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The glycine transporter GLYT1 regulates both glycinergic and
glutamatergic neurotransmission by controlling the reuptake of
glycine at synapses. Trafficking ofGLYT1 to and from the cell sur-
face is critical for its function. Activation of PKC down-regulates
the activity of GLYT1 through a mechanism that has so far
remaineduncharacterized.Herewe show thatGLYT1bundergoes
fast constitutive endocytosis that is accelerated by phorbol esters.
Both constitutive and regulated endocytosis occur through a
dynamin 2- and clathrin-dependent pathway, accumulating in the
transporter in transferrin-containing endosomes. A chimera with
the extracellular and transmembranedomains of thenerve growth
factor receptor and the COOH-terminal tail of GLYT1 was effi-
ciently internalized through this clathrin pathway, suggesting the
presence ofmolecular determinants forGLYT1bendocytosis in its
COOH-terminal tail. Extensive site-directed mutagenesis in this
region of the chimera highlighted the involvement of lysine resi-
dues in its internalization. In the context of the full-length trans-
porter, lysine 619 played a prominent role in both the constitutive
and phorbol 12-myristate 13-acetate-induced endocytosis of
GLYT1b, suggesting the involvement of ubiquitin modification
of GLYT1b during the internalization process. Indeed, we show
that GLYT1b undergoes ubiquitination and that this process is
stimulated by phorbol 12-myristate 13-acetate. In addition, this
endocytosis is impaired inanubiquitination-deficient cell line, fur-
ther evidence that constitutive and regulated endocytosis of
GLYT1b is ubiquitin-dependent. It remains to be determined
whetherGLYT1brecyclingmightbeaffected inpathologies involv-
ing alterations to the ubiquitin system, thereby interfering with its
influence on inhibitory and excitatory neurotransmission.

Glycine fulfills a dual role in neurotransmission bymediating
inhibition through the strychnine-sensitive glycine receptor
and excitation as a co-agonist of the NMDA2 receptors (1, 2).
Although it was initially believed that the concentration of gly-

cine in the synaptic cleft would be sufficient to saturate the
glycine sites on NMDA receptors, recent pharmacological and
electrophysiological evidence indicates that due to the activity
of theGLYT1 (glycine transporter-1) glycine transporter, this is
probably not the case. Three isoforms of GLYT1 exist that dif-
fer in their NH2-terminal sequence (GLYT1a, GLYT1b, and
GLYT1c), and they are strongly expressed in glycinergic areas
of the nervous system, predominantly in glial cells (3). Indeed,
mice lacking GLYT1 have impaired glycinergic neurotransmis-
sion, which has been attributed to an increase in extracellular
glycine close to the strychnine-sensitive glycine receptor (4).
Moreover, GLYT1 has been identified in neuronal elements
closely associated with the glutamatergic pathways throughout
the brain (5, 6). GLYT1 is enriched in presynaptic buttons,
where it largely co-localizes with the vesicular glutamate trans-
porter vGLUT1. It is also present in the postsynaptic densities
of asymmetric synapses, and complexes containing both
NMDA receptor and GLYT1 have been shown to exist (5). In
these postsynaptic sites, the distribution of GLYT1 is partially
controlled through its interaction with the scaffolding protein
PSD-95 (7). Accordingly, GLYT1 is believed to play a role in
controlling the concentration of glycine in the microenvi-
ronment around the NMDA receptor. Indeed, functional
studies have shown that a specific GLYT1 inhibitor, N-[3-(4�-
fluorophenyl)-3-(4�-phenylphenoxy)propyl]sarcosine, potenti-
ates NMDA-mediated responses in vitro and in vivo (8–10).
The potential role of GLYT1 in glutamatergic neurotransmis-
sion has also been confirmed in heterozygousGlyt1�/� animals
that express only 50% of the normal levels of GLYT1 as well as
when GLYT1 expression is disturbed in forebrain neurons. In
these animals, hippocampal NMDA receptor function is
enhanced, and themice appear to display bettermemory reten-
tion than wild type mice (11–13).
Themechanisms responsible for the insertion ofGLYT1 into

glutamatergic synapses are unknown. However, recent studies
indicate that the movement of transporters within the cell is
highly organized and that a number of ancillary proteins con-
trol their intracellular trafficking by interacting with targeting
motifs in the transporter. Indeed, like other neurotransmitter
transporters, GLYT1 is asymmetrically distributed in polarized
cells (14, 15). The asymmetric distribution of sodium-depend-
ent neurotransmitter transporters (NSS) requires a number of
steps that commence with their efficient exit from the endo-
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plasmic reticulum. This is followed by sorting processes in the
Golgi complex, insertion into the plasma membrane, and the
retention of the transporter at functional synaptic sites. More-
over, the amount of transporter in the plasmamembrane is also
regulated by endocytosis and recycling mechanisms. Like sev-
eral other members of the NSS family, GLYT1 is subjected to
regulation by protein kinase C. Activation of PKC by phorbol
esters down-regulates GLYT1, which is endocytosed from the
plasmamembrane to intracellular compartments in several cell
lines (16–18). For years, the molecular mechanisms that medi-
ate phorbol 12-myristate 13-acetate (PMA)-stimulated endo-
cytosis of the NSS family members have remained elusive.
However, recent evidence obtained for the dopamine trans-
porter (DAT) has revealed the importance of ubiquitination of
DAT for its endocytosis (19). DAT is ubiquitinated by the
Nedd4-2 ligase at several intracellular lysines. Indeed,mutation
of these lysines abolished both ubiquitination and phorbol
ester-stimulated endocytosis, indicating that the associated
ubiquitin molecules serve as a platform to recruit endocytotic
adaptors (20–23). Ubiquitination has also been implicated in
the endocytosis of other membrane proteins, including the
main transporter for glutamate, GLT1, and the systemA trans-
porter SNAT2 (24–26).
Ubiquitin coupling can involve eithermono- or polyubiquiti-

nation. Monoubiquitination occurs when a single ubiquitin
molecule is coupled to one or more lysine residues on a target
protein, such that the final stoichiometry is one ubiquitin per
lysine. Polyubiquitination refers to the coupling of a chain of
ubiquitins to a lysine on the target protein, with a final stoichi-
ometry of four or more ubiquitins per lysine. Whereas monou-
biquitinated proteins are degraded in lysosomes, polyubiquiti-
nated proteins are recognized by and subsequently degraded by
the 26 S proteasome (27).
In this study, we show that GLYT1b is endocytosed through

a clathrin-dependent mechanism, a process that is accelerated
by phorbol esters. Through amutational analysis, we have iden-
tified a lysine residue in the COOH-terminal tail of the protein
as the major determinant for GLYT1b internalization through
both constitutive and PMA-stimulated pathways. Ubiquitina-
tion GLYT1b is stimulated by PMA, a finding compatible with
ubiquitin being the platform on which the clathrin network is
assembled.

