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Protein Kinase C-Mediated Phosphorylation of a Single
Serine Residue on the Rat Glial Glutamine Transporter
SN1 Governs Its Membrane Trafficking
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Molecular mechanisms involved in the replenishment of the fast neurotransmitters glutamate and GABA are poorly understood. Glu-
tamine sustains their generation. However, glutamine formation from the recycled transmitters is confined to glial processes and
requires facilitators for its translocation across the glial and neuronal membranes. Indeed, glial processes are enriched with the system N
transporter SN1 (Slc38a3), which, by bidirectional transport, maintains steady extracellular glutamine levels and thereby furnishes
neurons with the primary precursor for fast neurotransmitters. We now demonstrate that SN1 is phosphorylated by protein kinase C�
(PKC�) and PKC�. Electrophysiological characterization shows that phosphorylation reduces Vmax dramatically, whereas no significant
effects are seen on the Km. Phosphorylation occurs specifically at a single serine residue (S52) in the N-terminal rat (Rattus norvegicus)
SN1 and results in sequestration of the protein into intracellular reservoirs. Prolonged activation of PKC results in partial degradation of
SN1. These results provide the first demonstration of phosphorylation of SN1 and regulation of its activity at the plasma membrane.
Interestingly, membrane trafficking of SN1 resembles that of the glutamate transporter GLT and the glutamate–aspartate transporter
GLAST: it involves the same PKC isoforms and occurs in the same glial processes. This suggests that the glutamate/GABA– glutamine
cycle may be modified at two key points by similar signaling events and unmasks a prominent role for PKC-dependent phosphorylation.
Our data suggest that extracellular glutamine levels may be fine-tuned by dynamic regulation of glial SN1 activity, which may impact on
transmitter generation, contribute to defining quantal size, and have profound effects on synaptic plasticity.

Introduction
The outcome of synaptic transmission depends to a large ex-
tent on the neurotransmitter released, the characteristics of
the receptors activated, and the efficiency of the inactivation
systems. Major advances have been made in the understanding
of the dynamic regulation of neurotransmitter receptors and
the pathophysiological roles of transporters that terminate
neuronal signaling by removing the neurotransmitters from
the synaptic cleft (Danbolt, 2001; Sorkin and Von Zastrow,
2002). However, molecular mechanisms involved in the re-
plenishment of the fast neurotransmitters glutamate and
GABA have eluded characterization.

Glutamine is the major precursor for glutamate and GABA
(Battaglioli and Martin, 1990; Rothman et al., 2003). According
to the prevailing hypothesis, a significant amount of released glu-

tamate and GABA is transported into perisynaptic astroglial pro-
cesses, converted to glutamine, and then transported back to
neurons for transmitter regeneration (Albrecht et al., 2007). Ex-
istence of such a glutamate/GABA– glutamine cycle has been bol-
stered by the characterization of a family of system A and system
N transporters: SAT1 (Slc38a1) and SAT2 (Slc38a2) are selec-
tively enriched in GABAergic and glutamatergic neurons, respec-
tively, and inhibition of system A transport inhibits neuronal
transmitter generation and synaptic transmission (Bacci et al.,
2002; Liang et al., 2006; Jenstad et al., 2009; Solbu et al., 2010).
System N transporter SN1, selectively expressed on astroglial
processes ensheathing synapses, mediates release of glutamine
and furnishes neurons with the primary neurotransmitter pre-
cursor (Chaudhry et al., 1999, 2001; Boulland et al., 2002). Thus,
functional integrity of SN1 may be a key regulator for the recy-
cling of glutamate and GABA.

Classical biochemical experiments have demonstrated adap-
tive regulation of system A and N activities (Shotwell et al., 1983;
Palacín et al., 1998). An amino acid response element regulating
the promoter activity has been demonstrated for SAT2 (Palii et
al., 2004), whereas a pH responsive element that has been iden-
tified in the 3� untranslated region of SN1 increases protein ex-
pression during acidosis (Solbu et al., 2005). However, reports
showing pronounced effects on Vmax without changing Km for
the system A and/or N activities indicate recruitment of trans-
porters from preexisting intracellular pools (Gebhardt and Klee-
mann, 1987; Hundal et al., 1987; Lohmann et al., 1998; Ling et al.,
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2001; Pastor-Anglada et al., 2005). Membrane trafficking consti-
tutes a major regulatory pathway for many transporters, includ-
ing transporters for dopamine, serotonin, GABA, and glutamate,
and is often governed by phosphorylation/dephosphorylation of
specific residues on the transporter proteins (for review, see Rob-
inson, 2002; Melikian, 2004). We therefore hypothesized that
activity and/or subcellular localization of SN1 may also be regu-
lated by phosphorylation and have functional implications. Us-
ing a multidisciplinary approach, including quantitative Western
blotting, phosphopeptide mapping, confocal laser scanning mi-
croscopy, and electrophysiology, we demonstrate that rat SN1 is
selectively phosphorylated at S52 by protein kinase C� (PKC�)
and PKC�. Moreover, our data suggest that phosphorylation of
SN1 stimulates retrieval of the protein from the cell membranes
to intracellular reservoirs leading to reduced Vmax, whereas Km

remains unaffected. Finally, we show that prolonged stimulation
of PKC with phorbol ester leads to degradation of SN1. Alto-
gether, our data suggest that SN1 activity is regulated by PKC-
mediated membrane trafficking and that it represents a key step
in the regulation of transmitter replenishment and quantal size in
the CNS.

Materials and Methods
Antibodies. Antibodies were generated in two rabbits against a glutathi-
one S-transferase (GST) fusion protein containing the N-terminal of rat
SN1 (N–SN1–GST). One antibody has been extensively characterized in
previous reports (Boulland et al., 2002, 2003; Solbu et al., 2005). In the
current study, both gave identical results on Western blotting (0.1– 0.5
�g/ml) and immunocytochemistry (1 �g/ml). Two additional rabbits
were immunized with keyhole limpet hemocyanin (KLH)-conjugated
peptides corresponding to rat SN1 peptide sequence 46 –58, phosphory-
lated at S52 (21st Century Biochemicals). The obtained sera were run
through a column containing KLH-conjugated unphosphorylated pep-
tide, followed by affinity purification on a column containing the phos-
phorylated peptide. These phospho-specific antibodies were used at a
concentration of 2 �g/ml. Commercial antibodies were obtained against
actin (1:2000; MAB1501R; Millipore Bioscience Research Reagents) and
syntaxin 6 (1:200; 610635; BD Biosciences). Secondary antibodies used
were ImmunoPure peroxidase-conjugated goat anti-rabbit IgG (1:
50,000; Pierce), goat anti-mouse IgG (1:100,000; Pierce), and goat anti-
rabbit IgG and donkey anti-mouse IgG coupled to Alexa Fluor 488 and
555 (1:1000; Invitrogen), respectively.

