
Journal of Neurochemistry
Lippincott.—Raven Publishers, Philadelphia
© 1997 International Society for Neurochemistry

Inhibition of the High-Affinity Brain Glutamate Transporter
GLAST- 1 via Direct Phosphorylation
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Abstract: Neurotransmission at excitatory glutamatergic
synapses is terminated by the reuptake of the neurotrans-
mitter by high-affinity transporters, which keep the extra-
cellular glutamate concentration below excitotoxic levels.
The amino acid sequence of the recently isolated and
cloned brain-specific glutamate/aspartate transporter
(GLAST-1) of the rat reveals three consensus sequences
of putative phosphorylation sites for protein kinase C
(PKC). The PKC activator phorbol 12-myristate 13-ace-
tate (PMA) decreased glutamatetransport activity in Xen-
opus oocytes and human embryonic kidney cells
(HEK293) expressing the cloned GLAST-1 cDNA, within
20 mm, to 25% of the initial transport activity. This down-
regulation was blocked by the PKC inhibitor stauro-
sporine. GLAST-1 transport activity remains unimpaired
by phorbol 12-monomyristate. Removal of all putative
PKC sites of wild-type GLAST-1 by site-directed muta-
genesis did not abolish inhibition of glutamate transport.
[32P]Phosphate-labeled wild-type and mutant transport
proteins devoid of all predicted PKC sites were detected
by immunoprecipitation after stimulation with PMA. lm-
munoprecipitation of [35S]methionine-labeled transporter
molecules indicates a similar stability of phosphorylated
and nonphosphorylated GLAST-1 protein. lmmunofluo-
rescence staining did not differentiate surface staining of
HEK293 cells expressing GLAST-1 with and without PMA
treatment. These data suggest that the neurotransmitter
transporter activity of GLAST-1 is inhibited by phosphory-
lation at a non-PKC consensus site. Key Words: Gluta-
mate transporter—Protein kinase C—Phorbol ester—
Phosphorylation.
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form a new family of integral membrane proteins with
~—~5O%amino acid identities (Kanai and Hediger,
1992; Pineset al., 1992; Storck et a!., 1992; Fairman et
al., 1995). The human homologous proteins exhibiting
amino acid identities of 92—96% to both the rat and
the rabbit sequences havebeen described recently (Ar-
riza et al., 1994). Hydropathy plots of the transporters
suggest the existence of six putative transmembrane
a-helices bearing two experimental verified glycosyla-
tion sites between transmembrane helix 3 and 4 (Con-
radt et a!., 1995). The sequence homology of the trans-
porters is strongest at the C-terminus, suggesting its
possible participation in the transport process. This as-
sumption has been confirmed by the identification of
three amino acid residues in the C-terminal part of the
protein that are essential for glutamate transport activ-
ity (Conradt and Stoffel, 1995; Pines et a!., 1995).

Immunological studieshave localized GLAST- I and
GLT-1 in astroglial cells, whereas EAAC1 is a neu-
ronal transporter that is also expressed in kidney and
intestine (Lehre et al., 1995). The cellular specificity
of EAAT4 expression has not yet been determined.
The two astroglial transporters GLAST-1 and GLT-1
are expressed throughout the brain at different levels in
different regions. Immunocytochemistry revealed that
GLAST- 1 is strongly expressed in the cerebellum and
also in the hippocampál formation. GLT- 1, on the other
hand, exhibits a high immunoreactivity in the hippo-
campus, but a less intensive immunoreactivity in the
cerebellum (Chaudhry et al., 1995).

Excitatory amino acids glutamate and aspartate are
transmitters used by most fast excitatory synapses in
the vertebrate CNS (Collingridge and Lester, 1989).
However, the prolonged action of high extracellular
concentrations of glutamate is excitotoxic (Choi et a!.,
1987). Sodium-dependent, high-affinity uptake sys-
tems of glutamate into nerve terminals and glial cells
terminate glutamatergic neurotransmission and prevent
glutamate toxicity (Rosenberg et al., 1992; Amara and
Kuhar, 1993).