EXPERIMENTAL PROCEDURES

Materials—The [3H]glycine, protein standards for SDS-
PAGE (Rainbow markers), and the ECL Western blotting
detection reagents were all obtained from Amersham Bio-
sciences. The Lipofectamine 2000 and pCDNA3 plasmid were
purchased from Invitrogen, whereas phenylmethanesulfonyl
fluoride, the Expand High Fidelity PCR system, and all restric-
tion enzymes were obtained from Roche Applied Science. The
QuikChange site-directedmutagenesis kit usedwas fromStrat-
agene (La Jolla, CA), the nitrocellulose membranes were
obtained fromBio-Rad, and the fetal calf serumwas supplied by
Invitrogen. The monoclonal mouse anti-HA (clone 12CA5)
was prepared at the microscopy service of the Centro de
Biología Molecular (Madrid, Spain), whereas the Alexa Fluor
488 or Alexa Fluor 594 coupled goat anti-rabbit and goat

anti-mouse were from Molecular Probes, Inc. (Eugene, OR),
and the mouse monoclonal anti-ubiquitin (P4D1) was from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The
Vectashield medium was obtained from Vector (Burlingame,
CA), and the EZ-linkTM sulfo-NHS-SS-biotin was from Pierce.
The pGEM-Teasy cloning vectorwas purchased fromPromega
(Madison,WI), and the oligonucleotides usedwere synthesized
by Isogen Life Science (Utrech, The Netherlands). All other
chemicals were obtained from Sigma.
Cell Growth andTransfection—MDCKcells (AmericanType

Culture Collection) were grown in high glucose Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum at 37 °C and in an atmosphere of 5% CO2. Transient
expression in MDCK cells was achieved using Lipofectamine
2000 according to the manufacturer’s instructions. The cells
were incubated for 48 h at 37 °C and then analyzed biochemi-
cally or by immunofluorescence and/or in transport assays.
Plasmid Constructs—The various GLYT1 mutants used in

this study were prepared using the rat GLYT1b cDNA (7) as a
template and theQuikChangeTM site-directedmutagenesis kit,
according to the manufacturer’s instructions. Previously, an
HA tag was included in the NH2 terminus of the transporter by
PCRor the YFP in theCOOH terminus, as described previously
(28). The inclusion of these tags had no effect either on the
activity or on the subcellular distribution of the transporter. All
of the mutations were confirmed by sequencing of the clones.
Transport Assays—[3H]Glycine transport in transfected cells

was measured as described previously (29).
Protein Determination—Protein concentrations were deter-

mined with the Bio-Rad protein determination kit and using
bovine serum albumin as the standard.
Cell Surface Biotinylation—Cells were plated at 50% conflu-

ence in 60-mm cell culture plates and transfected as indicated
above. After 2 days, the cell surface proteins were labeled with
the non-permeable sulfo-NHS-SS-biotin reagent as described
previously (28).
Isolation of GLYT1-His-Ubiquitin Conjugates—MDCK cells

were grown in p100 dishes, and they were then transfectedwith
expression vectors for GLYT1b-YFP and His-Ub. Two days
later, the cells were lysed in 2 ml of buffer (6 M guanidium HCl,
0.1 M Na2HPO4/NaH2PO4, pH 8.0, 5 mM imidazole), sonicated
for 2 min, and incubated with 70 �l of Ni2�-nitrilotriacetic
acid-agarose beads for 4 h at room temperature with rotatory
agitation. The beads were collected by mild centrifugation and
washed exhaustively with the sequential addition of 1) 340�l of
6M guanidiumHCl 0.1M sodiumphosphate, pH8.0; 2) 700�l of
6 M guanidium HCl, 0.1 M sodium phosphate, pH 5.8; 3) 340 �l
of 6 M guanidium-HCl, 0.1 M sodium phosphate, pH 8.0; 4) 700
�l of 1:1 6 M guanidium HCl, 0.1 M sodium phosphate, pH 8.0,
50 mM sodium phosphate, 100 mM KCl, 20% glycerol, 0.2%
Nonidet P-40; 5) 700�l of 1:3 6 M guanidiumHCl, 0.1 M sodium
phosphate, pH 8.0, 50mM sodiumphosphate, 100mMKCl, 20%
glycerol, 0.2% Nonidet P-40; 6) 700 �l of 50 mM sodium phos-
phate, 100mMKCl, 20% glycerol, 0.2%Nonidet P-40; and 7) the
last solution with 10 mM imidazole. Finally, the protein was
eluted with 30 �l of the final wash solution containing 500 mM

imidazole, and the proteins recovered were analyzed by SDS-
PAGE and immunoblotting.
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Electrophoresis and Immunoblotting—SDS-PAGE was car-
ried out on 7.5% polyacrylamide gels in the presence of 2-mer-
captoethanol. After electrophoresis, the protein samples were
transferred to a nitrocellulose membrane, as described previ-
ously (28). The blot was then probed overnight at 4 °C with the
primary antibody (anti-HA or anti-ubiquitin), which was then
detected after washing with an anti-mouse IgG peroxidase-
linked secondary antibody. The labeled bands were visualized
by ECL and quantified by densitometry (Molecular Dynamics
ImageQuant version 3.0).
Immunofluorescence in Cultured Cells—MDCK cells grown

on glass coverslips were transfected with the corresponding
expression vectors using Lipofectamine 2000, according to the
manufacturer’s instructions. Immunostaining was performed

as described previously (26). Antibody staining was visualized,
and the images were captured on confocal microradiance
equipment (Bio-Rad) coupled to an Axioscop2 microscope
(Carl Zeiss, Jena, Germany).