Animal handling. The animals (male Wistar rats and Xenopus laevis)
were kept and handled according to European regulations and under
veterinary supervision at the animal facility [Institute of Basic Medical
Sciences (rats) and Department of Molecular Biosciences (Xenopus),
University of Oslo].

Cell cultures. Na�/H� exchanger-deficient PS120 cells derived from the
hamster lung fibroblast line CCL-39, stably transfected with SN1 and char-
acterized in previous reports (Chaudhry et al., 1999, 2002b), were grown in
DMEM with GlutaMAX (Invitrogen) supplemented with 5% fetal bovine
serum (FBS), 1% penicillin/streptomycin, and 100 �g/ml Geneticin (Invit-
rogen). COS-7 cells (CRL-1651; American Type Culture Collection) were
grown in DMEM/GlutaMAX supplemented with penicillin/streptomycin
and 10% FBS and transiently transfected with pCDNA3.1(�)-SN1 with
Lipofectamine 2000 (Invitrogen) following the instructions of the manufac-
turer. Primary astrocytes were prepared from 1-d-old rat pups as described
(McCarthy and de Vellis, 1980).

Phorbol-12-myristate-13-acetate treatment of cells. Cells, either tran-
siently or stably expressing SN1, were either stimulated with 1 �M

phorbol-12-myristate-13-acetate (PMA) (1 �M; P8139; Sigma) in di-
methylsulfoxide (DMSO) (Sigma) or treated with the same volume
DMSO as vehicle. The inhibitors bisindolylmaleimide I hydrochloride
(Bis I) (B6292; Sigma) or staurosporine (S4400; Sigma) (both in 100 nM

final concentration) were applied 15–30 min before PMA.
In vitro phosphorylation. N–SN1–GST fusion protein bound to gluta-

thione Sepharose was phosphorylated in the presence of the catalytic

subunit of PKC (0.1 �g/ml) from rat brain (PKC-M; catalog #539513;
Calbiochem) at 30°C in 20 mM Tris-HCl, pH 7.4, 10 mM MgCl2, 1 mM

EGTA, phosphatase inhibitors [6 mM p-nitrophenylphosphate, 12 mM

�-glycerophosphate, and 0.02 mM sodium vanadate (Sigma)], and [�-
32P]ATP (final concentration 0.2 mM, 12.5–20 �Ci/ml; PerkinElmer Life
and Analytical Sciences). Phosphorylation with human recombinant ca-
sein kinase II (CKII) (4 –5 U/�l; Calbiochem) was performed in the same
buffer with 50 mM KCl added. Incubation (15 min) was stopped by
washing in 40 mM EDTA in PBS with phosphatase inhibitors, before
glutathione elution buffer was used for 10 min at room temperature
(RT). Eluted protein was separated by SDS-PAGE. Phosphoproteins
were visualized by autoradiography, and bands of interest were subjected
to phosphopeptide mapping as described previously (Haug et al., 1999).
No significant phosphorylation of GST (Rodriguez et al., 2005) was
detected.

For phosphorylation of N–SN1–GST fusion proteins using the PKC
Isozyme Panel (P6862; Sigma), the protocol of the manufacturer was
followed and modified as necessary for glutathione Sepharose-bound
protein. Incubations were performed for 10 min. Phosphorylation with

Figure 1. Bioinformatical analyses of SN1 amino acid sequence identify several putative
phosphorylation sites. A, The protein sequence of rat SN1 was analyzed by the computer-based
program PROSITE, which identifies residues and motifs with a potential for phosphorylation by
the most common characterized protein kinases. Applying the suggested topology model for
SN1 (Chaudhry et al., 1999), several phosphorylation sites are located in the N terminus and
intracellular loops. There are five putative phosphorylation sites for PKC (T32, S52, S314, T458,
and T466) and three for CKII (S52, T59, and T458). B, The amino acid sequence of rat SN1
between residues 40 and 62 was aligned with several vertebrate orthologs, including human
and mouse SN1. Note that the rat and sheep sequences have a triple serine at positions 51–53.
All other vertebrates have a conserved proline corresponding to position 52. E, Extracellular; M,
membrane; I, intracellular; R. norvegicus, Rattus norvegicus (rat); O. aries, Ovis aries (sheep); M.
musculus, Mus musculus (mouse); H. sapiens, Homo sapiens (human); P. troglodytes, Pan trog-
lodytes (chimpanzee); M. mulatta, Macaca mulatta (Rhesus monkey); E. caballus, Equus caballus
(horse); S. scrofa, Sus scrofa (domestic pig); A. melanoleuca, Ailuropoda melanoleuca (giant
panda); B. taurus, Bos taurus (cattle); C. lupus, Canis lupus (dog); O. cuniculus, Oryctolagus cu-
niculus (rabbit).
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the classical PKC isoforms was performed in the presence of 200 �g/ml
phosphatidylserine (P6641; Sigma) and 20 �g/ml diacylglycerol (D0138;
Sigma). Activity of exogenous PKC enzyme was controlled by phosphor-
ylation of Histone H1 (H4524; Sigma) in parallel samples.

Cellular phosphorylation followed by immunoprecipitation and phos-
phopeptide mapping. Transiently transfected COS-7 cells or stably trans-
fected PS120 cells were preincubated 2–3 h in phosphate-free DMEM/
FBS and then incubated for 90 min at 37°C in [ 32P]orthophosphate (1
mCi/ml in phosphate-free DMEM/FBS) in the presence of 0.45 �M oka-
daic acid (O9381; Sigma). PMA (or DMSO) at 1 �M was added for 30 min

before the cells were washed twice with Tris-
buffered saline (TBS) and lysed in 350 �l of
radioimmunoprecipitation assay (RIPA) buf-
fer (150 mM NaCl, 50 mM Tris-Cl, pH 7.4, 1%
Triton X-100, 0.5% Na-deoxycholate, and
0.1% SDS) with Complete Protease Inhibitor
Cocktail (Roche), 1 mM phenylmethylsulpho-
nyl fluoride, and phosphatase inhibitors (see
above). Homogenization and centrifugation
for 5 min at 13,000 rpm was followed by im-
munopurification of lysates using Dynabeads
Protein A (Invitrogen) (coupled with anti-SN1
and cross-linked following the protocol of the
manufacturer) for 1 h at 4°C on a roller. After
three washes with TBS–Tween 20 (0.1%), SN1
was eluted with 0.1 M citrate buffer, pH 3.0, for
2 min. SDS sample buffer was added, and the
eluates were boiled and run on SDS-PAGE.
Gels were stained in Coomassie blue (Sigma),
destained, and dried in a Hoefer Slab Gel
Dryer. Incorporated radioactivity was analyzed
in a Typhoon 9210 Imager using ImageQuant
5.1 software (Molecular Dynamics). Guided by
the autoradiogram, the radioactive spot was
cut out of the gel, rehydrated in 50% methanol,
and subjected to phosphopeptide mapping as
described (Haug et al., 1999).

