was no effect of PMA on
the C7K-R or 11R constructs. Together, these studies suggest that the carboxyl-terminal Lys
residues are required for internalization and degradation of GLT-1.

In order to narrow down which Lys residues in the carboxyl terminus were required for
degradation of GLT-1, sequential K-R mutations were made within the carboxyl terminus of
GLT-1 (Fig. 6a). PMA (2h) caused a decrease in immunoreactivity of the mutant transporters,
C2K-R and C4K-R (to 52 ± 7% of and 48 ± 2% of control, respectively). However, there was
no decrease in immunoreactivity of C6K-R with PMA treatment (Fig. 6b,c). This suggests that
either the two additional residues mutated in the C6K-R mutant (K517 and K526) are involved
and/or that a certain number of lysine residues are required for internalization/degradation.

Single, double, and triple Lys-Arg mutations do not abolish the incorporation of ubiquitin or
degradation of GLT-1

Since C6K-R was not degraded following a 2h PMA treatment, we focused on mutation of
K517, K526 and the nearby residue, K550. To determine if single K-R mutations abolished
incorporation of ubiquitin into transporter immunoprecipitates, these residues were mutated in
the N4K-R backbone to eliminate the signal that occurs when these residues are present (see
Fig 3b). N4K-R(517R), N4K-R(526R), N4K-R(517,526R), or N4K-R(517,526,550R) mutant
transporters were expressed in C6 cells. GLT-1 was used as a positive control for ubiquitination
and 11R was used as a negative control. As was observed in our earlier studies, no PMA-
induced increase in ubiquitin signal was observed in the immunoprecipiates from cells
transfected with the 11R mutant variant. Although the sequential mutagenesis of the C-terminal
tail implicated lysine residues 517 and 526 (see Fig. 6), mutation of these residues alone or in
combination with lysine 550 did not abolish the PMA-induced incorporation of ubiquitin into
transporter immunoprecipitates (Fig. 7a).

To determine if mutation of these residues is sufficient to abolish PMA-induced degradation
of GLT-1 single, double, and triple mutants of K517R, K526R, and K550R were made in the
GLT-1 backbone. C6 cells were transfected with these mutant transporters, and after ~18 h the
cells were treated with PMA for 2 h and analyzed by Western blot. Wild type GLT-1 or the
11R mutant variant were transfected in parallel as positive and negative controls, respectively.
Compared to their corresponding vehicle-treated control, PMA significantly decreased the
levels of total GLT-1 and all of the mutant variants that contained any lysine residues but had
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no effect on the 11R mutant variant (Fig. 7b). When the effects of PMA on these mutant variants
were compared, there was no significant differences except for the comparisons to the 11R
transporter variant. These data provide strong evidence that mutation of K517, K526, and K550
is not sufficient to abolish ubiquitination and degradation of GLT-1. Together with the data
described in Fig. 6, these studies suggest that redundant lysine residues in the carboxyl terminus
are sufficient for the incorporation of ubiquitin into transporter immunoprecipitates and for
internalization/degradation of GLT-1.

Single Lys residues in the carboxyl terminus are sufficient for incorporation of ubiquitin and
for degradation of GLT-1