RESULTS

GLYT1b Is Endocytosed by aClathrin-dependentMechanism—
To study the endocytosis of GLYT1b, we mainly used the
MDCK cell line in which the transfected transporter is effi-
ciently exported to the cell surface, thereby avoiding any
interference of the intracellular biosynthetic intermediates
in the microscopy analysis (Fig. 1A). The presence of
GLYT1b in the cell surface was confirmed in preliminary
experiments by measuring [3H]glycine uptake in transfected
cells. This localization is also supported (with the limitations
imposed by the resolution limit of the confocal microscope)
by colocalization of this transporter with the �-subunit of
the Na�K�-ATPase, a marker of the plasma membrane. To
more rapidly detect the protein, a YFP-tagged construct was
used, although similar results were obtained with the HA-
tagged GLYT1b or the untagged transporter (compare Fig. 1
with Fig. 4D) (data not shown). A common technique to
investigate the constitutive endocytosis of membrane pro-
teins consists of blocking protein recycling to the plasma
membrane with the carboxylic ionophore monensin (20,
30–33). This treatment inhibits transport through acidic
endosomes and, consequently, the recycling of proteins to the
plasma membrane, promoting the accumulation of the endo-
cytosed protein in endosomes. Exposing MDCK cells tran-
siently transfected with GLYT1b-YFP to a non-toxic concen-
tration of monensin (10 �M) promoted the accumulation of the
transporter in intracellular vesicular structures in conjunction
with a decrease in the amount of the transporter at the cell
surface (Fig. 1B). Similarly, treatment of MDCK cells with the
protein kinase C activator PMA induced the accumulation of
GLYT1b-YFP in vesicles concomitant with a reduction in the

expression of this protein in the
plasma membrane region (Fig. 1C).
Indeed, simultaneous exposure of
the cells to both PMA and monen-
sin further increased the intracellu-
lar accumulation of GLYT1b-YFP
(Fig. 1D).
The loss of functional GLYT1b

from the surface of cells exposed to
monensin- andPMAwas confirmed
by assessing the [3H]glycine uptake
in MDCK cells transfected with
GLYT1b (Fig. 2A). When compared
with untreated controls, a 30-min
exposure to monensin produced a
49% reduction in glycine uptake,
measured over 10 min, whereas
PMA induced a 54% reduction.
Simultaneous exposure to both
reagents further reduced uptake up
to 79%. Nevertheless, it should be
noted that a fraction of the meas-

FIGURE 1. PMA and monensin promote the internalization of GLYT1b-YFP.
MDCK cells were transfected with GLYT1b-YFP, and 2 days later they were
exposed to the vehicle alone (A), monensin (10 �M, 30 min) (B), or PMA (1 �M, 30
min) (C), or both of these compounds together (D). The cells were then fixed with
4% paraformaldehyde and analyzed by confocal microscopy (scale bar, 15 �m).

FIGURE 2. Effect of PMA and monensin on glycine uptake and stability of GLYT1b. A, MDCK cells were
transfected with GLYT1b-YFP, and 2 days later, [3H]glycine uptake was measured for 10 min in cells pretreated
for 30 min before the uptake assay with the vehicle alone (Con), with monensin (10 �M) (Mon), with PMA (1 �M),
or with both of these compounds together (Mon � PMA). The results represent the means � S.E. of three
triplicate determinations, and they are presented as a percentage of the controls. Values were compared with
control values by using Student’s t test. *, p � 0.001. B, MDCK cells were transfected with GLYT1b-YFP, and 2
days later they were preincubated for 2 h in the presence of cycloheximide (50 �M). Incubation continued for
the indicated times in the presence of cycloheximide (CHX; 50 �M) or cycloheximide plus PMA (CHX � PMA; 50
�M and 1 �M, respectively). Cellular extracts were resolved by SDS-PAGE and analyzed by immunoblotting with
anti-GFP antibody. Bands corresponding to monomers (mGLYT1b) and oligomers (oGLYT1) are indicated by
arrows. As a loading control, blots were reprobed with anti-�-tubulin. Note that due to the abundance of
�-tubulin, exposure times were shorter for this protein than for GLYT1-YFP. C, bands corresponding to mono-
mers and to oligomers in B were quantified by densitometry. Densitometry values of both bands were added
and represented as a percentage of the densitometry values at time 0. Values are the means � S.E. of three
experiments. E, cycloheximide; F, cycloheximide plus PMA.
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ured effect of monensin on glycine uptake might be due to an
indirect disruption of the sodium gradients.
These experiments suggested that there was a constitutive

pathway to remove GLYT1b from the cell surface to the intra-
cellular compartment (visualized only in the presence of mon-
ensin), which was accelerated by exposure to PMA. Alterna-
tively, PMA might inhibit the insertion of the transporter into
themembrane. To investigate whether the internalized protein
was targeted for degradation or if it was recycled to the cell
surface, we analyzed the stability of the protein in these cells.
Accordingly, we quantified the amount GLYT1b in the cell
extracts when protein synthesis was blocked with cyclohexi-
mide, either in the presence or absence of PMA (Fig. 2B). These
results revealed that in the absence of PMA, the protein was
quite stable, and after 6 h, the amount of GLYT1b in the cells
decreased by only 5% (Fig. 2C). Exposure to PMA accelerated
the degradation of GLYT1b, and after 6 h, the amount of this
protein had fallen by 42% (Fig. 2C). In transfected cells treated
with monensin or with PMA, a significant pool of the intracel-
lular GLYT1b-YFP co-localized with a marker of the early/re-
cycling endosome, Texas Red-transferrin (not shown), as also
occurred when the cells were exposed to both compounds
together (Fig. S1). Accordingly, these treatments appeared to
promote the accumulation of GLYT1b-YFP in the early and/or
recycling endosome.
Because the aforementioned immunofluorescence and