Biotinylation and pull-down of membrane
proteins. After stimulation with PMA and in-
hibitors, cell surface proteins were biotinylated
with 0.5 mg/ml EZ-Link Sulfo-NHS-LC-Biotin
(Pierce) in PBS (with 0.1 mM CaCl2 and 0.1 mM

MgCl2), pH 8.0, for 30 min at 4°C with gentle
rocking (O’Shea et al., 2006). Excess biotin was
quenched by washing three times in 100 mM gly-
cin in PBS, after which the cells were lysed in
RIPA buffer with Complete Protease Inhibitor
Cocktail (Roche). Aliquots of lysates were sub-
jected to protein measurement using the Bio-Rad
protein assay kit with bovine serum albumin
(BSA) as standards in an Envision 2102 Multila-
bel reader (PerkinElmer Life and Analytical Sci-
ences) at 595 nm. Avidin pull-down of the
biotinylated plasma membrane proteins was per-
formed using NeutrAvidin Agarose Resin (Thermo
FisherScientific).Thefractionofproteinsnotpulled
down by NeutrAvidin is referred to as “intracellu-
lar” proteins. Plasma membrane and intracellular
proteins equivalent to the lysate protein amounts
were subjected to SDS-PAGE and immunoblotting
following standard procedures (Boulland et al.,
2004). The blots were blocked in 5% fat-free milk
andincubatedovernightwithantibodyat4°C.After
the washing steps, the blots were incubated with
horseradish peroxidase-coupled secondary anti-
bodies, and the immunoreaction was developed
with SuperSignal West Pico Chemiluminescent
Substrate (Pierce). Quantification was performed
with a Typhoon scanner and ImageQuant soft-
ware or, alternatively, with CL-Xposure films

(Thermo Fisher Scientific) scanned in an Epson 4990 scanner and quan-
tified with Adobe Photoshop CS4 (Adobe Systems).

Mutagenesis. Point mutations to the putative phosphorylation sites
were introduced using the QuikChange site-directed mutagenesis kit
(Stratagene) according to the instructions of the manufacturer and with
primers designed with the QuikChange Primer Design program. All mu-
tations were confirmed by sequencing of the clones.

Immunofluorescence. SN1-expressing PS120 or COS-7 cells and pri-
mary astrocytes were incubated with PMA with or without inhibitors for

Figure 2. PMA-induced phosphorylation of SN1 results in internalization of the protein. A–D, PS120 cells stably transfected
with SN1 were coimmunostained for SN1 and cellular markers. In the absence of PMA, pronounced immunostaining for SN1 occurs
at the cell membranes (A�) in which it is colocalized with WGA (A, A�). During incubation of SN1 PS120 cells with 1 �M PMA for 30
min, immunostaining for SN1 accumulates inside the cells (B�), whereas colabeling with WGA (B, B�) at the plasma membrane is
attenuated. C, Control cells immunostained for SN1 (C�) and syntaxin 6 (C�) show no colocalization. D, After PMA stimulation for 15
min, intracellular immunostaining for SN1 appears pronounced in the perinuclear region (D�) in which it partly colocalizes with
syntaxin 6 (D, D�). E, F, SN1 PS120 cells underwent stimulation with PMA (1 �M) with or without inhibition by Bis I (100 nM) for
different time intervals, followed by biotinylation of surface proteins. After avidin pull-down, biotinylated membrane proteins
were subjected to SDS-PAGE and immunoblotted for SN1. PMA stimulation reduces SN1 staining of the plasma membrane pro-
teins, whereas such reduction is abolished during coapplication of Bis I (E). F, Quantification of SN1 immunoreactivity on plasma
membrane fractions shows significant reduction from 0.5 to 3.5 h of PMA stimulation. Some of the SN1 immunoreactivity is
restored after 5 h. The error bars show � SEM of results from three to six experiments. *p � 0.05, ***p � 0.001, when analyzed
with SPSS (mixed models). Syn6, Syntaxin 6. Scale bar, 10 �m.
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the times indicated. The cells were fixed for 30 min with 4% paraformal-
dehyde (PFA) in PBS. When there was a need to stain plasma mem-
branes, the fixed cells were incubated for 10 min in 5 �g/ml wheat germ
agglutinin (WGA)–Alexa Fluor 555 conjugate (Invitrogen), following
the protocol of the manufacturer. All cells were permeabilized and
blocked at RT for 30 – 60 min in PBS containing 10% FBS, 1% BSA, and
0.5% Tween 20. Primary antibodies were diluted in the same buffer, but
containing 1% FBS, and incubated for 1 h. After washing in PBS, the cells
were incubated with Alexa Fluor 488 goat anti-rabbit IgG or Alexa Fluor
555 donkey anti-mouse IgG (1:1000; Invitrogen) for 1 h at RT. For dou-
ble staining with two rabbit antibodies, the cells were incubated with
preimmune IgG from rabbit (Jackson ImmunoResearch), followed by
AffiniPure Fab Fragment goat anti-rabbit IgG and fixation with 4% PFA
to block the first primary and secondary antibodies, before incubation
with the second primary and secondary antibodies (Boulland et al.,
2004). The coverslips were mounted in Fluoromount-G (Southern Biotech-
nology) with 4,6�-diamidino-2-phenylindole (DAPI) (1:5000; Sigma). An-
tibody staining was visualized with a confocal laser microscope and
corresponding software (LSM 510; Carl Zeiss).

Expression of SN1 in oocytes. RNA synthesis, transcription, and injection
into X. laevis oocytes and investigation of glutamine transport using two-
electrode voltage clamp (TECV) were performed as described (Chaudhry et
al., 2002b) using the oocyte clamp amplifier OC-725C (Warner Instru-
ments). Oocytes were injected with 5–15 ng of cRNA and incubated at 16°C
for 5–10 d. Current and voltage pipettes were backfilled with 3 M KCl and had
a resistance between 1 and 2 M�. For studies involving current–voltage
relationships, short voltage jumps were applied in increments of 20 mV
(range, �140 to �40 mV; holding potential, �40 mV). Currents re-
corded in the absence of substrate were subtracted from those in the
presence of substrate.

