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The new member of the mammalian amino acid/auxin
permease family, PAT2, has been cloned recently and rep-
resents an electrogenic proton/amino acid symporter.
PAT2 and its paralog, PAT1/LYAAT-1, are transporters for
small amino acids such as glycine, alanine, and proline.
Our immunodetection studies revealed that the PAT2
protein is expressed in spinal cord and brain. It is found
in neuronal cell bodies in the anterior horn in spinal cord
and in brain stem, cerebellum, hippocampus, hypothala-
mus, rhinencephalon, cerebral cortex, and olfactory bulb
in the brain. PAT2 is expressed in neurons positive for the
N-methyl-D-aspartate subtype glutamate receptor subunit
NR1. PAT2 is not found in lysosomes, unlike its paralog
PAT1, but is present in the endoplasmic reticulum and
recycling endosomes in neurons. PAT2 has a high exter-
nal proton affinity causing half-maximal transport activa-
tion already at a pH of 8.3, suggesting that its activity is
most likely not altered by physiological pH changes.
Transport of amino acids by PAT2 activity is dependent
on membrane potential and can occur bidirectionally;
membrane depolarization causes net glycine outward
currents. Our data suggest that PAT2 contributes to neu-
ronal transport and sequestration of amino acids such as
glycine, alanine, and/or proline, whereby the transport
direction is dependent on the sum of the driving forces
such as substrate concentration, pH gradient, and mem-
brane potential.

The amino acid/auxin permease (AAAP)1 family is one of the
largest families of amino acid transporters identified so far,
with members found in virtually all eukaryotic organisms (1–
3). Hitherto, three different subfamilies of the AAAP transport-
ers have been identified in mammals as represented by the

following: (a) the vesicular GABA transporter (VGAT) (4, 5); (b)
the system A/N subfamily (6–10); and (c) the recently described
proton/amino acid transporter (PAT) subfamily (11, 12). Al-
though there is no pronounced sequence similarity among the
AAAP transporters, they all recognize certain amino acids or
closely related compounds and are highly sensitive to alter-
ations in intracellular or extracellular proton concentrations.

The first mammalian AAAP transporter identified was the
vesicular GABA transporter VGAT, also designated the vesic-
ular inhibitory amino acid transporter (VIAAT). VGAT medi-
ates the transport of the two inhibitory neurotransmitters,
GABA and glycine, and appears to be expressed solely in the
brain. As a neurotransmitter/proton antiporter (4, 5), it plays a
crucial role in glycinergic and GABAergic transmission by ac-
cumulation of glycine and GABA in secretory vesicles in pre-
synaptic nerve terminals.

The second subfamily comprises three different types of sys-
tem A transporters (SAT1–3/ATA1–3) and two types of system
N transporters (SN1 and SN2) (6–10, 13). Both classes play
important roles in the homeostasis of various neutral amino
acids in different tissues. Particularly in the brain system, A
and N transporters possess a central role in the glutamate-
glutamine cycle between astrocytes and neurons involved in
recycling glutamate for its role in neurotransmission (14). Both
systems are Na�-dependent co-transporters but differ with
respect to the role of protons in the transport process. System
N mediates H� efflux during Na�-dependent amino acid influx
(9), whereas system A members do not translocate protons,
although their activity is markedly affected by the extracellu-
lar proton concentration (15).

The third mammalian AAAP subfamily is represented by the
PAT1 to PAT4 proteins that were cloned recently (3, 11, 12).
PAT3 and PAT4 are orphan transporters, whereas PAT1 (also
designated as LYAAT1) and PAT2 are characterized as elec-
trogenic amino acid/proton co-transporters with a high selec-
tivity for amino acids with apolar and small side chains (3, 16).
PAT1 was shown to transport glycine, L-alanine, and L-proline
as well as GABA and D-serine (11, 12, 17–19). It is present in
almost all tissues analyzed and shows high expression levels in
brain, small intestine, kidney, and colon. In brain, PAT1 is
mainly found in lysosomes in neurons, where it is involved in
proton-driven export of amino acids from lysosomal protein
breakdown (11). To some extent, PAT1 is also found in the
plasma membrane (19).