transport assays reflect the steady state, the decrease in trans-
porter at the plasma membrane and the concomitant accumu-
lation in intracellular vesicles might be a consequence of
the slower insertion of the transporter into the plasmamembrane
rather than an acceleration of endocytosis. To directly measure
the internalization of GLYT1b from the plasma membrane, we
first introduced an extracellular epitope into GLYT1b as previ-
ously reported for similar proteins (21), but this transporter
proved to be inactive. As an alternative approach, we generated
a chimeric protein that consisted of the extracellular and trans-
membrane domains of the p75 NGFR fused to the NH2 termi-
nus of GLYT1b (named NG1wt; scheme in Fig. 3A). This pro-
tein was expressed at the cell surface, and it was fully functional
in glycine transport assays, indicating that the GLYT1b part of
the chimera was correctly folded (data not shown). Prior to
performing the endocytosis assays, the chimera could be
labeled at the cell surface of living cells (Fig. 3B). To that end,
intracellular trafficking was blocked by maintaining the cells at
4 °C, and the chimera at themembranewas then incubatedwith
an antibody against the extracellular domain of NFGR and a
fluorescent secondary antibody (Fig. 3,A andB).When traffick-
ing was restored at 37 °C, the labeled NG1wt chimera was seen
to internalize. Thus, after 15min at 37 °C, a number of intracel-
lular vesicles could already be detected (arrows in Fig. 3C), and
by 30min, most of the labeled protein was in these intracellular
vesicles (constitutive endocytosis) (Fig. 3D). To investigate
whether PMA accelerated the endocytosis of NG1wt, the cells
were exposed to this drug for 15 min, conditions in which the
chimera was completely internalized (constitutive plus regu-
lated endocytosis) (Fig. 3E). The vesicles with the chimera also
co-stained with transferrin in a double labeling endocytosis
assay either under constitutive endocytosis or after the PMA

treatment (Fig. S2), suggesting that NG1wt and GLYT1b-YFP
use the same endocytotic pathway for recycling through the
endosomes. To determine whether this internalization was
clathrin-dependent, endocytosis of the NG1wt was measured
in the presence of hypertonic sucrose. This treatment com-
pletely suppressed endocytosis of the chimera either in the
presence (Fig. 3F) or absence of PMA (Fig. 3G). Moreover, the
endocytosis of HA-tagged GLYT1b was also dependent on
dynamin 2, since the dominant negative mutant of this protein
(GFP-tagged mutant K44A) suppressed the endocytosis of
HA-GLYT1b in MDCK cells treated with monensin (not
shown), with PMA (not shown), or with PMA and monensin
simultaneously (Fig. 4, A–C). By contrast, wild-type dynamin 2
(GFP tagged) did not affect endocytosis (Fig. 4,D–F). PMA- and
monensin-promoted internalization of HA-GLYT1b was also
blocked in cells transfected with a dominant negative construct
of Eps15 (34), another component of clathrin-coated pits
(which was GFP-tagged and carried a deletion in residues
95–295) (G-EPS-� in Fig. 4,G–I). A quantitative estimate of the
effect of the dynamin 2 dominant negative construct on the
PMA-regulated endocytosis was obtained by biotinylation of
HA-GLYT1b remaining on the cell surface after the treatment
(Fig. 4, J andK). PMA reduced the amount of cell surface trans-
porter by 60–70% in controls, whereas the reduction was lower
than 10% in the presence of Dyn2 K44A (Fig. 4K). Further evi-
dence for the involvement of the clathrin-dependent endocyto-
sis was obtained by microscopy analysis of YFP-tagged
GLYT1b. Thus, hypertonic sucrose treatment largely abolished
the internalization of GLYT1b-YFP in transfected MDCK cells
in response to either monensin (Fig. 5,A and B) or PMA (Fig. 5,
C and D), and few intracellular vesicles were observed after
these treatments. Together, these results indicate that GLYT1b
underwent active turnover from the plasma membrane to the
recycling endosome, a process that was accelerated by activa-
tion of the protein kinaseC.Moreover, the data support amajor
contribution of the clathrin-dependent pathway to both the
constitutive and the regulated endocytosis of GLYT1b.
Lysine 619, in the Carboxyl-terminal Tail of GLYT1b, Is

Required for Constitutive and Regulated Endocytosis—In order
to define the GLYT1b residues involved in its clathrin-depend-
ent endocytosis, we searched the transporter sequence for con-
sensus endocytosis motifs. The carboxyl-terminal tail of the
transporter was a good candidate to contain such motifs, since
it has two dileucine motifs that were previously shown to par-
ticipate in the basolateral sorting of GLYT1b in MDCK cells
and which are also known to be a clathrin recruitment signal in
manymembrane proteins (35).Moreover, a chimeric construct
that contained the extracellular and transmembrane domains
of NGFR and with the COOH-terminal tail of GLYT1b substi-
tuting for the native COOH-terminal tail of p75 NGFR (named
NG1ct-wt; scheme in Fig. S3A) was efficiently internalized to
the early/recycling endosomes through a clathrin-dependent
pathway (see Fig. S3, B–M). Consequently, this short chimera
was used in initial site-directed mutagenesis studies to define
those determinants involved inGLYT1b endocytosis.However,
although mutations in the dileucine motifs impaired the inter-
nalization of the short chimera, this was not observed later in
the full-length protein.
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Since ubiquitin has recently been reported to be involved in
the endocytosis of dopamine or glutamate transporters, we also
mutated the three lysines present in this domain of GLYT1b

(Lys577, Lys581, and Lys619). Inter-
nalization of the short chimera was
impaired by the simultaneous mu-
tation to arginine of these three
lysines (results not shown). To
evaluate the contribution of these
lysine residues to endocytosis of
GLYT1b in the context of the full-
length protein, various constructs
of GLYT1b-YFP in which these
COOH-terminal lysines had been
mutated were assayed in MDCK
cells. Regarding constitutive endo-
cytosis, after mutation to arginine
of the three COOH-terminal
lysines,internalizationofGLYT1b-
YFP to intracellular vesicles was
largely blocked in the presence of
monensin (Fig. 6C; compare with
controls in Fig. 6,A andB), although
some vesicles were evident close to
the apical surface of MDCK cells
(not shown). To investigatewhether
any one of these lysines might more
strongly affect constitutive endocy-
tosis, they were mutated indi-
vidually or in combination. Fur-
thermore, because GLYT1b also
contains two additional lysines in
the NH2 terminus (Lys25 and Lys26),
we produced constructs in which
these residues were also mutated to
arginine (mutant K25R/K26R).
Mutant 5KR, which lacked NH2-
and COOH-terminal lysines, was
endocytosed less than the 3KR
mutant in response to monensin,
although it was difficult to obtain a
quantitative estimate on the basis of
fluorescence images (not shown; see
below for a quantitative determina-
tion). However, elimination of only
these two NH2-terminal lysines did
not impair endocytosis in response
to monensin (Fig. 6D). With regard
to the individual contribution of
the COOH-terminal lysines to the
monensin effect, endocytosis of the
lysine 577 (Fig. 6E, K577R) and 581
(Fig. 6F, K581R) mutants could not
be distinguished clearly from that of
the wild type construct in immuno-
fluorescence assays. However, the
lysine 619 mutant behaved like the
3KR mutant (Fig. 6G), indicating

that this was the most important lysine involved in the consti-
tutive endocytosis of the transporter. Indeed, reintroducing
this lysine in the 3KR mutant restored transporter internaliza-