The recently cloned Na + -dependent glutamate trans-
porters (GLAST-l, GLT-1, EAACI, and EAAT4)
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The existence of multiple, differentially distributed
glutamate transporters suggests that these plasma
membrane proteins may function not merely by clear-
ing the synaptic cleft from excitatory amino acids.
They may modulate excitation by rapidly buffering the
neurotransmitter concentration during transmission as
well as by regulating tonic ambient glutamate levels
(Barbour et al., 1994; Mennerick and Zorumski, 1994;
Tong and Jahr, 1994). An essential step toward under-
standing the contribution of neurotransmitter transport-
ers to the modulation of synaptic transmission is the
analysis of the regulation of the transporter. Previous
studies have shown that y-aminobutyric acid (GABA)
transport is activated by protein kinase C (PKC) stimu-
lated by phorbo! esters (Corey et al., 1994), whereas
dopamine and glycine transport into cells expressing
the respective recombinant transporters is reduced by
phorbol 12-myristate 13-acetate (PMA)-mediated acti-
vation of protein kinase (Kitayama et al., 1994; Sato
et al., 1995). Using primary cultures from rat brain
cerebral cortex, Casado et a!. (1991) reported that
phorbol esters produced a 50% increase in glial gluta-
mate uptake, suggesting that phosphorylation is of
physiological relevance. Accordingly, it has been
shown that phorbo! ester—mediated activation of PKC
results in stimulation of expressed glial glutamate
transporter GLT-l (Casado et a!., 1993). As men-
tioned above, GLT- 1 represents the predominant glia!
transporter in the cerebrum, whereas GLAST-1 is
highly enriched in the cerebellum. The present study
revealed that GLAST-1 is inhibited by PMA, known
to induce the activation of PKC. Thus, phosphorylation
exerts an opposite effect on the function of differen-
tially expressed glial glutamate transporters GLAST-
1 and GLT- 1. Elimination of the predicted PKC sites of
GLAST- I followed by in vivo [32P]phosphate labeling
clearly showed that GLAST-l is phosphorylated at a
non-PKC consensus site. Neither the stability nor the
subcellular distribution of the transporter appears to
be affected by phosphorylation. Thus, the decrease in
glutamate transport activity is most probably evoked
by direct phosphorylation of GLAST-l, leading to an
inactivation of the transporter.

MATERIALS AND METHODS
Materials

T4 DNA ligase, SP6 polymerase, and restriction enzymes
were obtained from GibcoBRL or Boehringer Mannheim.
PMA, phorbol 12-monomyristate (PMM), dimethylamilor-
ide, staurosporine, Cy3-conjugated streptavidin, monoclonal
anti— a-tubulin mouse IgG, fluorescein isothiocyanate—la-
beled goat anti-rabbit IgG, and protein A—Sepharose CL-
4B were purchased from Sigma. [32P]Orthophosphateand
[35SI methionine were from Amersham. The voltage-clamp
amplifier of WarnerInstruments Corp. and the hardware and
software package 1S02 from MFK (Frankfurt) were used
in the whole-cell voltage-clamp experiments.

Site-specific mutagenesis
The plasmid pSP-GLAST (Storck et al., 1992) served as

template in splicing by overlapping extension (SOE) PCR

(Higuchi et al., 1988). Three mutant oligonucleotides and
their antisense primers replaced the wild-type codons, as
follows: Ser°6by Ala (Sl 16A), 5 ‘-TAAGGCAGCTGG-
GAAGATGG-3’; Thr34’ by Ala (T341A), 5 ‘-CCTGGT-
AGCCCGGAAGAACC-3’; and Thr372 by Ala (T372A),
5 ‘-GCCCATCGCTTTCAAGTGCCT-3’. The oligonucleo-
tide sequences represent the sense strand. The three mutated
eDNA fragments resulting from the SOE reaction were sub-
cloned into pSP-GLAST. The nucleotide sequences of the
subcloned DNA fragments between the used restriction sites
were determined. The triple mutant Sl 16A, T341A, T372A
(T) was constructed by an additional SOE-PCR and standard
cloning procedures using the synthesized mutant constructs
bearing the respective point mutations. The eDNA of the
triple mutant T was subcloned as NotI fragment into the
mammalian expression vectorpRC!CMV (Invitrogen). The
wild-type GLAST-1 cDNA subcloned into the pRC/CMV
vector has been described previously (Stoffel and Blau,
1995).