Here we report that, like the other mammalian members of
the AAAP family, PAT2 is well expressed in the central nerv-
ous system and is found predominantly in recycling endosomes
and in the endoplasmic reticulum in neurons. Furthermore, we
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demonstrate that transport activity of PAT2 is dependent on
external pH and membrane potential and that the protein has
the ability to transport in the reverse mode.

EXPERIMENTAL PROCEDURES

RNA Isolation and RT-PCR—Total RNA from different mouse brain
regions (olfactory bulb, cortex, thalamus, cerebellum, and brain stem)
and spinal cord was isolated with RNAwiz (Ambion), following the
supplier’s protocol. 5 �g of total RNA were reverse transcribed by using
oligo(dT) as primer and the Retroscript kit (Ambion). 2 �l of each RT
reaction were subjected to PCR reactions with the following primer
pairs: 1) PAT2-F1 (5�-ATG TCT GTG ACC AAG AGT GCC-3�) and
PAT2-B546 (5�-GCA GCT GAT GGT TGT GCT GTT-3�); and 2)
GAPDH-F (5�-GAC CAC AGT CCA TGA CAT CAC T-3�) and GAPDH-B
(5�-TCC ACC ACC CTG TTG CTG TAG-3�). PCR conditions were 94 °C
for 1 min and 30 � (94 °C for 30 s, 58 °C for 30 s, and 72 °C for 45 s).

Anti-PAT2 Antibody Production and Western Blot—A polyclonal an-
tibody raised against the peptide CLDLIKSGNSPAL (amino acid resi-
dues 457–469 of the mouse PAT2 protein, GenBank™ accession num-
ber AAM80481) with the N-terminal cysteine coupled to keyhole limpet
hemocyanin was produced in rabbit (Davids Biotechnologie). The anti-
body was affinity-purified on the peptide linked to Affi-Gel.

For Western blot analysis, 50 �g of crude protein prepared from
mouse brain was separated by 10% SDS-PAGE followed by transfer
onto a polyvinylidene difluoride membrane by using a semi-dry blotter
(Bio-Rad). After blocking, the blot was immunostained with the anti-
PAT2 antibody diluted 1:500 or the pre-absorbed antibody with the
corresponding antigenic peptide. After washing with TBS, the blots
were incubated with a horseradish peroxidase-conjugated anti-rabbit
IgG antibody (1:1000; Dianova) and detected by 3-amino-9-ethyl-carba-
zole staining.

Heterologous Expression of PAT2 in Xenopus laevis Oocytes—Oocytes
were handled as described previously (12), and either 25 nl (25 ng) of
the mouse PAT2-cRNA or 25 nl of water (control) were injected into
individual cells. Transport studies were performed 3 days after injec-
tion, as described previously (12). The two-electrode voltage clamp
(TEVC) experiments were performed as reported (20). Briefly, steady
state current-voltage (I-V) relationships were measured in incubation
buffer (100 mM choline chloride or sodium chloride, 2 mM KCl, 1 mM

MgCl2, 1 mM CaCl2, and 10 mM Tris at pH 7.5–9) in the absence or
presence of glycine. Oocytes were clamped at �60 mV, and I-V relations
were measured using short (100 ms) pulses separated by 200-ms pauses
in the potential range of �160 to 80 mV. All values are expressed as
mean � S.E.