FIGURE 3. Endocytosis of the NGFR-GLYT1 chimera. A, scheme of the chimeric NG1wt protein constructed with
the extracellular and transmembrane domains of the p75 NGFR (NGFR-ED and NGFR-TM) plus the full-length GLYT1b
(GLYT1b). The positions of the COOH-terminal lysines mutated in this study are indicated and numbered according to
GLYT1b. The binding of anti-NGFR (ab) to NGFR-ED and that of an Alexa-488-labeled secondary antibody is repre-
sented by Y and an asterisk. B–G, MDCK cells were transfected with the full-length chimera NG1wt and labeled at 4 °C
with anti-NGFR and the fluorescent secondary antibody. They were then either fixed (Control-T0 in B) or incubated at
37 °C for 15 or 30 min in the presence of the vehicle alone (NonT-T15 in C or NonT-T30 in D and G) or 1 �M PMA for 15
min (PMA-T15 in E). In F and G, the labeled cells were incubated with 0.4 M sucrose for 10 min prior to exposure to PMA
for 15 min (PMA � Suc-T15 in F) or the vehicle alone for 30 min (NonT � Suc-T30 in G) in the presence of the sucrose.
The cells were then fixed and analyzed by confocal microscopy (scale bar, 15 �m).
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tion to levels comparable with that of the wild type (Fig. 6H). A
quantitative estimate of the effect of these mutations on the
constitutive endocytosis of GLYT1b was obtained by meas-
uring [3H]glycine uptake after the addition of monensin (Fig.
6I). In comparison with the respective untreated controls, only
mutation of Lys619 significantly reduced the effect ofmonensin,
and in accordance with the fluorescence assays, reintroduction
of this lysine into a 3KRmutant background restored the effect
of monensin on glycine uptake. Similar quantitative results
were obtained by measuring the amount of GLYT1b at the cell

surface, as evaluated in a biotinylation assay quantified by den-
sitometry (Fig. 6J).
The 3KRmutant of GLYT1b-YFP was also resistant to endo-

cytosis in response to PMA (Fig. 7C; compare with controls
in Fig. 8, A and B), although some vesicles were again evident in
confocal planes close to the apical surface of MDCK cells, as in
constitutive internalization (data not shown). Indeed, endocy-
tosis of the 5KR mutant in response to PMA was weaker than
that of the 3KR mutant (Fig. 7D; see Fig. 8 for a quantitative
estimate). Similarly, elimination of the two NH2-terminal
lysines alone was insufficient to impair the endocytosis in
response to PMA (Fig. 7E).With regard to the individual muta-
tions in the COOH terminus, although the Lys577 and Lys581
mutations had an undetectable effect in immunofluorescence
assays (Fig. 7, F and G, respectively), elimination of lysine 619
reduced endocytosis to a level similar to that of the 3KRmutant
(Fig. 7H). Hence, this lysine appears to be themost important of
the three for PMA-regulated internalization, as for constitutive
endocytosis. Indeed, reintroduction of this lysine in the context
of the 3KR construct again restored the PMA-dependent endo-
cytosis (Fig. 7I).
A quantification of the contribution of these lysines to trans-

porter endocytosis was obtained by measuring [3H]glycine
uptake after transfection of the diverse mutants and treatment
with PMA. Although this treatment reduced the activity ofWT
GLYT1b by 55� 4%, it only reduced the activity of the 5KR and
3KR mutant by 16 � 2 and 30 � 5%, respectively (Fig. 8A). In
accordance with the immunofluorescence assays, mutation of
lysine 619was as effective as the elimination of all threeCOOH-
terminal lysines in abrogating the effects of PMA, whereas the
effect of eliminating lysines 577, 581, and 25/26 was smaller,
although not negligible (Fig. 8A). The decrease in transporter
activity produced by PMA was mirrored by a decrease in the

FIGURE 4. PMA and monensin promote the internalization of GLYT1
through the dynamin 2-clathrin pathway. MDCK cells were transfected
with HA-GLYT1b (HA-G1 wt) plus GFP-dynamin 2 mutant K44A (G-K44A) (A–C),
HA-GLYT1b plus GFP-dynamin 2 (G-Dyn) (D–F), or HA-GLYT1b plus GFP-
EPS15� (G-EPS-�) (G–I). Two days after transfection, they were exposed to
PMA and monensin, as indicated in the legend to Fig. 1. After treatment, the
cells were fixed with 4% paraformaldehyde, immunostained, and analyzed by
confocal microscopy. Note the blockade of endocytosis of the transporter in A
and G but not in D. Scale bar, 15 �m. J, MDCK cells were transfected with the
wild type GLYT1b-YFP (G1-Y wt), pCDNA3, GFP-Dyn2, and GFP-Dyn2 K44A in
the combinations indicated in the figure. After 2 days, the cells were treated
with vehicle alone (C) or with 1 �M PMA. The cell surface proteins were labeled
with sulfo-NHS-biotin, and the biotinylated proteins were isolated with
streptavidin-agarose beads and analyzed by immunoblotting with anti-
GLYT1 antibodies. K, densitometry of immunoreactive bands, performed as in
Fig. 2C. The results represent the means � S.E. of three experiments, and they
are presented as the percentage of the controls. Values were compared with
controls by using Student’s t test. *, p � 0.001.