Expression in oocytes and cell transfection
Wild-type and mutantpSP-GLAST eDNA were linearized

with EcoRI. The respective cRNAs were synthesized from
their corresponding templates using SP6 RNA polymerase.
Stage V—VI oocytes were defolliculated with collagenase
andinjected with 40 nl of cRNA (0.5 ~zgI~l). cRNA prepa-
ration and injection of the oocytes have been described pre-
viously (Storck et al., 1992). Human embryonic kidney cells
(HEK293 cells, American Type Culture Collection CRL
1573) stably expressing wild-type GLAST- 1 or the triple
mutant T were generated by electroporation as described
previously (Stoffel and Blau, 1995).

Electrophysiology
Electrogenic transport in oocytes was assayed by voltage-

clamp, using the two-electrode voltage-clamp amplifier. In
brief, oocytes were voltage clamped at —90 mV and super-
fused continuously with Barth’s modified saline (BS). The
agents were applied by bath application at the indicated con-
centration in BS. Microelectrodes filled with 3 M KC1 had
a resistance range of 1—2 Mft

Recordings from HEK293 cells were made during su-
perfusion with an extracellular solution (ECS) containing
150 mM NaC1, 3 mM KC1, 1 mM CaC1

2, 1 mM MgC12,
10 mM glucose, and 10 mM HEPES, pH 7.4. Whole-cell
recordings were performed with patch pipettes (3—7 M~I)
filled with 140 mM KC1, 2 mM MgC!2, 1 mM CaC12, 10
mM EGTA, 2 mM ATP, and 10 mM HEPES, pH 7.2. The
HEK293 cells had resting potentials of —40 to —65 mY.
Drugs and ECS (50—100 1.tM) were applied to HEK293 cells
with a rapid perfusion system consisting of a multibarreled
electrode that was positioned within a distance of 50 to 100
jim to the cell. Voltage-clamp currents were recorded with
an Axopatch 200A amplifier (Axon Instruments), digitized,
and acquired on a computer (Mac II CI) using an ITC-16
interface (Instrutech Corp.) and the Pulse software package
from HEKA (Germany).

The dataof theconcentration—response curves were fitted
by nonlinear regression to- minimize the squared errors to
the Hill equation, I = I,,, X [S]~/([S]” + K~,),where Imax

is thenormalized maximal current, [S] the substrateconcen-
tration, Km the apparent affinity constant, andn the coopera-
tivity parameter. Data were expressed as mean ±SD values.
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In vivo labeling and immunoprecipitation
HEK293 cells (106) were metabolically labeled with

[32P]orthophosphate (250 jiCi/ml) in phosphate-free Dul-
becco’s modified Eagle medium (DMEM) for 2 h or with
[35SImethionine (100 jiCi/ml) in methionine- deficient
DMEM for 24 h. After treatmentof cells with 250 nM PMA
in DMEM for 0.5 h they were washed three times in ice-
cold phosphate-buffered saline [PBS; 6.5 mM Na

2HPO4,
1.45 mM KH2PO4 (pH 7.2), 136 mM NaCI, 2.68 mM KC!I
andlysed in “immunoprecipitation buffer” (1 mM Na3V04,
10 mM Na2HPO4, 1% Triton, 20 mM NaF, 50 mM NaCl,
and 20 mM Tris, pH 7.6). Lysates were centrifuged at
12,000 g for 5 mm at 4°C.Supernatants were incubated at
4°Cfor 2.5 h with anti-GLAST antibody (Storck et a!.,
1992). Antigen—antibody complex was bound by protein
A—Sepharose at 4°C for 2 h. After immunoprecipitation,
beads were washedfive times in immunoprecipitation buffer
supplemented with 0.1% sodium dodecyl sulfate (SDS) and
three times with 10 mM Tris-HC1, pH 7.6. Precipitated pro-
teins were dissociated and reduced by incubating the samples
dissolved in Laemmli sample buffer (0.0625 M Tris-HC1,
pH 6.8, 2% SDS, 10% glycerol, 5% mercaptoethanol, and
0.1% bromphenol blue) for 2 mm at 95°C.Proteins were
analyzedby SDS —polyacrylamide gel electrophoresis (SDS-
PAGE) (Laemmli, 1970) and visualized by phosphorim-
aging with aPhosphorimager445 SI (Molecular Dynamics).