Quantification and statistical analyses. Quantification of integrated optical
density from blots was further analyzed using Microsoft Office Excel 2003,
GraphPad Prism 5, and SPSS 18.0, using a linear
mixed model analysis, with incubation time as
the fixed variable and experimental batch a ran-
dom variable. Figures were prepared using
Adobe PhotoShop and InDesign CS4.

Results
PMA-mediated activation of PKC
induces internalization of SN1
A topology model of SN1, based on hy-
drophobicity analyses, has been proposed
(Chaudhry et al., 1999) to contain 11 trans-
membrane domains with an intracellular N
terminal and several intracellular loops
freely accessible for cellular kinases. PROS-
ITE (ExPASy Proteomics Server), a Web-
based primary protein sequence analysis
program, was applied to search for motifs
highly likely to be phosphorylated by com-
mon protein kinases. The long N terminus
of rat SN1 is potentially phosphorylated by
both PKC and CKII (Fig. 1A). Threonine 32
(T32) is a specific PKC target, whereas T59
has the properties of a CKII target. S52,
which is surrounded by serines on both
sides (Fig. 1B), may be targeted by both
PKC and CKII. Furthermore, the distal in-
tracellular loops also contain potentially
phosphorylated residues: S314 and T466 are
putatively phosphorylated by PKC, whereas
T458 is a possible phosphorylation residue for both PKC and CKII
(Fig. 1A). Analyses by PhosphoMotif Finder (Human Protein Ref-
erence Database) revealed some more potential phosphorylation
sites but also pointed to S52 of rat SN1 as a putative PKC phosphor-

ylation site (supplemental Table S1, available at www.jneurosci.org
as supplemental material). Thus, SN1 has several putative phos-
phorylation sites, and two different computer-based analysis pro-
grams point to S52 as a potential PKC target.

Figure 3. PKC� and PKC� phosphorylate the N-terminal part of SN1 in vitro. Recombinant
N-terminal SN1–GST fusion protein bound to glutathione Sepharose underwent phosphoryla-
tion in vitro with [�- 32P]ATP and PKC-M (catalytic subunit from rat brain) or three recombinant
PKC isoforms. After washing of the beads, elution, and SDS-PAGE to purify the fusion protein,
the corresponding radioactive bands (localized by phospho-imaging) were cut out of the gel
and subjected to thermolysin proteolysis, and phosphopeptides were applied to thin-layer silica
sheets and analyzed by horizontal electrophoresis and vertical chromatography (phosphopep-
tide mapping). A–C, A single phosphopeptide (indicated by arrows) is detected at the same spot
during stimulation with PKC-M (A), PKC� (B), and PKC� (C). D, PKC�1 does not phosphorylate
the N terminal of SN1 (arrow).

Figure 4. Rat SN1 is selectively phosphorylated at the S52 residue. COS-7 cells transiently transfected with wild-type or mutant
SN1 were incubated with [ 32P]orthophosphate and DMSO or PMA, with or without Bis I, for 30 min, followed by immunopurifica-
tion of SN1 and phosphopeptide mapping as described in the legend to Figure 3. A, A weakly labeled phosphopeptide is detected
when cells transfected with rat wtSN1 are incubated with vehicle (DMSO). B, In the presence of 1 �M PMA, a phosphopeptide with
much stronger labeling is detected. C, Coapplication of 100 nM Bis I with PMA abolishes labeling of the phosphopeptide. D, F, Cells
transfected with T32A–SN1 (D) or T59A–SN1 (F ) mutants and stimulated with PMA also reveal a phosphorylated peptide. E, No
phosphopeptide is detected during stimulation with PMA when cells are transfected with S52A–SN1 mutant. Insets show the same
site at higher magnification with or without a radioactive spot representing phosphorylated SN1 peptide.

6568 • J. Neurosci., April 27, 2011 • 31(17):6565– 6575 Nissen-Meyer et al. • Regulation of SN1 by PKC



Under control conditions, PS120 cells stably expressing SN1
or COS-7 cells transiently expressing SN1 showed pronounced
immunostaining for SN1 on the plasma membrane [Fig. 2A,C
and supplemental Fig. S2A (available at www.jneurosci.org as
supplemental material), respectively]. SN1 is colocalized with the
cell membrane marker WGA (Fig. 2A), which selectively binds to
sugar residues enriched in the cell membrane. Activation of PKC
by PMA results in trafficking of SN1 from the cell membrane
to intracellular compartments (Fig. 2 B, D) (supplemental Fig.
S2 B, available at www.jneurosci.org as supplemental mate-
rial). In particular, SN1 becomes partly colocalized with syn-
taxin 6, a marker of the trans-Golgi network (TGN), during
activation of PKC (Fig. 2C,D).

Internalization of SN1 during activation of PKC was further
supported by Western blotting. After PMA stimulation, cells
were biotinylated at 4°C (to prevent additional internalization),
followed by avidin pull-down to separate cell surface proteins
from proteins residing in intracellular compartments (intracellu-
lar proteins). SDS-PAGE of the biotinylated membrane fraction
demonstrates that PKC activation leads to reduced plasma mem-
brane immunostaining for SN1 in a time-dependent manner in
two different cell lines: transiently transfected COS-7 cells (sup-
plemental Fig. S2C, available at www.jneurosci.org as supple-
mental material) and stably transfected PS120 cells (Fig. 2E). We
also quantified the reduction in immunostaining for SN1 in
PS120 cells. Surface SN1 immunoreactivity is reduced by �50%
after 0.5 h and stays low for the next 2 h. However, after 5 h, the
plasma membranes regained some immunoreactivity for SN1
(Fig. 2F). Addition of cycloheximide, a protein synthesis inhibi-
tor, only partly inhibits the reappearance of SN1 in the plasma
membrane (data not shown). In the presence of Bis I, an inhibitor
of PKC activity, PMA stimulation results in no significant reduc-
tion of surface SN1 levels (Fig. 2E) (79.9 � 10.9% after 5 h).
Altogether, our data suggest that PMA activation of PKC alters
localization of SN1.