FIGURE 5. Endocytosis of GLYT1b-YFP is impaired by hypertonic sucrose.
MDCK cells transfected with GLYT1b-YFP were incubated with monensin 10
�M (A and B) or with PMA 1 �M (C and D) to promote its internalization (com-
pare with untreated control in Fig. 1). Where indicated, the cells were prein-
cubated with sucrose (0.4 M, 30 min) (Suc in B and D) prior to the addition of
monensin or PMA. The cells were then fixed and analyzed by confocal micros-
copy (scale bar, 15 �m).
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amount of protein at the cell surface, as evaluated in biotinyla-
tion assays quantified by densitometry (Fig. 8B). Thus, although
PMA treatment diminished the wild type biotinylated trans-
porter by about 60%, the reduction was less than 12% for the
3KR, 5KR, and K619R constructs. Smaller contribution of
Lys577 and Lys581 was also detected. Consistently with uptake
and immunofluorescence experiments, reintroduction of
Lys619 restored completely the endocytosis of the biotinylated
transporter (Fig. 8B). In view of the central role played by lysine
619 in mediating both monensin and PMA effects, we per-
formed a deeper study of the kinetic parameters of glycine
uptake of mutants in this residue. Results presented in Table 1
reveal that its mutation to arginine reduced the Vmax in

response to either monensin or
PMA, whereas its reintroduction in
the context of the 3KR mutant
largely restored that parameter.
However, Km was not significantly
affected by these manipulations.
Ubiquitination Is Required for

PMA-dependent Endocytosis of
GLYTb—Since lysines are known to
be the target of ubiquitin ligases, we
studied the possible involvement of
ubiquitination in the endocytosis of
GLYT1b in response to both mon-
ensin and PMA. Accordingly, we
took advantage of a ubiquitin-defec-
tive cell line, ts20, which carries
a temperature-sensitive mutation in
the E1 ubiquitin-activating enzyme.
Monensin decreased the activity of
the transfected GLYT1b by 53% in
uptake assays performed over 10
min at 37 °C in cells that had grown
at the permissive temperature
(30 °C), whereas PMA decreased
GLYT1b activity by 47% (Fig. 8C).
These effects were diminished to 22
and 18%, respectively, in cells that
had been preincubated at the
restrictive temperature (40 °C, 6 h)
prior to carrying out the transport
assay, suggesting that the effects of
both monensin and PMA were
dependent on ubiquitination (Fig.
8C). Moreover, we found evidence
of GLYT1b ubiquitination in West-
ern blots of GLYT1b-YFP immuno-
precipitated from transfected cells
and probed with anti-ubiquitin
antibodies (Fig. 9A). When com-
pared with mock-transfected cells,
proteins immunoprecipitated by
the anti-GFP antibody displayed a
smeared pattern of ubiquitinated
protein. Notably, the amount of
ubiquitin increased following pre-

treatment of the transfected cells with PMA, and the ubiquiti-
nated protein was more prominent in the part of the blots
that might correspond to GLYT1b oligomers (region around
200 kDa in Fig. 9A, lane 6). Treatment with PMA also
decreased [3H]glycine transport by endogenous GLYT1b by
45 � 3% in the glioblastoma cell line C6. A correlation
between the decrease in transport promoted for by PMA and
an increase in ubiquitination was also observed in this cell
line (Fig. 9B, lane 4).
We could not rule out the possibility that the ubiquitin

detected in these experiments was incorporated into a protein
that was associated withGLYT1b and that co-precipitated with
the transporter. To address this issue, cells were co-transfected

FIGURE 6. The role of lysines in constitutive endocytosis of GLYT1b-YFP. MDCK cells were transfected with
the wild-type GLYT1b-YFP (G1-Y wt in A and B), with GLYT1b-YFP in which the three COOH-terminal lysines
were mutated to arginine (3KR in C), with GLYT1b-YFP mutated at the two NH2-terminal lysines (K25/26R in D),
with the construct in which lysine 577 (K577R in E), lysine 581 (K581R in F), or lysine 619 (K619R in G) had been
mutated, or with a construct where lysine 619 had been reintroduced into the 3KR mutant (R619K in H). Two
days later, the cells were treated with vehicle alone (Control in A) or with 10 �M monensin (Mon in B–H), and they
were then fixed and visualized by confocal microscopy. To simplify the figure, only the wild-type control is
displayed. The rest of controls were similar to that one. Scale bar, 15 �m. I, [3H]glycine uptake was measured for
10 min in MDCK cells that had been transfected with GLYT1-YFP or with the mutants indicated. The cells were
pretreated with the vehicle alone (Controls, open bar) or with monensin (10 �M) for 30 min before performing
the uptake assay (closed bars). The results represent the means � S.E. of three triplicate experiments, and they
are presented as the percentage of the untreated controls. J, MDCK cells were transfected with the constructs
indicated, and after 2 days, the cells were treated with the vehicle alone (�) or monensin 10 �M (�) before the
cell surface proteins were labeled with sulfo-NHS-biotin. The biotinylated proteins were isolated with strepta-
vidin-agarose beads, and they were analyzed by immunoblotting with anti-YFP antibodies. For simplicity, only
the monomer bands are presented. Immunoreactivity was quantified by densitometry, and the values are
represented as the percentage of the respective control. Values are means � S.E. of three experiments and
were compared with control values by using Student’s t test. *, p � 0.001.
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with His6-tagged ubiquitin and GLYT1b-YFP, and the trans-
fected cells were solubilized under strong denaturing condi-
tions (6 M guanidiniumHCl) to ensure that associated proteins
were removed. The putative GLYT1b-YFP-His-Ub conjugates
were isolated by nickel chromatography (Ni2�-nitrilotriacetic
acid-agarose columns) and analyzed by immunoblotting after
elution with imidazole (Fig. 9C). Although the signals in the
immunoblots were quite faint, a GLYT1b-YFP-immunoreac-
tive band of the expected size for the GLYT1b-YFP monomer
was consistently detected (any oligomers pulled down would
have been dissociated by guanidinium HCl). In addition, the
amount of ubiquitinated transporter isolated increased after
PMA treatment, producing a smeared band indicative of a het-
erogeneous mixture of ubiquitinated forms of GLYT1b (Fig.
9C, lanes 5 and 6). However, this was not the case for the 5KR
mutant (Fig. 9C, lanes 7 and 8). Together, these data suggest a
relationship between ubiquitination of GLYT1b and its endo-
cytosis, either by the constitutive or regulated clathrin-depend-
ent pathways, revealing the importance of lysine 619 in this
process.