Immunohistochemistry
HEK293 cells expressing GLAST-1 were grown on poly-

D-lysine—coated coverslips. At subconfluence, cells were
processed for immunostaining. The agents were added to the
growth medium of the cell cultures at times indicated before
they were processed further. Cells were washed twice with
ice-cold PBS and fixed at room temperature with 1% para-
formaldehyde in PBS for 10 mm. After fixation, the cells
were washed three times with PBS for five mm and blocked
with PBS containing 10% nonimmune serum, 4% bovine
serum albumin (BSA) at 4°Cfor 1 h. Cells were incubated
for 1.5 h at 4°Cwith a biotinylated polyclonal anti-GLAST
antibody in 1% BSA/PBS, washed five times with PBS for
5 mm, and incubated for 30 mm at room temperature with
Cy3-conjugated streptavidin. Cells were washed five times
with PBS for 10 mm, sealed with coverslips, examined with a
Zeiss Axioscope fluorescence microscope, andphotographed
with a Zeiss MC 100 microscope camera.

Immunostaining of a-tubulin wasperformed after permea-
bilization of cells with 0.25% Triton for 5 mm at room
temperature. Perineabilized cells were stained as described
above using a monoclonal anti— a-tubulin IgG and a fluo-
rescein 5 ‘-isothiocyanate—conjugated secondary antibody.

RESULTS

PMA application decreased GLAST-1 —mediated
glutamate transport activity

In vitro transcribed wild-type GLAST- 1 cRNA was
microinjected in Xenopus oocytes and its expression
verified by immunoprecipitation of the [

35SI meth-
ionine-labeled proteins. Anti—GLAST-1 antibodies
immunoprecipitate a protein with an apparent molecu-
lar mass of 60—65 kDa in SDS-polyacry!amide gels
(Fig. 1, lane 2) corresponding to the molecular mass
of the purified transporter from rat brain (Schulte and
Stoffel, 1995). The strong signal at approximately

FIG. 1. lmmunoprecipitations of wild-
type GLAST-1 protein expressed in
Xenopus oocytes. GLAST-1 cRNA was
injected into Xenopus oocytes and in-
cubated in Barth’s medium supple-
mented with [35S]methionine. Oocytes
were homogenized and immunopre-
cipitated as described in Materials
and Methods. Samples were analyzed
by SOS-PAGE and phosphorimaging.
Sizes of markerproteins are in kilodal-
tons. Lane 1, water-injected control
oocytes; lane 2, oocytes injected with
GLAST-1 cRNA.

twice the molecular mass represents the dimeric form
of the transporter (Conradt et a!., 1995). Water-in-
jected control oocytes expressed no immunoprecipita-
ble protein (lane 1).

We have shown previously that glutamate transport
is electrogenic with a proposed stoichiometry of three
Na + ions cotransported per molecule of glutamate, ac-
companied by the countertransport of one K + ion
(Klöckner et al., 1993, 1994). Therefore, we used
the whole-cell voltage-clamp technique to analyze glu-
tamate uptake in oocytes expressing GLAST-1 and
to investigate the influence of PMA on glutamate
transport. The GLAST- 1—mediated inward currents
(iGLAsT1)~ evoked by application of 100 jiM L-g!uta-
mate (saturation concentration) at different times after
exposing the oocytes to PMA, were measured. Figure
2A indicates that the glutamate transport activity of
GLAST-l is reduced in a time- ai~ddose-dependent
manner. The velocity of the glutamate transport de-
clines more rapidly at elevated PMA concentrations to
reach a lower plateau compared with the application
of PMA at lower concentration. Once the plateau is
reached, even 1 mM L-glutamate concentrations do not
evoke elevated currents, which suggests that Vmax and
not the Km value of the transporter is reduced. PMM,
a phorbol ester that does not activate PKC, has no
effect on glutamate uptake at a concentration of 350
nM and an exposure time of 1 h (data not shown).