To further test the possibility that lysine residues might function in a redundant fashion, single,
double, and triple reverse mutations were made in the 11R backbone (R517K, R526K, and
R550K). C6 cells were transfected with these mutant variants and treated with PMA for 30
min. Again in parallel experiments, cells were also transfected with wild-type GLT-1 or the
11R mutant variant as positive and negative controls. Upon immunoprecipitation with anti-
GLT-1 antibody, no PMA-induced appearance of a ubiquitin signal was observed with the 11R
mutant variant. However, introduction of a single lysine residue was sufficient to observe
PMA-induced incorporation of ubiquitin (Fig. 8a). Although the signal was consistently less
intense with the transporter variants containing a single lysine residue than that observed with
wild-type GLT-1, a PMA-induced incorporation of ubiquitin was observed when any one of
three different single lysine residues (517, 526, or 550) were present (Fig. 8a). This provides
clear evidence that redundant lysine residues are sufficient to observe incorporation of ubiquitin
into transporter immunoprecipitates. The ubiquitin signal was consistently darker for 11R
(517,526K) and 11R(517,526,550K) mutant transporters suggesting that the availability of
more Lys residues in the carboxyl terminus increases the ubiquitination of the transporters. To
determine if the presence of this ubiquitin signal is associated with PMA-induced degradation
(i.e. whether single Lys residues were sufficient for degradation), C6 cells were transfected
with the 11R(R-K) mutant transporters and treated with PMA for 2 h. Compared to their
corresponding vehicle controls, PMA caused a significant decrease in transporter
immunoreactivity for the following transporters: 11R(526K): to 64 ± 2%; 11R(517,526K): to
57 ± 4%; 11R(517,526,550K): 64 ± 4%; and GLT-1: 67 ± 4%, indicating that even a single
Lys residue in the carboxyl terminus was sufficient to promote degradation (Fig. 8b). Although
there was a trend towards decreased transporter immunoreactivity compared to vehicle-treated
controls for 11R(517K) (to 79 ± 9% of control) and 11R(550K) (to 83 ± 7.5% of control), this
effect was not quite statistically significant by one sample t-test (p = 0.08 and p = 0.07,
respectively). The effects of PMA on all of the lysine containing mutant transporters were
significantly different from that observed with the 11R construct by ANOVA. Therefore, it
seems likely that both the 11R(517K) and the 11R(550K) are affected by PMA. Together these
data strongly suggest that redundant single Lys residues in the carboxyl-terminus of 11R are
sufficient for the PMA-induced appearance of ubiquitin in transporter immunoprecipitates and
for the PMA-induced loss in total transporter expression.

Discussion
Others and we have shown that activation of PKC decreases GLT-1-mediated uptake and that
this effect is associated with a movement of transporters off the cell surface. This effect is
observed in both transfected cells and primary co-cultures of neurons and astrocytes (Fang et
al., 2002; Kalandadze et al., 2002; Zhou and Sutherland, 2004; González et al., 2005; Guillet
et al., 2005; Susarla and Robinson, 2008) and appears to be dependent upon clathrin-mediated
endocytosis (Zhou and Sutherland, 2004; Susarla and Robinson, 2008). It is associated with a
decrease in total transporter immunoreactivity that is attenuated by inhibitors of lysosomal
degradation (Susarla and Robinson, 2008). However, the mechanisms mediating this
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internalization and loss of GLT-1 have not been elucidated. Since ubiquitination has been
implicated in endocytosis and degradation of many different membrane proteins including
other neurotransmitter transporters such as the dopamine transporter (Miranda et al., 2005;
Miranda et al., 2007), the goal of the present study was to determine if activation of PKC caused
an incorporation of ubiquitin into GLT-1 immunoprecipitates and to determine if we could
implicate this event in internalization/degradation of GLT-1. We show that incubation with
the PKC activator, PMA, results in incorporation of ubiquitin in GLT-1 immunoprecipitates
in both transfected C6 cells and primary cortical cultures (mixture of astrocytes and neurons).
Using C6 cells as a model system, we found that this PMA-induced incorporation of ubiquitin
and the decrease in total GLT-1 immunoreactivity were blocked by the PKC inhibitor, Bis II,
suggesting that these effects are dependent upon activation of PKC. Mutation of the 4 amino-
terminal Lys residues or the 7 carboxyl-terminal Lys residues of GLT-1 was not sufficient to
abolish the incorporation of ubiquitin into transporter immunoprecipitates, but mutation of all
11 lysine residues in the amino and carboxyl-termini eliminated this signal. Mutation of the
amino-terminal lysine residues did not have a significant effect on internalization or
degradation of GLT-1, but mutation of the carboxyl terminal residues abolished PMA-induced
internalization and degradation of GLT-1. We found that nearly all of the lysine residues in
the carboxyl terminus need to be mutated to arginine to eliminate the incorporation of ubiquitin
or internalization/degradation. Finally, we provide evidence that the presence of single lysine
residues in several different locations within the carboxyl terminus were sufficient to observe
incorporation of ubiquitin or internalization/degradation, suggesting that redundant lysine
residues are sufficient for ubiquitination and degradation of GLT-1. While the current
manuscript was in preparation for submission, González-González et al. (2008) reported
similar findings supporting the role of ubiquitination of carboxyl-terminal lysine residues in
PMA-induced internalization. Some of the results from this other study are discussed in the
context of the current study.