DISCUSSION

Several studies have shown that the glycine transporter
GLYT1b is down-regulated by activation of protein kinase C
in different cell systems (16–18). These experiments sug-

gested that this down-regula-
tion might be associated with
the trafficking of the transpor-
ter, although the molecular mech-
anisms behind this process
remained unexplored. Because
GLYT1 is a major regulator of the
concentration of glycine both at
inhibitory and excitatory synapses,
it represents a target for potentially
important drugs with antipsychotic
and analgesic properties (6). Thus,
we have further investigated the
mechanisms involved in the endo-
cytic trafficking of this transporter.
First, we have shown that the pro-
tein is subjected to both constitutive
and PMA-regulated trafficking
from the plasma membrane to the
early/recycling endosomes. Consti-
tutive endocytosis was revealed in
the presence ofmonensin, a carbox-
ylic ionophore previously used by
other authors to that end (20,
30–33). Because this ionophore
might have additional effects on
other aspects of the intracellular
traffic, we confirmed the existence
of a constitutive endocytosis path-
way by using a chimeric protein
formed by the extracellular and
transmembrane domains of the p75
NGFR fused to the full-length

GLYT1b. Both constitutive and regulated endocytosis depend
on the dynamin 2-clathrin pathway and could be blocked by a
dominant negative mutant of dynamin 2 (K44A), by treatment
with hypertonic sucrose or by co-transfection with Eps15�
(that produces a dominant negative effect on the clathrin path-
way) (34). This transporter contains two dileucinemotifs in the
COOH terminus of the protein that were previously implicated
in basolateral sorting of the protein in polarized cells (14). Since
this structural motif is thought to be a platform for the recruit-
ment of clathrin during the endocytosis of several proteins (35),
we first investigated the capacity of the dileucine motifs of
GLYT1b to mediate the endocytosis. However, we did not find
a major effect of these motifs in the endocytosis of the full-
length protein. Thus, since ubiquitination has been implicated
in the regulated endocytosis of various membrane proteins,
including the neurotransmitter transporters for dopamine and
glutamate (20–24, 26), we studiedwhether the constitutive and
the regulated internalization of GLYT1b might depend on its
ubiquitination. Site-directed mutagenesis revealed that both
endocytic pathways rely on intracellular lysines, lysine 619
being the most relevant residue in this process, althoughmuta-
tion of the other COOH- and NH2-terminal lysines also exerts
a smaller effect on the endocytosis of GLYT1b. Indeed, lysine
residues located in the intracellular tail of membrane proteins
are common targets for ubiquitin recruitment, and these sites

FIGURE 7. The role of lysines on the intracellular distribution of GLYT1-YFP in response to PMA. MDCK
cells were transfected with the constructs indicated (see Fig. 7), and 2 days later, the cells were exposed to the
vehicle alone (Control in A) or PMA (1 �M) for 30 min (B–I). The cells were then fixed and analyzed by confocal
microscopy. To simplify the figure, only the wild-type control is displayed. The rest of controls were similar to
that one. Scale bar, 15 �m.
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are normally redundant (19). However, because the 5KR
mutant still undergoes residual endocytosis in response to
PMA and to monensin, it is possible that additional lysines in
the intracellular loops might also participate in these events,
although alternative endocytosis pathways (e.g. raft-dependent)
might account for this phenomenon.
GLYT1b immunoprecipitated from both transfectedMDCK

cells and the C6 glial cell line that expresses native GLYT1bFIGURE 8. Quantitative analysis of the effect of PMA and the influence of
ubiquitination on GLYT1b endocytosis. A, [3H]glycine uptake was meas-
ured for 10 min in MDCK cells that had been transfected with GLYT1b-YFP
(G1-Y wt) or with the mutants indicated. The cells were pretreated with the
vehicle alone (Controls, open bar) or PMA (1 �M) for 30 min (closed bars) before
the uptake assay was carried out. The results represent the means � S.E. of
three triplicate experiments, and they are presented as the percentage of the
controls. B, MDCK cells were transfected with the constructs indicated, and
after 2 days, the cells were treated with the vehicle alone (�) or PMA 1 �M (�)
before the cell surface proteins were labeled with sulfo-NHS-biotin. The bio-
tinylated proteins were isolated with streptavidin-agarose beads, and they
were analyzed by immunoblotting with anti-YFP antibodies. For simplicity,
only the monomer band is presented. Immunoreactivity was quantified by

densitometry, and the values are represented as a percentage of the respec-
tive control. Values are means � S.E. of three experiments. C, Ts20 cells were
transfected with GLYT1b-YFP and maintained for 2 days at 30 °C. Half of the
cells were maintained at 30 °C for 6 h before the uptake assay was performed,
whereas the other half were kept at 40 °C. Cells were transferred to 37 °C and
treated with monensin or PMA for 30 min. [3H]glycine uptake was measured
in controls and in heat-shocked cells for 10 min as indicated in A. The results
represent the means � S.E. of three triplicate experiments (*, p � 0.001; **,
p � 0.005).

FIGURE 9. Ubiquitination of GLYT1b. A, MDCK cells were transfected with
GLYT1b-YFP, or they were mock-transfected, and then the cells were treated
with the vehicle alone (C) or with PMA (1 �M; PMA) for 30 min. The cell extracts
were immunoprecipitated with anti-YFP antibodies, and the material recov-
ered was resolved by SDS-PAGE and immunoblotted. The immunoblots were
probed with anti-ubiquitin antibodies (WB: �UB; lanes 4 – 6) that were visual-
ized by the ECL method before the blots were reprobed with anti-GFP (WB:
�GFP; lanes 1–3). B, C6 cells were treated with the vehicle alone (C) or with
PMA (1 �M) for 30 min, and the cell extracts were then immunoprecipitated
with anti-GLYT1 antibodies, resolved by SDS-PAGE, and immunoblotted. The
immunoblots were probed with anti-ubiquitin antibodies (WB: �UB; lanes 3
and 4) and visualized by the ECL method. The blots were reprobed with anti-
GLYT1 (WB: �GLYT1, lanes 1 and 2). C, cells were transfected with His-ubiquitin
plus GLYT1b-YFP (WT) or plus the 5KR mutant and treated with vehicle alone
(C) or with PMA. After solubilization, His-Ub conjugates were isolated with
nickel-agarose beads, eluted from the beads, resolved by SDS-PAGE, and
immunoblotted with anti-GFP antibodies (lanes 5– 8). To control the effi-
ciency of transfection, a sample of the lysates (lanes 1– 4) was also analyzed
with anti-GFP antibodies.