Giant patch clamp experiments were performed as described previ-
ously (20) with patch pipettes filled with 10 mM NaCl, 80 mM sodium
isethionate, 1 mM MgSO4, 1 mM Ca(NO3)2, and 10 mM HEPES (pH 7.5)
and an incubation buffer comprised of 100 mM potassium aspartate, 20
mM KCl, 4 mM MgCl2, 2 mM EGTA, and 10 mM HEPES (pH 7.5)
containing nothing or 20 mM glycine on the patch cytosolic surface.
During perfusion, the membrane potential was clamped to �30 mV,
and I-V relations in the potential range of �80 to 60 mV were measured
in the same way as described for TEVC. For immunolocalization in
oocytes, cells injected with the PAT2-cRNA were initially checked for
expression of the transporter by measuring positive inward currents
induced by 20 mM glycine using the TEVC method. Oocytes were then
fixed in 4% paraformaldehyde for 15 min at room temperature and
processed for embedment in paraffin wax. Deparaffinized sections (10
�m) were used for immunofluorescence analysis.

Immunodetection Studies—Immunohistochemistry and immunoflu-
orescence detection of PAT2 were performed on deparaffinized brain or
spinal cord sections from adult mouse transcardially perfused for 15
min with 4% paraformaldehyde in buffer 1 (100 mM sucrose, 100 mM

NaCl, and 10 mM HEPES, pH 7.4) and washed for 5 min with buffer 1.
Tissues were processed for embedding in paraffin wax. Antigen re-
trieval was carried out by incubating the slices in citrate buffer (pH 6)
in a microwave oven. For immunohistochemistry, 5-�m sections were
blocked for 20 min with 3% goat serum in TBS and incubated overnight
with the affinity-purified anti-PAT2 antibody diluted 1:100. On the
following day, sections were rinsed with TBS and incubated for 30 min
with biotinylated goat anti-rabbit immunoglobulins (1:800; Dako),
rinsed with TBS, and incubated for 30 min with peroxidase-conjugated
streptavidin (1:300; Dako). After washing with TBS, the sections were
stained for 5–10 min with DAB peroxidase substrate (Sigma). Control
incubations in parallel sections were carried out by pre-absorption of
the primary antibody with the corresponding antigenic peptide. For
immunofluorescence analysis, 10-�m sections were blocked for 20 min

with 3% goat serum and incubated overnight with the affinity-purified
anti-PAT2 antibody diluted 1:100 or the affinity-purified anti-LYAAT-1
(1:500; kindly provided by B. Giros, INSERM U513, Créteil, France).
Colocalization analysis was performed with 10-�m sections incubated
overnight with the affinity-purified anti-PAT2 antibody diluted 1:100
and mouse anti-BiP/GRP78, mouse anti-GM130, mouse anti-Rab4,
mouse anti-EEA1 (all diluted 1:50; BD Transduction Laboratories),
goat anti-NR1, goat anti-gephyrin, goat anti-GAD65/67 (all diluted
1:25; Santa Cruz Biotechnology), or goat anti-GLYT2 (1:250; Chemi-
con). Slices were rinsed with TBS and incubated for 30 min with the
following: (a) Cy3-conjugated donkey anti-rabbit IgG (1:800; Dianova)
and Alexa Fluor 633 goat anti-mouse IgG (1:1000; Molecular Probes); or
(b) Cy5-conjugated donkey anti-rabbit IgG (1:500; Dianova) and Alexa
Fluor 488-conjugated donkey anti-goat IgG (1:500; Molecular Probes).
Slices were rinsed with TBS and viewed using a confocal laser-scanning
microscope (model TCS SP2; Leica Microsystems). Colocalization anal-
ysis was performed with a Multicolor software package (Leica Micro-
systems). All images were generated with Adobe Photoshop 7.0
(Adobe Systems).