Increasing evidence gathered over the last decade has implicated ubiquitination in the
trafficking and/or degradation of a number of cell surface proteins, including the neutral amino
acid transporter (ATA2), DAT, sodium-potassium ATPase, glycine receptor, NMDA receptor,
aquaporin channels, amiloride-sensitive epithelial sodium channel (eNaC), KCNQ2/3 and
KCNQ3/5 voltage-gated potassium channels, and growth factor receptors (Alwan et al.,
2003; Colledge et al., 2003; Geetha et al., 2005; Miranda et al., 2005; Arevalo et al., 2006;
Huang et al., 2006a; Kamsteeg et al., 2006; Huang et al., 2007; Miranda et al., 2007 Miranda
and Sorkin, 2007; Zhou et al., 2007). Ubiquitination is a three-step process; first ubiquitin is
activated and conjugated to an E1 enzyme, then transferred to an E2 enzyme, and finally an
E3 enzyme mediates the transfer of ubiquitin to a Lys residue of the substrate protein (for
reviews, see Di Fiore et al., 2003; Haglund et al., 2003; Kim and Rao, 2006; Madshus, 2006;
Woelk et al., 2007). There is evidence that the third step of ubiquitination may be somewhat
promiscuous. For example, single mutations and different combinations of two or three
mutations of nine Lys residues in the epidermal growth factor receptor (EGFR) do not alter
ubiquitination levels of the EGFR; however, ubiquitination and lysosomal degradation are
inhibited when five, six, or nine Lys residues are all mutated to Arg (Huang et al., 2006a).
Similarly, mutation of individual Lys residues in the amino terminus does not affect
ubiquitination or endocytosis, but mutation of a combination of three Lys residues reduces
ubiquitination and blocks internalization of DAT (Miranda et al., 2007). In our studies, we
found that the presence of K517, K526, and K550 are sufficient to support PMA-induced
ubiquitination and degradation of the transporter, but that mutation of these sites does not
abolish these effects. Similarly, González-González et al. (2008) found that the presence of
several different single lysine residues (K517, K526, K550, or K570) were sufficient to support
PMA-induced internalization of GLT-1 and PMA-induced decreases in transport activity.
Together these studies suggest that the sites required for ubiquitination may be redundant. It
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is also possible that there are preferred sites in wild-type proteins with alternative sites serving
the same purpose when the preferred sites are mutated.

In many of these cases, evidence similar to that described in the current study (incorporation
of ubiquitin into immunoprecipitates combined with mutagenesis of lysine residues) has been
considered sufficient to suggest that that ubiquitin is directly attached to the target protein.
However, there is evidence that various components of the endocytic machinery can be
ubiquitinated, including the E3 ligases themselves (for review, see Gao and Karin, 2005). In
fact, from our data we cannot formally rule out this possibility, and we acknowledge that we
do not observe a PKC-dependent increase in GLT-1 immunoreactivity that is the same
molecular weight as that observed for the ubiquitin bands when the immunoprecipitates are
re-probed with an anti-GLT-1 antibody (for example, see Fig. 2b, 3b, 7a, and 8a). We favor
direct modification of GLT-1 by ubiquitin for the following reasons: First, these
immunoprecipitates were washed with high (500 mM) NaCl and no salt to reduce the likelihood
that interacting proteins would remain associated with GLT-1. Second, it would seem a
remarkable co-incidence that ‘putative’ associated ubiquitinated proteins involved in
endocytosis would migrate approximately 30 kDa larger than both the monomer and the
multimer bands. Third, the fact that the size of lower molecular weight bands shifts somewhat
upon mutation of either the amino or carboxyl terminal lysine residues (see Fig. 3b) would
seem to decrease the likelihood that these bands were due to co-immunoprecipitation of
associated proteins. Since the amount of total GLT-1 immunoreactivity decreases (even with
the short term activation of PKC) and the decrease in the biotinylated/cell surface fraction is
not significantly different from that observed in lysate (see Fig. 4), it seems possible that only
a very small percentage of GLT-1 is ubiquitinated at any one time and that ubiquitination results
in rapid degradation. Consistent with this idea, we do not normally see much accumulation of
non-biotinylated transporter after activation of PKC, except for when ammonium chloride or
chloroquine are used to inhibit lysosomal function (see Fig 4 in the current study and Fig. 8 in
Susarla and Robinson, 2008). Finally, it seems unlikely that an ubiquitinated interacting protein
would interact flexibly with so many different lysine residues in the amino and carboxyl
termini. Although at present we suspect that the transporter is directly ubiquitinated, we
acknowledge that a direct demonstration of ubiquitination will require mass spectrometry
analysis of GLT-1 to demonstrate a direct covalent modification, as has been performed with
proteins like DAT (Miranda et al., 2005) and the EGFR (Huang et al., 2006a).