TABLE 1
Km and Vmax values for �3H�glycine uptake in various GLYT1b
constructs in response to monensin and PMA
�3H�Glycine uptake was measured for 6 min in MDCK cells that had been trans-
fected with the indicated GLYT1b constructs. The cells were pretreated with the
vehicle alone (controls), with monensin (10 �M), or with PMA (1 �M) for 30 min
before performing the uptake assay. The results represent themeans� S.E. of three
triplicate experiments and represent themeans� S.E. of two triplicate experiments.
Values were compared with control values by using Student’s t test.

Construct/Treatment Km Vmax (percentage of control values)

�M nmol/6 min/mg protein
GLYT1b wild type
Control 278 � 20 5.53 � 0.24 (100%)
Monensin 285 � 48 3.15 � 0.40 (57%)a
PMA 249 � 41 3.03 � 0.28 (54%)a

K619R
Control 229 � 25 4.64 � 0.17 (100%)
Monensin 293 � 69 3.89 � 0.24 (85%)
PMA 197 � 44 4.13 � 0.26 (89%)

R619K
Control 238 � 47 4.87 � 0.19 (100%)
Monensin 244 � 38 2.53 � 0.26 (52%)a
PMA 185 � 35 2.39 � 0.22 (49%)a

a p � 0.001.

Ubiquitination of a Glycine Transporter

19490 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 29 • JULY 17, 2009



incorporated ubiquitin, and the amount of ubiquitin incorpo-
rated increased in response to PMA. Although this ubiquitin
might be incorporated to an associated protein that co-immu-
noprecipitates with GLYT1b, this seems unlikely due to the
strongly denaturating protocol used to recover the GLYT1b-
YFP-His-Ub, which should dissociate GLYT1b from any inter-
acting protein. Moreover, the site-directed mutagenesis data
represent further evidence of the direct ubiquitination of intra-
cellular lysines.
Although various studies have addressed the role of ubiquiti-

nation in PMA-regulated endocytosis of membrane transport-
ers, less is known about the importance of ubiquitination for
their constitutive endocytosis. Because under basal conditions
or in the presence of monensin there is only a faint ubiquitina-
tion signal in Western blots, we could not measure the differ-
ences in ubiquitination of the various GLYT1b mutants. How-
ever, the common dependence on Lys619 of both regulated and
constitutive internalization is consistent with constitutive
endocytosis, being also dependent on ubiquitination. More-
over, the endocytic process was largely inactivated in the ts20
cell line at restrictive temperatures. Analysis of the stability of
the protein in the presence of cycloheximide indicates that
GLYT1b is stable for several h, whereas in the presence ofmon-
ensin, the transporter appears to be removed from the cell sur-
face. Hence, it would appear that the constitutively endocy-
tosed transporter must be recycled back to the cell surface, a
possibility that is reinforced by the co-localization of the inter-
nalized proteinwith transferrin, amarker of the recycling endo-
somes. This situation is reminiscent of the behavior of the epi-
dermal growth factor receptor, a fraction of which was recently
shown to be endocytosed through the clathrin pathway and
then recycled to the cell surface, whereas another fraction was
endocytosed through a clathrin-independent pathway and
degraded in lysosomes (36). Since the steady state amount of
ubiquitinated protein seems to be rather small, there must be
also an efficient system to remove ubiquitin, permitting the
return of the protein to the plasma membrane rather than its
targeting to lysosomes. A similar turnovermechanism is known
to occur for the epithelial sodium channel, which is recycled
after ubiquitin removal by UCH-L3 (37).
Our data suggest that activation of the PKC pathway

increases the rate of ubiquitin incorporation to the target
lysine(s), although differences must exist with the constitutive
endocytosis mechanism, since a fraction of the protein is des-
tined for degradation after the PMA treatment rather than
being recycled. It is possible that under basal conditions, these
lysines are partially occluded and that they only become fully
exposed after activation of PKC, which might induce a confor-
mational change in the transporter. The very fast constitutive
endocytosis of the short NG1ct-wt chimera is consistent with
this interpretation. Indeed, since endocytosis of this chimera
was not accelerated by PMA (data not shown), the lysines in
NG1ct-wt might already be fully exposed to the ubiquitination
machinery. The ubiquitin ligases that modify GLYT1b remain
to be identified, and although a single ligase might be responsi-
ble for both constitutive and regulated ubiquitination, each
process might alternatively be driven by a specific ubiquitin
ligase. It is also unclear if direct phosphorylation of the trans-

porter is required for PMA-mediated endocytosis, since muta-
tion of all of the consensus PKC phosphorylation sites does not
impair the down-regulation of transporter activity (18). Thus,
phosphorylation might occur at a non-consensus site, or phos-
phorylation of either the ubiquitin ligase or other associated
proteins may be required rather than that of the transporter
itself. The relationship between ubiquitination and PKC-de-
pendent phosphorylation also remains unclear for DAT, since
elimination of the potential PKC targets in this transporter does
not prevent its internalization (38). Hence, again there does not
appear to be a cause-effect relationship between phosphoryla-
tion and ubiquitination for this transporter. Likewise, the role
of phosphorylation in ubiquitin-dependent endocytosis of the
glutamate transporter GLT1 remains unclear (24, 26).
In summary, these results indicate that GLYT1b undergoes

active turnover from the plasma membrane to the recycling
endosome, a process that is accelerated by activation of the
protein kinase C. The data support a major contribution of the
clathrin-dependent pathway to both the constitutive and
the regulated endocytosis of this transporter. In addition, we
present evidence that ubiquitin is incorporated into GLYT1b
both under basal conditions and after PKC activation. We also
show that the lysine 619 in the carboxyl terminus of GLYT1b is
essential for constitutive and regulated endocytosis of the pro-
tein. It remains to be determined whether the normal recycling
of GLYT1bmay be altered in pathologies in which the ubiquiti-
nation system is affected, thereby interfering with its function
in inhibitory and excitatory neurotransmission.
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