Phosphorylation of the N terminal of rat SN1 in vitro
We hypothesized that, if the reduced surface expression of SN1
during PKC activation is a consequence of SN1 phosphorylation,
the most likely candidates for this are the putative phosphoryla-
tion sites on the N terminal of the protein. This is because termi-
nal parts of transporters and other membrane proteins are often
key elements in protein regulation (Wang et al., 2003). A GST-
fusion protein containing the N-terminal amino acid se-
quence of SN1 (N–SN1–GST fusion protein) was therefore
incubated with catalytic subunit of rat brain PKC in the pres-
ence of [�- 32P]ATP. Analysis by SDS-PAGE and phosphopep-
tide mapping demonstrate robust phosphorylation of one
major peptide (Fig. 3A). To identify the specific PKC isoforms
involved, we repeated the experiment but now in the presence
of recombinant classical PKC isoforms. PKC isoforms � and �
were able to phosphorylate the N–SN1–GST fusion protein in
vitro, whereas �I and �II did not induce detectable phosphoryla-
tion (Fig. 3B–D) (results not shown for �II). Likewise, we tested
the atypical PKCs (�, �, �, �, and 	), which did not phosphorylate
N–SN1–GST (data not shown). Furthermore, human CKII phos-
phorylated N–SN1–GST fusion protein in vitro but produced a
different phosphorylated peptide (supplemental Fig. S3, available
at www.jneurosci.org as supplemental material). Altogether,
these data demonstrate direct phosphorylation of rat SN1 specif-
ically by PKC� and PKC� in vitro.

Identification of the phosphorylation site with site-directed
mutagenesis of SN1
Although N–SN1–GST fusion protein is phosphorylated in vitro,
the observed trafficking of SN1 in cell cultures could be indirectly
attributable to PKC-mediated phosphorylation of an interacting
protein regulating trafficking of SN1. We therefore labeled SN1-
expressing COS-7 cells and PS120 cells with [ 32P]orthophos-
phate, followed by stimulation with PMA only, PMA together
with Bis I, or the vehicle only (DMSO). After cell lysis, immuno-
precipitation, SDS-PAGE, and thermolytic phosphopeptide
mapping, stimulation with PMA generated a single phosphopep-
tide in both cell types, supporting that SN1 protein can also be
directly phosphorylated within cellular context (Fig. 4B) (sup-
plemental Fig. S4B, available at www.jneurosci.org as supple-
mental material). Incubation with a vehicle (DMSO) or
inhibition of PKC with the protein kinase inhibitor staurosporine
(100 nM) or the PKC-specific inhibitor Bis I inhibited these
changes, bolstering a role for PKC in the phosphorylation of

Figure 5. PMA-induced phosphorylation of SN1 at S52 reduces Vmax but has no effect on Km.
Wild-type and mutant SN1 were expressed in X. laevis oocytes, and their electrophysiological
properties were characterized by TEVC. A, Application of asparagine (Asn) at increasing concen-
trations to oocytes expressing S52A mutant induced increasing inward currents. B, Oocytes
expressing wild-type SN1 (SN1-WT) or three mutant (S52A, SSS51–53AAA, S52E) were incu-
bated with different concentrations of asparagine, and the Km was calculated at�60 mV. There
are no significant changes in Km between wtSN1 and the mutants. C, Oocytes expressing wild-
type SN1 were stimulated with PMA for 15 min, and glutamine-induced currents were mea-
sured before, during, and at different time points after stimulation. Note the gradual reduction
in the current magnitude and some recovery after 120 min. D, The effect of PMA on glutamine-
induced currents in oocytes expressing wild-type SN1 is suppressed when coapplied with Bis I.
E, No significant effects were seen on the magnitude of glutamine-induced currents during
stimulation with PMA in oocytes expressing S52A–SN1 mutant. F, Quantification of the relative
changes seen in current magnitude during incubation with glutamine before and after PMA
stimulation. Note the reduction in inward currents seen in wild-type SN1 and lack of reduction
when Bis I is added to the incubation buffer. The S52A–SN1 mutant shows insignificant changes
in current magnitude during PMA stimulation. G, H, Current–voltage relationship during in-
creasing concentrations of glutamine is shown in a representative oocyte expressing wtSN1
before (G) and after (H ) PMA stimulation. Note a dramatic reduction in the inducible current at
all potentials after PMA stimulation. Glutamine (Gln) at 2 mM was applied in C–H. Bis I at 100 nM

and 1 �M PMA were applied in all cases.

Nissen-Meyer et al. • Regulation of SN1 by PKC J. Neurosci., April 27, 2011 • 31(17):6565– 6575 • 6569



SN1 in intact cells (Fig. 4 A, C) (supple-
mental Fig. S4 A, C) (results not shown
for staurosporine). Importantly, the
data demonstrate phosphorylation of
one single thermolytic peptide from
SN1 in intact cells.

The target residue(s) for the classical
PKC isoforms were identified by induc-
ing single amino acid mutations at the
putative phosphorylation sites in rat
N-terminal SN1. Thus, the T32, S52,
T59, S51, S53, and SSS51–53 residues of
SN1 were mutated to alanine, a residue
that cannot be phosphorylated. The gen-
erated mutants were expressed in COS-7
cells and labeled with [ 32P]orthophos-
phate, followed by PMA stimulation.
Only the triple mutant SSS51–53AAA and
the S52A resisted phosphorylation, whereas
all the other mutants were phosphory-
lated in the same way as wild-type (wt)
SN1 protein (results from three mutants
shown in Fig. 4D–F). Hence, our data in-
dicate that the S52 residue is selectively
targeted by PKC and that no other sites are
phosphorylated by PKC under these con-
ditions (although we cannot exclude that
S52 controls phosphorylation of other
residues). In contrast, CKII phosphorylates T59 of rat SN1 as
confirmed by mass spectroscopy (data not shown), consistent
with a different phosphopeptide (supplemental Fig. S3, available
at www.jneurosci.org as supplemental material).

Electrophysiological characterization of SN1 phosphorylation
in X. laevis oocytes
To investigate the functional implications of phosphorylation,
phosphosite mutants of rat SN1 were generated and character-
ized in X. laevis oocytes: after injection of in vitro-transcribed
mRNA into oocytes, SN1 transport properties were studied using
TEVC technique. Oocytes expressing S52A–SN1 and perfused
with asparagine or glutamine showed substrate-dependent in-
ward currents with typical system N characteristics (results for
asparagine shown in Fig. 5A) as reported for wtSN1 (Chaudhry et
al., 2001). At steady-state conditions, wtSN1 responded to glu-
tamine with large inward currents. However, during PMA treat-
ment of the same oocytes, glutamine-induced (2 mM) inward
currents were dramatically reduced and almost abolished after
�90 min, although some activity was regained after 120 min (Fig.
5C,F). This effect must be attributable to phosphorylation at S52
because oocytes expressing the S52A mutant did not respond to
PMA stimulation with a reduction in glutamine-induced inward
currents even after 120 min (Fig. 5E,F). Support for a PKC-
mediated effect is also provided by the lack of reduction in the
response to glutamine at stimulation of oocytes with PMA in the
presence of Bis I (Fig. 5D,F).