Based on sequence similarities in the catalytic domains, it has been estimated that there are
only one, maybe two E1 ligases, less than sixty E2 ligases, and more than 400 E3 ligases (for
review, see Li et al., 2005). The number of E3 ligases implies that the specificity for
ubiquitination of a protein most likely occurs at the level of the E3 ligase. A protein may be
monoubiquitinated (ubiquitin on a single Lys residue), multiubiquitinated (ubiquitin molecules
attached to multiple Lys residues), or polyubiquitinated (ubiquitin conjugated to Lys residues
in ubiquitin itself resulting in ubiquitin chains). The type of ubiquitination a cell surface protein
undergoes may determine whether it is recycled back to the cell surface or degraded (for
reviews, see DiAntonio and Hicke, 2004; Hegde, 2004). Although it was originally thought
that ubiquitination was selectively involved in proteosomal degradation, there is evidence that
ubiquitinated membrane proteins can transit through the proteosome and ultimately be targeted
for lysosomal degradation (Alwan et al., 2003 or see Huang et al., 2006b; Mukhopadhyay and
Riezman, 2007 for discussions). Based on the fact that the ubiquitin immunoreactive bands are
~30 kDa larger than the monomers and multimers of GLT-1 and the fact that ubiquitin is 8.6
kDa, it would seem that three or four ubiquitin molecules may be conjugated to GLT-1.
However, we cannot discern at this time whether GLT-1 is multi- or polyubiquitinated. Since
the molecular weight of ubiquitinated monomers and multimers of the various mutant
transporters does not appear to differ from that of ubiquitinated wild-type GLT-1, we might
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postulate that GLT-1 can be polyubiquitinated on one of the redundant Lys residues in the
carboxyl terminus.

Previously, the laboratory has used reciprocal domains of EAAC1 and GLT-1 to identify amino
acids 475 to 517 of GLT-1 as necessary and sufficient for PKC-regulated endocytosis
(Kalandadze et al., 2002). Mutation of the five Ser residues within this domain partially
attenuates PMA-induced internalization of GLT-1 and incorporation of radiolabeled phosphate
into GLT-1 immunoprecipitates. In the carboxyl terminus only two lysine residues are
conserved in GLT-1 and EAAC1 (497 and 550 of GLT-1). Therefore, if one assumes that
GLT-1 is the direct target of ubiquitination, these two studies suggest a couple of different
possibilities that are based on precedent (for reviews, see Gao and Karin, 2005; Snyder,
2005; Miranda and Sorkin, 2007). First, as observed with other proteins, it is possible that
GLT-1 is phosphorylated in this domain and this phosphorylation event triggers binding of the
E3 ligase and subsequent ubiquitination. Second, it is possible that the E3 ligase is directly or
indirectly regulated by PKC activation and amino acid residues 475 thru 517 contain a
combination of the domain required for ligase docking and lysine residues that can be
ubiquitinated. In our earlier study, we had found that mutation of Ser-486 was also sufficient
to partially attenuate PKC-dependent internalization of GLT-1 (Kalandadze et al., 2002).
Therefore, we transfected C6 glioma with the S486A variant of GLT-1 or the variant with all
5 serine residues mutated to alanine and tested for incorporation of ubiquitin. In preliminary
studies, the incorporation of ubiquitin was not different with either of these mutant variants
(unpublished observations, n=1 or 2, respectively). These GLT-1(S-A) mutant variants were
not tested for amino versus carboxyl-terminal ubiquitination. Therefore, it would be interesting
to determine whether these Ser residues are required more specifically for carboxyl-terminal
ubiquitination. In any case, the GLT-1 domain previously identified includes both K497 and
K517 of GLT-1. Since individual Lys residues in the carboxyl terminus appear sufficient for
ubiquitination and degradation of the transporter, the presence of these two Lys residues within
the previously identified domain may be sufficient for endocytosis.