RESULTS

A BLAST analysis of the murine PAT2 cDNA sequence with
the expressed sequence tag (EST) data base revealed the pres-
ence of PAT2-EST clones obtained from the nervous system.
Because in our previous report we could not detect the
PAT2-mRNA in brain by using Northern blot analysis (12), we
here applied RT-PCR analysis and show that the PAT2 mRNA
was detectable in all nervous system regions analyzed. As
shown in Fig. 1A, a 546-bp fragment was amplified from olfac-
tory bulb, cortex, thalamus, cerebellum, brain stem, and spinal
cord. The presence of the PAT2 protein in the brain was con-
firmed by using an anti-PAT2 antibody raised against 13 amino
acids of the C-terminal sequence of the PAT2 protein. Western
blot analysis using this antibody revealed the PAT2 protein to
be present in the brain with an apparent molecular mass of 55
kDa (Fig. 1B). The specificity of the antibody was demonstrated
by immunofluorescence studies in X. laevis oocytes after ex-
pression of PAT2 (Fig. 1, C–H) with water-injected oocytes as a
negative control. Only in membranes of oocytes expressing

FIG. 1. Detection of PAT2 mRNA and protein in mouse brain
and determination of anti-PAT2 antibody specificity. A, the RT-
PCR analysis was performed with 5 �g of total RNA extracted from the
different brain regions indicated and water as a negative control. In the
PCR reaction, PAT2-cDNA-specific primers were used to detect mRNA
(top). The expected size of the product was 546 bp. As a control for RNA
integrity, the GAPDH PCR product was amplified (bottom; expected
size, 453 bp). B, the Western blot analysis was performed with a crude
protein preparation isolated from murine brain and incubated with an
anti-PAT2 antibody (left) or the antibody pre-absorbed with the anti-
genic peptide (right). C–H, for determination of anti-PAT2 antibody
specificity, immunofluorescence studies were performed with 10-�m
slices of X. laevis oocytes injected with PAT2-cRNA (C) or X. laevis
oocytes injected with water (E) and incubated with the anti-PAT2
antibody. An additional control was performed by incubating 10-�m
slices of X. laevis oocytes injected with PAT2-cRNA with the pre-ab-
sorbed anti-PAT2 antibody (E). D, F, and H are phase-contrast micro-
graphs of C, E, and G, respectively. Scale bar in H applies to C–H.
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PAT2, a fluorescence signal was detected (Fig. 1C) that was
blocked when the anti-PAT2 antibody was pre-absorbed with
the antigenic peptide (Fig. 1G).

Immunolocalization of PAT2 in the Nervous System—Immu-
nodetection studies revealed that the PAT2 protein is ex-
pressed in spinal cord and brain. As shown in Fig. 2A, in spinal
cord, PAT2 is highly expressed in the gray matter and is not
detectable in the white matter. The signals were abolished in
an adjacent section by incubation with the antibody pre-ab-
sorbed with the antigenic peptide (Fig. 2B). In the anterior
horn, PAT2 is present in motoneurons and interneurons (Fig.
2C) and in interneurons of the posterior horn (data not shown).
In brain, PAT2 is found in various regions, with prominent
expression in brain stem, cerebellum, hippocampus, hypothal-
amus, rhinencephalon, cerebral cortex, and olfactory bulb (Fig.
2D). In an adjacent section, signals were abolished by incuba-
tion of slices with the antibody pre-absorbed with the antigenic
peptide (Fig. 2E). Colocalization studies using the glia marker
GFAP (glial fibrillary acidic protein) showed that the PAT2
protein is solely detectable in neurons and not in astrocytes
(data not shown). High power magnification demonstrates the
expression of PAT2 in neurons of the mitral cell layer and
interneurons in the olfactory bulb (Fig. 2F) as well as in neu-
rons of the cerebral cortex (Fig. 2G) and large neurons in
brainstem (Fig. 2H).