The reduction in glutamine-induced currents during PKC ac-
tivation could be attributable to phosphorylation of S52 affecting
the affinity of the transporter toward the substrate or a redistri-
bution of the protein from the cell membrane. No significant
change was seen in Km for asparagine in oocytes expressing
wtSN1 or the three mutants SSS51–53AAA, S52A, or S52E (Fig. 5B).
The first two mutants resemble unphosphorylated forms, whereas
S52E mimics a constitutively phosphorylated form. These data rule

out any effects of phosphorylation on substrate binding. The cur-
rent–voltage relationship was then investigated in oocytes expressing
wtSN1. Currents were measured under voltage jumps from �140
to �40 mV in 20 mV increments during stimulation with differ-
ent concentrations of glutamine. Large inward currents are seen
at hyperpolarized conditions, which increase with increasing
concentrations of glutamine (Fig. 5G). At depolarized condi-
tions, outward currents are increased in response to increasing
glutamine concentrations. The reversal potential does not change,
confirming that the currents are attributable to a substrate-induced
channel activity associated with SN1 (Chaudhry et al., 2001). Cur-
rent–voltage relationships of the same wtSN1-expressing oocytes
were investigated after stimulation with PMA (Fig. 5H). There is
a dramatic effect on the induced current at all potentials and no
effect on the reversal potential. Indeed, Vmax reduction is signif-
icant at �120 and �60 mV ( p � 0.01 in both cases), whereas Km

at the same potentials shows no significant changes (supplemen-
tal Fig. S5, available at www.jneurosci.org as supplemental mate-
rial) ( p � 0.05). Altogether, these results are consistent with a
reduction in the number of functional transporters on the cell
membranes and indicate phosphorylation-induced internaliza-
tion of the protein.

SN1 phosphorylated at S52 is sequestered
We hypothesized that, if phosphorylation occurs at S52 and stim-
ulates internalization, we would find intracellular reservoirs of
phosphorylated SN1 (P-SN1) after PMA stimulation. We there-
fore generated antibodies that selectively recognize SN1 phos-
phorylated at S52. Rabbits were immunized with peptides from
the SN1 N terminus in which S52 was modified with a phosphate
group. After purification of serum on a phosphopeptide column
and a column with the nonphosphorylated peptide, antibodies
were obtained that recognize only SN1 phosphorylated on S52
and not the unphosphorylated protein (data not shown). West-
ern immunoblotting of unstimulated PS120 cells expressing SN1
showed barely any staining for phosphorylated SN1 (Fig. 6A, lane

Figure 6. Intracellular reservoirs of SN1 phosphorylated at S52. A, A representative Western blot of SN1-expressing PS120 cells
treated with DMSO (1), PMA for 30 min (2), and PMA for 30 min in the presence of 0.5 �M okadaic acid (3) and labeled by antibody
specific to SN1 phosphorylated on S52 (P-SN1). The same blot was treated with anti-actin as a loading control (bottom inset). B–F,
Rat brain primary astrocytes (B, C) and PS120 cells stably expressing SN1 (D–F ) were double stained for P-SN1 (green) and
unphosphorylated SN1 (red) before (B, D) and after (C, E, F ) PMA stimulation (1 �M). In F, the cells were preincubated with 100 nM

Bis I to inhibit PKC. Note the increased intracellular staining for P-SN1 after PMA stimulation (C, E). Cells are counterstained with
DAPI (blue) to visualize nuclei. Scale bars, 10 �m.
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1). Addition of PMA to stimulate phosphorylation of SN1 leads
to significantly more phosphorylation after 30 min (Fig. 6A, lane
2). However, the amount of protein that is phosphorylated at a
given time is small, reflecting the dynamic nature of this process,
which is readily reversed by a number of protein phosphatases.
Inhibition of protein phosphatases should therefore increase
phosphorylation of SN1. Indeed, in the presence of okadaic acid
(0.5 �M), the amount of phosphorylated SN1 increases dramati-
cally (Fig. 6A, lane 3).

Finally, we wanted to demonstrate changes in the subcellular
localization of the unphosphorylated (SN1) and P-SN1 during
PMA activation. Stably transfected PS120 cells were double
stained by antibodies specifically recognizing unphosphorylated
SN1 or phosphorylated SN1. The staining by the phospho-
specific antibodies was generally very weak, reflecting the low
levels of SN1 phosphorylated in unstimulated cells (Fig. 6D). In
contrast, pronounced staining was obtained on the plasma
membranes for unphosphorylated SN1 in the same cells (Fig.
6 D). However, stimulation with PMA (Fig. 6 E) and/or the
phosphatase inhibitor okadaic acid (data not shown) demon-
strated increased intracellular staining for phosphorylated
SN1, whereas the plasma membranes remained unstained,
further supporting the notion that phosphorylated SN1 re-
sides in intracellular compartments. Concomitantly, the
staining for the unphosphorylated SN1 was reduced in the
plasma membrane (Fig. 6E). PMA-induced intracellular staining
for P-SN1 was reduced in the presence of Bis I, whereas SN1
staining at the plasma membrane was maintained (Fig. 6F). Fi-
nally, we investigated whether the endogenous SN1 in astroglial
cells could be phosphorylated and whether this also resulted in
altered subcellular localization. Stimulation of primary cultures
of rat brain astrocytes with PMA increased intracellular levels of
phosphorylated SN1 at S52 as recognized by the phospho-specific
SN1 antibody (Fig. 6B,C), further bolstering a role of phosphor-
ylation in SN1 trafficking (see Fig. 8). No surface staining was
seen for P-SN1 in astroglial cells.

Prolonged activation of PKC results in degradation of SN1
Several transporters are degraded after retrieval from the plasma
membrane (Daniels and Amara, 1999; Susarla and Robinson,
2008). We therefore investigated whether the PKC-mediated in-
ternalization of SN1 is followed by degradation of the protein.
Lysates of PS120 cells stably expressing SN1 and stimulated with
PMA were immunoblotted for SN1. A broad band close to 50
kDa, resembling the reported band for SN1 in brain, kidney, and
pancreas tissue (Boulland et al., 2002, 2003; Solbu et al., 2005;
Gammelsaeter et al., 2009), was seen before PMA stimulation. A
time course of PMA stimulation shows a gradual reduction in the
staining of this band and the simultaneous appearance of a broad
band of �40 kDa, which probably represents degraded SN1 (Fig.
7A,B). These changes are sensitive to the presence of Bis I (Fig.
7A,B), again supporting that they are partly attributable to PKC
activation. These data are further bolstered by avidin pull-down
and quantification of nonbiotinylated intracellular proteins. If
SN1 translocation was fully reversible, the content of intact pro-
tein in the intracellular fraction would be increased. The observed
decrease in intact rat SN1 protein with PKC activation, together
with the intracellular accumulation of degradation products
(data not shown), suggest that some of the protein is degraded.
Bis I partly inhibits this process (data not shown).