For many of the receptors, transporters, and channels that are known to be ubiquitinated, the
E3 ubiquitin ligase is still unknown, although some key E3 ligases, such as Cbl and members
of the Nedd4, HECT domain containing, E3 ligase family have been identified for some of
these proteins. Boehmer et al. recently found that co-expression of Nedd4-2 (a member of the
Nedd4 family of E3 ligases) with human homolog of GLT-1 in Xenopus oocytes decreases
glutamate uptake and transporter surface expression, suggesting that Nedd4-2 can target GLT-1
(Boehmer et al., 2006). However, the effect may be indirect, as EAAT2 does not contain the
PPXY recognition motif for Nedd4-2 binding.

Since ubiquitinated GLT-1 has been observed in synaptosomes, in various cell lines, and in
primary cultures (current study and see Gonzalez-Gonzalez et al., 2008), it seems somewhat
unlikely that this effect is unique to C6 glioma, but one might be predict that this process will
be tightly controlled in normal brain tissue. One example that has emerged as a nice model
over the last few years involves Nedd4-2-dependent ubiquitination and inhibition of the
epithelial Na+-channel (ENaC). The activity and surface expression of ENaC is regulated by
several different hormones and signaling molecules, including protein kinase A (PKA), serum
glucocorticoid-inducible kinase (SGK), Akt kinase (protein kinase B) and AMP-activated
kinase (AMPK). Many of these signals favor binding or unbinding of Nedd4-2 to 14-3-3. Upon
activation of the right combination of signals, Nedd4-2 is released from 14-3-3 and becomes
available to interact with and ubiquitinate ENaC (Bhalla et al., 2005; Ichimura et al., 2005;
Bhalla et al., 2006; Nagaki et al., 2006; Lee et al., 2007; Zhou et al., 2007 for review, see
Snyder, 2005). Similar inhibitory interactions are being identified for other E3 ligases (for a
recent example, see Oberst et al., 2007). We suspect that ubiquitination of GLT-1 will be
similarly regulated, and it seems possible that this event may be robust under pathologic
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conditions. For example, GLT-1 levels are lower in patients who die of amyotrophic lateral
sclerosis (ALS) and in rodent models of ALS (Gurney et al., 1994; Rothstein et al., 1995;
Howland et al., 2002). Gibb et al. recently observed incorporation of ubiquitin
immunoreactivity in GLT-1 immunoprecipitates from end-stage G93A-SOD1 mice (Gibb et
al., 2007). The levels of GLT-1 decrease between 20 and 50% within 3-6 h of an ischemic
insult (Torp et al., 1995; Pow et al., 2004; Chen et al., 2005; Yeh et al., 2005; Ouyang et al.,
2007, for review, see Sheldon and Robinson, 2007). If this effect were due to decreased
transcription, one would expect that the half-life of the GLT-1 would be on the order of 6-10
h. Although the half-life has not been examined in vivo, cell culture studies suggest that the
half-life is in excess of 24 h (Zelenaia et al., 1999). Therefore it seems likely that this effect of
oxygen/glucose deprivation is due, at least in part, to accelerated degradation of GLT-1.
Interestingly, PKC is trafficked to the plasma membrane during cerebral ischemia in rats
(Cardell et al., 1990), and PKC activity increases during oxygen-glucose deprivation in rat
hippocampal CA1 cultures (Larsen et al., 2004), providing a potential linkage between PKC
activation and GLT-1 degradation.