Cell-specific Expression of the PAT2 Protein—PAT2 is ex-
pressed in “NMDAergic” neurons in different regions of the
central nervous system (Fig. 3A). PAT2 immunoreactivity is
found in cells expressing the NMDA receptor subunit NR1,
such as motoneurons and interneurons in the spinal cord and
brainstem, Purkinje cells in the cerebellar cortex, neurons in
the dentate gyrus, the CA1 and CA3 regions of the hippocam-
pus, and neurons in different layers of the cerebral cortex (Fig.
3A). Moreover, a subset of neurons in the molecular layers of
the hippocampal formation and the molecular and granular
layers of the cerebellum show both NR1 and PAT2 immunore-
activity (Fig. 3, A and B). NR1 and PAT2 showed very similar
staining intensities along the neuronal cell bodies; e.g. pyram-
idal cells of the hippocampal CA3 region stained stronger than
the granule cells of the CA1 region. At higher magnification, a

partial subcellular colocalization of both proteins becomes evi-
dent (Fig. 3B). This subcellular colocalization is probably due to
the expression of both proteins in the endoplasmic reticulum,
as shown for PAT2 (see Fig. 4B) and previously for the NR1
subunit (27). No clear correlation of expression pattern was
observed between PAT2 and the glycinergic marker protein
GLYT2 (glycine transporter 2), the glycine-and-GABAergic
marker gephyrin, and the GABAergic marker glutamate decar-
boxylase GAD65/67 (Fig. 3B). Whereas PAT2 is expressed at
higher levels in Purkinje cells of the cerebellum, the glycine
and GABAergic markers displayed higher expression levels in
the molecular and/or granular layer. Such differential expres-
sion patterns in the colocalization of PAT2 with proteins of the
glycine and GABAergic systems were also observed in other
regions of the brain (data not shown), suggesting that PAT2
plays no role in the inhibitory glycine and GABAergic system.
The missing correlation with the GABAergic system is not
surprising, because GABA displays only a very low affinity to
PAT2 (12).

Subcellular Localization of PAT2 in Neurons—We have
shown previously that PAT2, unlike its paralog PAT1, is not
detected in lysosomes and possesses a different subcellular
distribution after expression in HeLa cells (12). As shown in
Fig. 4A, in neurons of the brainstem, PAT2 is found mainly in
the somata, predominantly in the cytoplasma and probably
also partially in the plasma membrane. Its distribution, there-
fore, differs from the distribution pattern observed for PAT1.
Colocalization studies using antibodies against different intra-
cellular marker proteins in cross-sections of spinal cord were
carried out for determining the subcellular compartments in
which PAT2 is localized. Various regions of the nervous system
have been examined, and in all cases the PAT2 protein did not
colocalize with the Golgi marker protein GM130 or the early
endosome marker protein EAA1 (Fig. 4B). On the other hand,
it partly colocalized with the endoplasmic reticulum marker
protein BiP/GRP78 and the early and recycling endosome
marker protein Rab4. Quantification of PAT2 immunoreactive
puncta indicated �34 � 3% (n � 12) and �31 � 3% (n � 15)
colocalized with the endoplasmic reticulum marker protein and
the recycling endosome marker protein, respectively. There-

FIG. 2. Immunohistochemistry in
cross-sections of the spinal cord
(A–C) and parasagittal sections of the
mouse brain with an anti-PAT2 anti-
body (D–I). Images A–C are in spinal
cord. A, image of PAT2 immunoreactivity
in spinal cord. gm, gray matter; wm,
white matter. B, incubation with the an-
tibody pre-absorbed with the antigenic
peptide in an adjacent section. C, high
power magnification of the ventral horn
shows the presence of PAT2 in motoneu-
rons and interneurons. Images D–I are in
brain. D, image of PAT2 immunoreactiv-
ity in the whole brain. Ob, olfactory bulb;
Cx, cerebral cortex; Hc, hippocampus; Cb,
cerebellum; Bs, brain stem; Rh, rhinen-
cephalon. E, pre-absorption of the anti-
PAT2 antibody with the antigenic peptide
showed no significant immunoreactivity
on an adjacent section. High power mag-
nifications of olfactory bulb (F), cerebral
cortex (G), and brain stem (H) are shown.
In all regions, pre-absorption of the anti-
PAT2 antibody with the antigenic peptide
abolished the immunoreactivity on an ad-
jacent section, as shown in panel I for
brain stem. Scale bars in B, C, E, and I
apply to A and B, C, D–E, and F–I,
respectively.
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fore, PAT2 is found in endoplasmic reticulum and recycling
endosomes, whereas the remaining fraction is localized in other
compartments, including the cell membrane.