To exclude the possibility that the PMA-induced
decrease in glutamate transport activity was due to a
diminished Na + gradient evoked by the activation of
Na~/H~exchange, which is stimulated by PMA in
some cell types, the PMA-mediated effect was studied
in the presence of the Na + /H + -exchange inhibitor di-
methylamiloride (Besterman et al., 1985). This drug
(used at a concentration of 10 jiM) did not alter the
PMA-induced decrease in glutamate transport activity
in oocytes expressing GLAST- 1 (data not shown).

The effect of staurosporine, an inhibitor of PKC, on
the PMA-mediated reduction of glutamate transport
was examined by simultaneous application of PMA
and staurosporine at concentrations of 250 nMand 10
jiM, respectively. Preincdbation of oocytes expressing
GLAST-1 with 10 jiM staurosporine does not by itself
affect ‘GLASTI• However, it strongly diminishes the in-
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FIG. 2. Characterization of the PMA-induced decrease in
GLAST-1 —mediated glutamate transport. A: GLAST-1 activity
is modulated in a time- and dose-dependent manner by PMA.
GLAST-1 —mediated inward currents (/o~ST.1) evoked by appli-
cation of 100 jiM L-glutamate were measured at different times
after bath application of 125,250, and 500 nM PMA. The holding
potential was —90 mV (90 mM [Na~]0).The current of each
oocyte was normalized to the current amplitude before PMA
application. Data shown represent the values of a single repre-
sentative experiment performed in triplicate with individual de-
terminations deviating from the mean by <15%. B: The PMA-
mediated effect is strongly reduced by the PKC inhibitor
staurosporine. The original traces were recorded from GLAST-
1—expressing oocytes after the indicated incubation steps. A
premncubation step of 10 mm with 10 jiM staurosporine was
followed by superfusion with PMA and staurosporine for 45 mm
at concentrations of 250 nMand 10 jiM, respectively. Preincuba-
tion of oocytes with 10 jiM staurosporine does not by itself affect
‘GLAST.l The reduction of ‘GLAST-l after 45 mm was only 25 ±7%
(n = 4) compared with 80 ±11% (n = 3) without staurosporine.
Data indicated are mean ±SD values obtained from three or
four different oocytes.

Km values of wild-type and mutant GLAST-1 were
determined and showed no significant differences com-
pared with the wild type (Fig. 3A).

The PMA sensitivity of mutant GLAST- 1 was ana-
lyzed as described above. The removal of the PKC
consensus sites did not affect the modulation of the
transporter by PMA compared with the wild type (Fig.
3B). Similar results were obtained from four different
experiments. We conclude that the modulation results
from direct phosphorylation of a PKC nonconsensus
site or is due to an indirect effect.

PMA treatment did not alter cell surface location
of GLAST-1

It has been shown recently that PMA-induced acti-
vation of PKC is involved in the regulation of neuro-
transmitter transporter and receptor activity via move-
ment of the integral membrane proteins to and from
the plasma membrane (Corey et a!., 1994; Ehlers et
a!., 1995). We addressed whether the PMA-mediated

duced decrease of GLAST- 1—mediated currents in the
presence of PMA. Figure 2B shows that even 45 mm
after coapplication of PMA/staurosporine, the reduc-
tion of ‘OLASTI was only 25% compared with ~=80%
reduction without staurosporine (Fig. 2A).