In summary, we have found evidence that ubiquitin is incorporated into GLT-1
immunoprecipitates after PKC activation in both transfected C6 cells and primary cortical co-
cultures. We also demonstrate that lysine residues in the carboxyl terminus of GLT-1 are
essential for regulated endocytosis and degradation of GLT-1. Within the carboxyl terminus,
Lys residues required for ubiquitination and degradation of the transporter appear redundant.
In addition, even a single Lys residue in the carboxyl terminus of a normally non-responsive
transporter (11R) is sufficient to mediate this effect. GLT-1 is known to limit excitotoxicity,
and loss of GLT-1 has been implicated in a host of pathological conditions, although the
mechanisms underlying the loss of GLT-1 under those circumstances remains unclear. We
hypothesize that ubiquitination and targeted degradation of GLT-1 could be one mechanism
whereby GLT-1 is downregulated during pathological conditions, as well.
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Figure 1. Effect of PMA on the protein levels of GLT-1 or flag-tagged GLT-1
(a) C6 cells were transiently transfected with GLT-1 cDNA. After 16-20 h, cells were pre-
treated with Bis II (10 μM) for 5 min and then with vehicle (DMSO) or PMA (100 nM) for 2
h. In addition, GLT-1-transfected C6 cells were pre-treated with Bis II (10 μM) for 5 min before
either vehicle or PMA treatment. Cell lysates were analyzed by Western blot. Representative
Western blots probed with GLT-1 and actin antibodies. Summary of results of three
independent experiments (mean ± SE). The effects of PMA were examined by ANOVA; ##
indicates a p<0.01 compared to the vehicle control. (b) C6 cells were transiently transfected
with GLT-1 or amino-terminal tagged Flag-GLT-1 cDNAs and treated with vehicle (DMSO)
or PMA (100 nM) for 2 h. Cell lysates were analyzed by Western blot. Representative Western
blots probed with GLT-1 and actin antibodies. The lower panel represents the summary of
results of three independent experiments (mean ± SE) with the levels of GLT-1 expressed as
% of that observed Flag-GLT-1 transfected cells that were treated with vehicle. The effects of
PMA were examined by one-way ANOVA; # indicates a p<0.05 compared to the
corresponding vehicle control (one-sample t-test). (c) These same samples were probed with
an anti-Flag antibody. Summary of results of three independent experiments (mean ± SE). The
effects of PMA were examined by one-sample t-tests; ## indicates a p<0.01 compared to the
vehicle control (one-sample t-test). (d) C6 cells were transiently transfected with GLT-1 cDNA
and treated with vehicle (DMSO) or PMA (100 nM) for 2 h or 5 min followed by washout and
a 2 h incubation without PMA. Cell lysates were analyzed by Western blot. Representative
Western blots probed with GLT-1 and actin antibodies and summary of results of three
independent experiments (mean ± SE). The effects of PMA were examined by one-sample t-
tests; # indicates a p<0.05 compared to the corresponding vehicle control (one-sample t-test).
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Figure 2. Effects of PMA on incorporation of ubiquitin into GLT-1 immunoprecipiates from
transiently transfected C6 glioma or primary cultures
(a) Untransfected or GLT-1 transfected C6 cells were treated with vehicle (DMSO) or PMA
(100 nM) for 30 min at 37°C. In addition, GLT-1-transfected C6 cells were pre-treated with
Bis II (10 μM) for 5 min before either vehicle or PMA treatment. Following treatment, cells
were lysed, and proteins were immunoprecipitated with control rabbit IgG or anti-GLT-1
antibody at 4°C, as described in the Materials and Methods. Immunoprecipitates were analyzed
by Western blot. Representative Western blot probed with ubiquitin antibody, showing the
effects of PKC activation or inhibition on ubiquitination of GLT-1 (n=3). Arrows point to
ubiquitin immunoreactive signal. (b) The Western blot was stripped and reprobed with GLT-1
antibody to test for equal immunoprecipitation of GLT-1 in samples. (c) GLT-1 transfected
cells were treated with PMA for varying amounts of time (min). Representative Western blot
showing the time-course of ubiquitination of GLT-1 (n=2). (d) Primary neuron/astrocyte co-