Functional Analysis of PAT2—Whereas in our previous re-
port we demonstrated that PAT1 and PAT2 activities are gen-
erally dependent on extracellular pH and membrane potential
(12), here we analyzed in more detail the kinetics of glycine
transport (Fig. 5). Applying the TEVC technique in oocytes
expressing PAT2, the glycine/H� symport at saturating (10
mM) external glycine concentrations induced positive inward
currents that increased by decreasing external pH from 9 to 7.5
(Fig. 5A). A further reduction of pH from 7.5 to 5.5 did not
further enhance glycine currents (data not shown), and no
current responses were observed in the water-injected oocytes.
As shown in Fig. 5B, PAT2-mediated inward currents followed
Michaelis-Menten kinetics when plotted as a function of appar-
ent external proton concentration. The corresponding Eadie-
Hofstee transformation (Fig. 5C) revealed an apparent half-
maximal proton activation constant of 4.7 � 0.2 nM and an Imax

of 462 � 12 nA. From this data it can be concluded that the

external pH necessary for a half-maximal transport activation
at a membrane potential of �60 mV is 8.3, suggesting that, at
a physiological pH of 7.3 or in a more acidic environment, PAT2
operates already with a maximal transport rate.

Alterations in membrane potential play an important role in
the brain in the regulation of membrane protein functions.
Here we demonstrate that PAT2-mediated glycine currents are
significantly altered by changes in the membrane potential
(Fig. 5D). A hyperpolarization of the membrane increases in-
ward currents, and voltage effects are more pronounced at
higher glycine concentrations. Moreover, at low glycine concen-
trations (0.1 mM) a depolarization of the membrane induces
outward currents represented by a reversed transport mode.

PAT2 Is Capable for Bidirectional Transport of Amino Ac-
ids—To characterize the capability of PAT2 for glycine efflux,
we employed the giant patch clamp technique with membrane
patches obtained from oocytes expressing PAT2. Positive out-
ward currents were induced by 20 mM glycine (Fig. 6A) and
showed pronounced voltage dependence. No comparable cur-
rents were obtained in water-injected oocytes (data not shown).
The glycine-induced outward currents followed Michaelis-Men-
ten kinetics as a function of substrate concentration (Fig. 6B),
and the transformation of substrate-evoked currents according
to Eadie-Hofstee revealed an apparent affinity (Km) of glycine
outward transport of 8.5 � 0.5 mM at a membrane potential of
�30 mV. Therefore, PAT2 can transport glycine bidirectionally
with the direction of transport determined by membrane po-
tential and/or the substrate/proton gradients.

Sarcosine Inhibition of Glycine Transport—Sarcosine is a

FIG. 3. Cell-specific expression of PAT2. A, confocal, laser-scan-
ning, double immunofluorescence microscopy in parasagittal sections of
different regions of the central nervous system with anti-PAT2 antibody
(red) and anti-NR1 (green) antibody. The superimposed images are
depicted on the right. B, higher resolution of double staining with
anti-PAT2 (red) and anti-NR1, anti-GLYT2, anti-Gephyrin, or anti-
GAD65/67 (green) antibodies. Colocalization appears in the superim-
posed images as yellow. gm, gray matter; wm, white matter; AH, ante-
rior horn of spinal cord; gl, glomerular layer; ml, molecular layer; Pcl,
Purkinje cell layer of cerebellum; DG, dentate gyrus, CA1, CA1 region;
CA3, CA3 region of hippocampus; I, neuronal layer I of the cerebral
cortex. Scale bars represent 80 �m (A) and 10 �m (B).