Elimination of putative PKC sites has no
influence on sensitivity of GLAST-1 —mediated
glutamate transport to PMA

We used site-directed mutagenesis to generate mu-
tant GLAST-i transporters, in which the predicted
PKC sites were eliminated separately (Si i6A, T341A,
and T372A) and together resulting in the triple mutant
(T) lacking all PKC consensus sites. The impact of
the point mutations on the functional properties of the
glutamate transporter was analyzed electrophysiologi-
cally in the oocyte-expression system. The apparent

FIG. 3. Comparison of L-glutamate affinities and PMA sensitivi-
ties ofwild-type and mutant GLAST-1. A: L-Glutamate Km values.
Data are mean values, bars the standard deviation of ‘GLAST-l (n
= 2—11). The current of each oocyte was normalized to the
current amplitude at 100 jiM L-glutamate. The solid line is fitted
to the data of wild-type GLAST-1 by minimizing squared errors
according to the equation, I = I~x [S]°/([S]” + K~),with an
apparent Km value of 21 ± 3 jiM L-glutamate (n = 11). The
affinity for L-glutamate of the mutant transporters Si 1 6A, T341A,
T372A, and T showed no significant differences and had appar-
ent Km values of 20 ± 3.5 (n = 3), 20 ± 1 (n = 2), 18 ± 3.5 (n
= 3), and 21 ±4 jiM L-glutamate (n = 5), respectively. B:
Analysis of PMA response of mutant transporters as described
in Fig. 2A, except that the PMA concentration was 250 nM.
There were no significant differences in the PMA sensitivity of
wild-type and mutant transporters. The solid line is fitted to the
data of wild-type GLAST-1.

.1. Neurochem., Vol. 68, No. 3, 1997
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FIG. 4. Effect of PKC activation on transport of GLAST-1 ex-
pressed in HEK293 cells. The PMA response of wild-type and
triple mutant T stablyexpressed in HEK293 cells was determined
as described in Fig. 2A. The wild-type— and mutant T—mediated
currents decreased within 20 mm to ‘=25% of the initial value,
which is comparable with the reduction observed in the Xenopus
oocyte system. PMM leaves the transport adtivity of wild-type
and triple mutant T unimpaired. Data shown represent mean
±SD values from four to six cells.

decrease in GLAST- 1 activity might be due to internal-

is not altered by PMA-mediated modulation of
GLAST-l.

In vivo labeling of GLAST-1 with [32PI phosphate
after stimulation with PMA

Although the elimination of all predicted PKC sites
did not abolish the effect of PMA treatment, we cannot
exclude the possibility that PKC phosphorylates
GLAST- 1 at a PKC-like nonconsensus site. Therefore,
we incubated wild-type— and triple mutant T—express-

ization of the transporter by immunocytochemica!
studies on a HEK293 cell line stably transfected with
GLAST-1.

First, we ascertained that the response of GLAST-
I on PMA treatment was not altered by the change of
the heterologous expression system. The PMA sensi-
tivity of wild-type transporter and the mutant T were
analyzed by the voltage-clamp technique as described
above. Figure 4 shows that PMA treatment of HEK293
cells expressing wild-type or the mutant protein T re-
sults in a decrease of GLAST- 1—evoked currents that
is comparable with the effect observed in the oocyte-
expression system. PMM has no influence on the trans-
porter activity. Thus, the PKC-induced modulation of
GLAST- 1 is independent of the expression system.

To exclude the possibility that PMA permeabilized
the cell membrane enabling the antibody to recognize
intracellularly localized GLAST- 1, we performed im-
munostaining with an anti— a-tubulin antibody with
permeabilized and nonpermeabilized cells after PMA
treatment. Permeabilized cells (Fig. SB) yielded an
immunopositive reaction when the ubiquitous expres-
sion and intracellular localization of cr-tubu!in were
probed, whereas no fluorescence was detected in non-
permeabilized cells (Fig. 5A). Thus, PMA treatment
does not permeabilize the cell membrane.