cultures were treated with vehicle or PMA for 30 min. GLT-1 was immunoprecipitated
following treatment. Immunoprecipitates were analyzed by Western blot and probed with
ubiquitin antibody. Representative Western blot showing ubiquitination of GLT-1 after PMA
treatment (3 out of 5 experiments displayed ubiquitin immunoreactivity). The blot was stripped
and reprobed for GLT-1.
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Figure 3. Activity and ubiquitination of wild-type GLT-1 or Lys to Arg (K-R) mutants
C6 cells were transiently transfected with GLT-1, N4K-R, C7K-R or 11R cDNAs. (a) Na+-
dependent L-[3H]-glutamate transport was measured as described in the Materials and
Methods. A summary of results of four independent experiments performed in triplicate (mean
± S.E.) is shown. Data are expressed as a percentage of activity observed in naïve cells (control).
*** indicates a p<0.001 compared to naïve control (one-way ANOVA with Bonferroni post-
hoc analysis). (b) C6 cells were treated with vehicle (DMSO) or PMA (100 nM) for 30 min.
Following treatment, transporters were immunoprecipitated with GLT-1 antibody.
Immunoprecipitates were analyzed by Western blot. Representative Western blot probed with
ubiquitin antibody (n=3). Arrows point to ubiquitin immunoreactive signal. Note the lack of
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ubiquitin signal in the 11R samples. Western blots were stripped and reprobed with GLT-1
antibody.
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Figure 4. Effect of PMA on cell surface expression of GLT-1 (K-R) mutant transporters
C6 cells were transiently transfected with GLT-1 or GLT-1 (K-R) mutant transporter cDNAs
and treated with vehicle (DMSO) or PMA (100 nM) for 30 min. Following treatment, cell
surface proteins were biotinylated and batch extracted with avidin beads at 4°C, as described
in the Materials and Methods. Cellular fractions were analyzed by Western blot. (a)
Representative Western blot for GLT-1 samples probed with GLT-1 and actin antibodies,
showing decreased cell surface expression of GLT-1 after PMA treatment. (b) Representative
Western blot for N4K-R samples probed with GLT-1 and actin antibodies, showing decreased
cell surface expression of N4K-R after PMA treatment. (c) Representative Western blot for
C7K-R samples probed with GLT-1 and actin antibodies. In this experiment most of the
transporter migrated as a multimer. (d) Representative Western blot for 11R samples probed
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with GLT-1 and actin antibodies. In this experiment most of the transporter migrated as a
multimer. (e) Summary of results of five independent experiments (mean ± SE).
Immunoreactivity observed with PMA treatment was expressed as a percentage of that
observed with vehicle treatment (control). The effects of PMA were examined by one-sample
t-tests; # indicates a p<0.05 compared to the corresponding vehicle control (one-sample t-test).
PMA had no significant effect on C7K-R or 11R cell surface expression (one-sample t-test).
The percentage of biotinylated actin in untreated controls was 3% or less for all constructs and
did not change with treatment.
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Figure 5. Effect of 2 h PMA treatment on protein levels of GLT-1 or GLT-1 (K-R) mutants
(a) C6 cells were transiently transfected with GLT-1 or GLT-1 (K-R) mutant transporter
cDNAs and treated with vehicle (DMSO) or PMA (100 nM) for 2 h. Cell lysates were analyzed
by Western blot. Representative Western blots probed with GLT-1 and actin antibodies.
Arrows point to transporter monomers and multimers. (b) Summary of results of a minimum
of three independent experiments (mean ± SE). The effects of PMA were examined by one-
sample t-tests; # indicates a p<0.05 compared to the corresponding vehicle control; ###
indicates a p<0.001 compared to the corresponding vehicle control (one-sample t-test). PMA
had no significant effect on C7K-R or 11R expression compared to their vehicle controls (one-
sample t-test). The effects of PMA on the different constructs were compared by one-way
ANOVA with Bonferroni post-hoc analysis; ** indicates a p<0.01 compared to % change in
lysate expression of GLT-1 due to PMA (one-way ANOVA with Bonferroni post-hoc
analysis).