Discussion
The results show that PKC� and PKC� specifically and indepen-
dently phosphorylate rat SN1 at residue S52 both in vitro and in
intact cells. PMA-induced activation of PKC and subsequent
phosphorylation of SN1 heterologously expressed in X. laevis
oocytes results in a dramatic reduction in Vmax, whereas no sig-
nificant changes were observed for Km. In mammalian cells, in-
cluding astroglia, PMA-induced phosphorylation of SN1 stimulates
its targeting to intracellular reservoirs. However, prolonged stimu-
lation of PKC by PMA results in degradation of SN1. When coap-
plied with Bis I, PMA fails to stimulate PKC phosphorylation of SN1,
and SN1 degradation is hampered. Interestingly, mutation of other
putative phosphorylation sites, including the flanking serines S51
and S53, has no effect on SN1 phosphorylation or on its kinetic
properties and trafficking, thereby excluding involvement of
these residues in the PKC-mediated phosphorylation event. Us-
ing the structure of two members of the amino acid/polyamine/
organocation family of bacterial amino acid transporters (Gao et

Figure 7. Prolonged PMA stimulation leads to degradation of SN1. A, Representative West-
ern immunoblot showing lysates of PS120 cells stably transfected for SN1 and treated with 1 �M

PMA with or without 100 nM Bis I for the times indicated, followed by immunoblotting with
affinity-purified anti-SN1. Bottom shows the same blot treated with anti-actin as a loading
control. B, Lysate blots were analyzed by quantitative Western blotting and presented as per-
centage of total density in each lane. There is a significant reduction in the higher-molecular-
weight band, whereas the lower-molecular-weight band increases simultaneously. **p �
0.01, ***p � 0.001, when analyzed with SPSS (mixed models). Black columns, SN1 immuno-
reactivity at �50 –55 kDa; gray columns, SN1 immunoreactivity at �35– 40 kDa. The bar
graphs show mean � SEM of results from three to six experiments.
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al., 2009; Shaffer et al., 2009) as templates,
we have modeled a putative three-
dimensional structure for SN1 that sug-
gests that S52 is openly exposed on the
protein surface (supplemental Fig. S1B,
available at www.jneurosci.org as supple-
mental material). Altogether, our data
identify S52 of rat SN1 as a key target for
PKC� and PKC� phosphorylation and for
the dynamic regulation of rat SN1 activity
at the plasma membrane.

Membrane trafficking of many
neurotransmitter transporters is
regulated by phosphorylation at
specific sites
Our demonstration of SN1 trafficking
agrees with reports showing dynamic re-
cycling of membrane proteins between
plasma membrane and intracellular com-
partments (Sorkin and Von Zastrow,
2002). Regulation of the levels of NMDA
and AMPA receptors on the plasma mem-
brane and their clustering at the synapses
is a prerequisite for their involvement in
the induction of long-term potentiation
and long-term depression, and such traf-
ficking is governed partly by PKC-
mediated phosphorylation at specific sites
(Scannevin and Huganir, 2000; Newpher
and Ehlers, 2008). In the same way, most
transporter proteins are also prone to
phosphorylation at specific sites by PKC,
and this regulates the number of proteins
residing on the plasma membrane and
their activity (Robinson, 2002; Wang et
al., 2003; Melikian, 2004).

SN1 belongs to a growing family of transporters that includes
system A and system N transporters (Chaudhry et al., 2002a;
Sundberg et al., 2008). A hallmark of these two systems is that
they are subject to extensive adaptive, hormonal, and osmotic
regulation (Collarini and Oxender, 1987; Palacín et al., 1998). A
nutrition signaling cascade that includes activation of phospha-
tidylinositol 3-kinase (PI3K) and mammalian target of rapamycin
(mTOR) has been shown to be important for induction of system A
and system L activities (Peyrollier et al., 2000; Liu et al., 2004). In
hepatocytes, insulin regulates expression of SN1 through the PI3K–
mTor signaling cascade (Gu et al., 2005). Other studies show that
PKC activation directly increases cellular amino acid uptake in gen-
eral (Dawson and Cook, 1987; Karl, 1995). However, the molecular
mechanisms involved have been elusive. We now reveal the specific
PKC-mediated phosphorylation site on rat SN1 and demonstrate
that only the PKC� and PKC� isoforms are involved. These iso-
forms are active in brain tissue, glioma cells, hepatocytes, pancreatic
B-cells, kidney cells, and skeletal muscle cells (Huang et al., 1988;
Croquet et al., 1996; Tian et al., 1996; Pfaff et al., 1999; Sneddon et al.,
2000; Acevedo-Duncan et al., 2004; Gonzalez et al., 2005). The same
cells also express SN1 (Boulland et al., 2002; Gu et al., 2005; Onan et
al., 2005; Solbu et al., 2005; Gammelsaeter et al., 2009). Indeed, in-
tracellular SN1-stained vesicle-like structures have been demon-
strated in glial and kidney tubular cells, underpinning SN1
trafficking (Boulland et al., 2003; Solbu et al., 2005). Because PKC�
and PKC� isoforms participate in different signaling cascades at dif-

ferent conditions, our data suggest differential cell-specific regula-
tion of SN1 activity by phosphorylation or dephosphorylation at a
variety of physiological and pathological conditions.