The surface location of GLAST- 1 was examined
before and after incubation of GLAST- I —expressing
HEK293 cells with 250 nM PMA for 45 mm (Fig. SC
and D). No differences in the intensity of fluorescence
were observed after immunostaining with an anti—
GLAST- 1—specific antibody, suggesting that the mem-
brane targeting of the transporter was not affected by
PMA treatment. Nontransfected HEK293 cells exhibit
no immunofluorescence (data not shown). These data
suggest that the membrane targeting of the transporter

FIG. 5. A and B: Effect of PMA treatment on membrane perme-
ability and subcellular distribution of GLAST-1. GLAST-1 —ex-
pressing HEK293 cells were incubated with an anti—a-tubulin
antibody and stained with fluorescein-conjugated secondaryan-
tibody after PMA treatment for 45 mm. No fluorescence was
detected in nonpermeabilized cells (A), whereas all permeabil-
ized cells (B) react immunopositively. The few fluorescent cells
in A are most probably mechanically disrupted cells. C and D:
Surface location of GLAST-1 after. PMA-mediated activation of
PKC. HEK293 cells expressing the glutamate transporter were
labeled with a biotmnylated anti—GLAST-1 antibody before (C)
and after (D) incubation with 250 nM PMA for 45 mm. Immuno-
fluorescence detection was achieved with streptavidin-coupled
Cy3. No differences in the intensity of surface fluorescence were
observed. Nontransfected HEK293 cells exhibit no immunofluo-
rescence (data not shown).

J. Neurochem., Vol. 68, No. 3, 1997
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FIG. 6. lmmunoprecipitations of [32P]phosphate-and [35S]-
methionine-labeled wild-type and triple mutant T phosphopro-
teins. HEK293 cells were metabolically labeled with [32P]-
orthophosphate (lanes 1—5; lane numbers are counted from left
to right) or with [35S]methionine(lanes 6—10). Cells were lysed
before (lanes 3, 5, 8, and 10) and after (lanes 1, 2, 4, 6, 7,
and 9) activation with 250 nM PMA (0.5 h) and subjected to
immunoprecipitation. Samples were analyzed by SOS-PAGE and
phosphorimaging. Sizes of marker proteins are indicated in kilo-
daltons. Activation of PKC strongly increased [32P]phosphate
labeling of wild-type GLAST-1 and mutant T (lanes 2 and
4), whereas immunoprecipitations of non—PMA-treated cells
yielded only weak signals of [32P]phosphate-labeled GLAST-1
(lanes 3 and 5). Comparable amounts of [35S]methionine-la-
beled proteins were immunoprecipitated before and after PMA
treatment. In nontransfected control cells, no protein with a mo-
lecular mass corresponding to the 65 kDa of GLAST-1 was de-
tectable on SOS-PAGE (lanes 1 and 6).

ing HEK293 cells for 2 h with [32P]orthophosphate to
label endogenous ATP. Cells were lysed before (lanes
3, 5, 8, and 10) and after stimulation of PKC (lanes
1, 2, 4, 6, 7, and 9) with 250 nM PMA for 0.5 h
and subjected to immunoprecipitation as described in
Materials and Methods. In nontransfectedcells, no pro-
tein with a molecular mass corresponding to the 65
kDa of GLAST-1 was detectable on SDS-PAGE (Fig.
6, lanes 1 and 6). After PMA treatment of PKC, the
phosphorylation state of wild-type GLAST- i and the
mutant T is strongly increased as indicated by the in-
tensive band at 65 kDa (lanes 2 and 4). Cells that
were not treated with PMA yielded only weak signals
of [32Plphosphate-labeled GLAST-l (lanes 3 and 5).
This clearly indicates that PMA activates a kinase that
leads to a direct phosphorylation of GLAST-i at a
nonconsensus PKC site (lanes 4 and 5).

In a parallel experiment, transport proteins were meta-
bolically labeled with [35S]methionineto investigate the
expression rate and stability of GLAST- 1 in response to~
PMA. No significant differences in band intensities be-
fore and after activation were observed, which suggests
that phosphorylation has no influence on the expression
rate or stability of GLAST-l (lanes 7—10).

DISCUSSION
Four related glutamate transporters have been

cloned that are differentially expressed throughout the

brain, suggesting that they participate in different ways
in the regulation of excitatory amino acid concentration
in the synaptic cleft (Lehre et al., 1995). The stimula-
tion or inhibition of neurotransmitter transport via sec-
ond-messenger pathways could play a significant role
in synaptic function. In this study, we demonstrated
that the glutamate transporter GLAST-i expressed in
Xenopus oocytes and HEK293 cells is modulated by
PKC.