Sheldon et al. Page 24

Neurochem Int. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Effect of 2 h PMA treatment on the protein levels of wild-type GLT-1 or carboxyl-terminal
K-R mutants
(a) Schematic representation of transporters with increasing numbers of carboxyl-terminal
Lys-Arg (K-R) mutations in GLT-1. (b) C6 cells were transiently transfected with carboxyl-
terminal K-R mutant cDNAs and treated with vehicle (DMSO) or PMA (100 nM) for 2 h. Cells
were lysed and then analyzed by Western blot. Representative Western blot probed with GLT-1
and actin antibodies. Arrows point to transporter monomers and multimers. All lanes are from
different parts of the same gel. (c) Summary of results of three independent experiments (mean
± SE). The effects of PMA were examined by one-sample t-tests; # indicates a p<0.05 compared
to the corresponding vehicle control; ## indicates a p<0.01 compared to the corresponding
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vehicle control (one-sample t-test). PMA had no significant effect on C6K-R expression
compared to control (one-sample t-test).
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Figure 7. Effect of PMA on incorporation of ubiquitin and protein levels of carboxyl-terminal
single, double, or triple K-R mutations in the N4K-R or GLT-1 backbone
(a) C6 cells were transiently transfected with GLT-1, N4K-R(517R), N4K-R(526R), N4K-R
(517,526R), N4K-R(517,526,550R), or 11R cDNAs and treated with vehicle (DMSO) or PMA
(100 nM) for 30 min. Following treatment, transporters were immunoprecipitated with GLT-1
antibody, as described in the Materials and Methods. Immunoprecipitates were analyzed by
Western blot. Representative Western blot probed with ubiquitin antibody (n=3). Arrows point
to ubiquitin immunoreactive signal. Western blots were stripped and reprobed with GLT-1 to
confirm immunoprecipitation of transporters from all samples. Arrows point to transporter
monomers and multimers. (b) C6 cells were transiently transfected with GLT-1, GLT-1(517R),
GLT-1(526R), GLT-1(550R), GLT-1(517,526R), GLT-1(517,526,550R), or 11R cDNAs and
treated with vehicle (DMSO) or PMA (100 nM) for 2 h. Following treatment, cells were lysed,
and lysates were analyzed by Western blot. Arrows point to transporter monomers and
multimers. Summary of results of a minimum of six independent experiments (mean ± SE).
The effects of PMA were examined by one-sample t-tests; # indicates a p<0.05 compared to
the corresponding vehicle control; ## indicates a p<0.01 compared to the corresponding vehicle
control; ### indicates a p<0.001 compared to the corresponding vehicle control (one-sample
t-test). PMA had no significant effect on 11R expression compared to control (one-sample t-
test).
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Figure 8. Effect of PMA on incorporation of ubiquitin and protein levels of carboxyl-terminal
single, double, or triple R-K mutations in the 11R backbone
C6 cells were transiently transfected with 11R, 11R(517K), 11R(526K), 11R(550K), 11R
(517,526K), 11R(517,526,550K), or GLT-1 cDNAs. (a) C6 cells were treated with vehicle or
PMA for 30 min, immunoprecipitated with GLT-1 antibody, and analyzed by Western blot, as
described in the Materials and Methods. Representative Western blot probed with ubiquitin
antibody (n=3). Arrows point to ubiquitin immunoreactive signal. Western blots were stripped
and reprobed with GLT-1 to confirm immunoprecipitation of transporters. Arrows point to
transporter monomers and multimers. (b) C6 cells were treated with vehicle or PMA for 2 h,
lysed, and analyzed by Western blot. Arrows point to transporter monomers and multimers.
Summary of results of six independent experiments (mean ± SE). The effects of PMA were
examined by one-sample t-tests; # indicates a p<0.05 compared to the corresponding vehicle
control; ## indicates a p<0.01 compared to the corresponding vehicle control; ### indicates a
p<0.001 compared to the corresponding vehicle control (one-sample t-test). PMA had no
significant effect on 11R, 11R(517K), or 11R(550K) expression compared to control (one-
sample t-test), although there was a trend towards decreased expression for 11R(517K) and
11R(550K). The effects of PMA on the different constructs were compared by one-way
ANOVA with Bonferroni post-hoc analysis. All 11R(R-K) mutants displayed significantly
different % changes in response to PMA compared to 11R. * indicates a p<0.05 compared to
% change due to PMA for 11R; ** indicates a p<0.01 compared to % change due to PMA for
11R; *** indicates a p<0.001 compared to % change due to PMA for 11R (one-way ANOVA
with Bonferroni post-hoc analysis).

Sheldon et al. Page 28

Neurochem Int. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