Functional implications of SN1 phosphorylation
Sequestration of several neurotransmitter transporters as a con-
sequence of PKC-mediated phosphorylation has been demon-
strated, including transporters for dopamine (DAT), serotonin
(SERT), noradrenalin (NET), and glycine (GLYT1b). This has
functional impacts on recycling of the neurotransmitters (Sato et
al., 1995; Melikian and Buckley, 1999; Ramamoorthy and
Blakely, 1999; Jayanthi et al., 2005). The prevailing hypothesis on
recycling of GABA and glutamate through the glutamate/GABA–
glutamine cycle proposes uptake of these transmitters into glial
cells and subsequent conversion to glutamine before its release.
Such cycling requires functional integrity of GABA and gluta-
mate transporters on perisynaptic glial processes as well as the
system N transporters SN1 and SN2, with the ability to release
glutamine (Chaudhry et al., 2008). We now demonstrate that
SN1 after its retrieval from the plasma membrane is targeted to
the intracellular stores in which some of it may be colocalized
with the TGN marker syntaxin 6. A reserve pool of the homolo-
gous system A transporters SAT1 and SAT2, acting on the neu-
ronal membranes, is also colocalized with syntaxin 6 and shown
to be recruited to the plasma membranes during hormonal stim-
ulation (Hatanaka et al., 2006; Solbu et al., 2010).

Figure 8. Model for membrane trafficking of rat SN1 in glial cells. A schematic representation of a glutamatergic synapse.
Glutamate is accumulated in synaptic vesicles through the action of vesicular glutamate transporters (VGLUT1/-2/-3). After exo-
cytotic release, glutamate activates receptors on the postsynaptic membrane. The signal is terminated by reuptake of glutamate
into nerve endings (via GLT) or transport into surrounding glial processes (via GLT or GLAST) (Furness et al., 2008) in which
glutamate is converted to glutamine. Finally, SN1 mediates release of glutamine from glial cells, whereas system A transporters
(SATx) mediate glutamine uptake into neurons to sustain generation of the fast neurotransmitters glutamate and GABA. Thus, the
integrity of such glutamate/GABA– glutamine cycles depends on SN1 activity at the glial membranes. PKC phosphorylates rat SN1
at S52, which induces its sequestration into an intracellular reservoir. During dephosphorylation by protein phosphatases, SN1 can
recycle back to the plasma membrane and regain activity. Prolonged phosphorylation of SN1 results in its degradation. Brown
arrow, Glutamine transport; purple arrow, H � transport; black arrow on the plasma membrane, Na � transport; blue arrow,
glutamate transport. PAG, Phosphate-activated glutaminase; PP, protein phosphatase.
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Several reports support functional coupling between glial glu-
tamate transporters and SN1 whereby activation of glutamate
transporters with subsequent increase in intracellular concentra-
tions of Na� and glutamate favors the release mode of SN1
(Bröer et al., 2004). Our data now reveal interesting similarities
between SN1 regulation and mechanisms involved in the regula-
tion of the glial glutamate transporter GLT and glutamate–aspar-
tate transporter GLAST: PMA-induced activation of PKC also
stimulates internalization of the glial glutamate transporters GLT
and GLAST (Kalandadze et al., 2002; Vanoni et al., 2004; Guillet
et al., 2005). Furthermore, coimmunoprecipitation of GLT and
PKC� has been demonstrated (Gonzalez et al., 2005). In addi-
tion, the glial GLT and GLAST are specifically targeted to small
glial processes in the vicinity of synapses, and in the same pro-
cesses, SN1 is also specifically enriched (Chaudhry et al., 1995;
Boulland et al., 2002). Our current data show that prolonged
PMA-induced stimulation results in degradation of SN1, and the
time course coincides with the demonstrated internalization and
subsequent degeneration of GLT (Susarla and Robinson, 2008).
Thus, the glial glutamate and glutamine transporters may be tar-
geted by similar regulatory mechanisms as a response to certain
synaptic activity synergistically inhibiting glutamate recycling.
Indeed, glial cells are enriched with G-protein-coupled receptors,
and their activation by glutamate, GABA, or other neurotrans-
mitters are important endogenous triggers of PKC activation
(Beckman et al., 1999). Complementary expression of both sys-
tem A and non-system A transporters has been demonstrated on
neurons, and it has been shown that the availability of glutamine
regulates generation of the fast neurotransmitters (Rae et al.,
2003; Jenstad et al., 2009; Solbu et al., 2010; Tani et al., 2010) and
shapes the quantal size (Armano et al., 2002; Liang et al., 2006;
Fricke et al., 2007). Thus, SN1 may represent a key target for
regulation of the glutamate/GABA– glutamine cycle (Fig. 8).
Such regulation may therefore have a profound impact on syn-
aptic plasticity.

Species-specific differences in the phosphorylation of SN1
We have demonstrated selective phosphorylation of S52 of rat
SN1 and shown that phosphorylation of this residue is sufficient
for PKC-induced internalization. However, S52 only occurs in
rat and sheep SN1 (Fig. 1B) (supplemental Fig. S1A, available at
www.jneurosci.org as supplemental material). All other species,
including human and mice, have a conserved proline at this po-
sition. Interestingly, similar species differences in phosphoryla-
tion sites exist for other proteins as well. The rat Na,K-ATPase
includes two putative phosphorylation sites: S11 and S18. The
human, mouse, and pig orthologs have S11 but not S18. Dopa-
mine induces internalization of rat Na,K-ATPase by PKC-
mediated phosphorylation at S18. In human, mouse, and pig,
dopamine achieves the same effect by stimulating phosphoryla-
tion of S11 (Efendiev and Pedemonte, 2006). S51 and S53 of SN1
are conserved in all species analyzed. In addition, some species,
but not rat and sheep, have additional serines and threonines
upstream and downstream of S52. Thus, SN1 in human, mouse,
and other species may be regulated by alternative phosphoryla-
tion of one of these sites. Our computer analyses point to S53 as a
potential PKC phosphorylation site in the absence of S52 (sup-
plemental Table S1, available at www.jneurosci.org as supple-
mental material). Indeed, in preliminary experiments, PKC also
phosphorylated the N-terminal mouse SN1–GST fusion protein
in vitro, and a phosphopeptide was revealed with similar charge
but a larger molecular weight (data not shown).

Conclusion
PKC has been implicated in the regulation of a variety of cellular
functions through phosphorylation of specific serine and threo-
nine residues of cellular proteins. The different PKC isoforms
yield specificity in time and space and convey divergence in sig-
naling cascades. SN1 is involved in transmitter generation and
nitrogen metabolism and shows a highly differential cellular and
subcellular localization (Chaudhry et al., 1999; Boulland et al.,
2002; Gammelsaeter et al., 2009). Together with the previously
demonstrated regulation of SN1 at protein and mRNA level
(Chaudhry et al., 2001; Solbu et al., 2005), the current demon-
stration of phosphorylation of rat SN1 by two PKC isoforms
targeting a single residue in the N terminal adds a new dimension
to the complex regulation of SN1. Dysregulation of membrane
trafficking of SN1 may result in altered synaptic transmission or
in pathology, and this novel mechanistic insight may represent a
potential target for novel therapeutic approaches in the future.
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