Treatment of GLAST-!—expressing cells with low
doses of PMA, a tumor-promoter agentknown to stim-
ulate PKC (Nishizuka, 1986), decreased glutamate
transport activity. PMA-induced inhibition could be
blocked by the simultaneous application of the PKC
inhibitor staurosporine. This indicates that PKC was
responsible for the decrease in transport. However,
elimination of all putative PKC consensus sites by site-
directed mutagenesis sustained the PMA-mediated ef-
fect. In a similar manner, removal of all potential PKC
consensus sites in the GABA transporter GAT1 had
no influence on the PMA-induced increase of GABA
transport activity, which was regulated by a subcellular
redistribution of the transport protein (Corey et a!.,
1994). That GLAST-! may be regulated viaan altered
targeting to the plasma membrane is ruled out by im-
munofluorescence studies indicating that the trans-
porter remains localized in the plasma membrane after
PMA treatment. We showed by immunoprecipitations
of phosphorylated wild-type and mutant transporter
lacking all putative PKC phosphorylation sites that
phosphorylation occurred at a nonconsensus site. Be-
cause the degree of phosphorylation strongly increased
in the presence of PMA with a progressive decrease
in transport activity, we concluded that the inactivation
of GLAST-l is due to an enhanced phosphorylation
of the transporter.

The related glutamate transporter GLT-i is phos-
phorylated at a PKC consensus site (Ser°3), which
results in a twofold increase of glutamate uptake (Ca-
sado et al., 1993). This PKC site (Ser~6)is also pres-
ent in the GLAST- 1 amino acid sequence but is obvi-
ously not involved in the regulation of GLAST-i, as
proved by analysis of the mutants Si 16A and the triple
mutant lacking all PKC sites. The phosphorylation of
GLAST- 1 leads to an inactivation of the transporter,
in contrast to the stimulatory effect exerted by PMA
on GLT-l. Therefore, we suggest that GLAST-i and
GLT-1 are phosphorylated at different sites, resulting
in an opposite modulation of transport activity. PMA-
induced glutamate uptake in primary rat brain cerebe!-
lar slices (Casad~et a!., 1991) is not in conflict with
our data because it mainly reflects the activity of GLT-
I, which is the predominant glial transporter in the
cerebrum. Differential modulation of the correspond-
ing human glutamate transporters EAAT1 —3 by ara-
chidonic acid supports that differences in the trans-
porter response to second messengers might play an
important role in synaptic function (Zerangue et al.,
1995).

J. Neurochem., Vol. 68. No. 3, 1997



1250 M. CONRADT AND W. STOFFEL

At the present time, we can only speculate about
the physiological relevance of glutamate transporter
modulation by PKC. In view of the growing evidence
that glia! cells express nearly a!! types of glutamate
receptors including phospholipase C—coupled metabo-
tropic glutamate receptors (Gallo and Russell, 1995),
it is conceivable that glutamatergic transmission results
in an activation of the phosphatidylinositol cycle in
astrocytes (Pearce et al., 1986). This would activate
PKC, leading to phosphorylation of GLAST- 1, which
exerts an inhibitory effect on the glutamate uptake.
The elevated glutamate concentration might increase
synaptic efficacy.

Signaling pathways more complex than direct mod-
ulation of GLAST-1 by PKC, such as phosphorylation
via a PKC-activated tyrosine kinase, may be involved
in the regulation of GLAST- 1. It is well known that
long-term potentiation in the hippocampus is blocked
by tyrosine kinase inhibitors (O’Dell et a!., 1991).
The delayed rectifier-type potassium channel Ky 1.2
(Huang et al., 1993) is highly expressed in the CNS
and rapidly phosphory!ated by the action of tyrosine
kinase PYK2 with the activation of the mitogen-acti-
vated protein kinase signaling pathway, for instance
(Lev et a!., 1995). Further investigations are required
to study the regulatory role of tyrosine kinases in the
activation of the electrogenic L-glutamate transporters.
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