FIG. 4. Subcellular localization of PAT2 in neurons. A, immu-
nofluorescence analysis with an anti-PAT2 (left) or an anti-LYAAT-1/
PAT1 (right) antibody in adjacent brain stem slices. B, confocal, laser-
scanning, double immunofluorescence microscopy in spinal cord cross-
sections with anti-PAT2 antibody and antibodies against subcellular
markers. PAT2 immunoreactivity is shown in red, and the marker
immunoreactivity in green. The superimposed images are depicted on
the right. BiP, endoplasmic reticulum marker; GM130, cis-Golgi mark-
er; Rab4, early/recycling endosome marker; EEA1, early endosome
marker.
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known selective inhibitor of glycine transport in the brain (21,
22) and inhibits glycine influx mediated by the glycine trans-
porter GLYT1 but not by the GLYT2 transporter. Here we

demonstrate that sarcosine is likewise able to inhibit glycine
uptake mediated by PAT2. Flux studies performed with radio-
labeled glycine in oocytes expressing PAT2 demonstrate that
the uptake can be reduced by 10 mM sarcosine to almost the
same extent as that obtained by 10 mM glycine as a competitor
(Fig. 7A). In water-injected oocytes, no detectable uptake or
inhibition was observed. Additionally, by using the TEVC tech-
nique we demonstrate that sarcosine induces inward currents
that display saturation kinetics as a function of sarcosine con-
centration. The Eadie-Hofstee transformation of the substrate-
evoked currents as a function of sarcosine concentration re-
vealed an apparent Km of 208 � 2 �M and an Imax of 130 � 4 nA
(Fig. 7B).

DISCUSSION

All members of the mammalian subfamilies of the amino
acid/auxin permease family are expressed in the nervous sys-
tem, where they fulfill different physiological roles. Immunolo-
calization studies indicated the presence of VGAT in glyciner-
gic, GABAergic, and mixed glycine and GABAergic synapses (4,
23). VGAT is responsible for the accumulation of the inhibitory
neurotransmitters GABA and glycine in vesicles in presynaptic
neurons. In the nervous system, the members of the system
N/A subfamily show different cellular and subcellular expres-
sion patterns and are central for neurotransmission (14, 24, 25)
by their role in the glutamate-glutamine cycle (14). SN1 is
mainly responsible for the efflux of glutamine from the astro-
cytes, and the system A transporters 2 or 1 are responsible for
its uptake into the neurons where it is converted to glutamate,
allowing the recovery of glutamate to the presynaptic neurons.
The proton/amino acid co-transporters PAT1 and PAT2 are
present as well in the nervous system. PAT1 has been reported
to be present in neurons of the hippocampus, cerebral cortex,
cerebellum, and the thalamic and pontine nuclei (11, 19) with
a more detailed cellular analysis reported recently (26). We
demonstrate here by RT-PCR that the PAT2-mRNA is found in

FIG. 5. pH and membrane potential dependence of PAT2 activity. A, oocytes injected with PAT2-cRNA or water clamped at �40 mV were
perfused with incubation buffers adjusted to different pH rankings from 9 to 7.5 in the presence of 10 mM glycine. B, saturation kinetics of mediated
currents by 10 mM glycine in the function of proton concentration (n � 9 oocytes) and the corresponding Eadie-Hofstee transformation (C). D, I-V
relationship of glycine-evoked inward currents (n � 4 oocytes) at pH 6.5 and two different glycine concentrations, 0.1 and 1 mM.

FIG. 6. Characteristics of the PAT2 outward transport mode
using the inside-out giant patch clamp technique. A, I-V relation-
ship of glycine-evoked outwards currents (20 mM) at pH 7.5 (n � 4
oocytes). B, saturation kinetics of outward currents as a function of
substrate concentrations and the corresponding Eadie-Hofstee trans-
formation (inset).
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all brain regions analyzed. The PAT2 protein was identified
with an apparent molecular mass of 55 kDa and localized by
immunodetection studies in spinal cord, brain stem, cerebel-
lum, hippocampus, hypothalamus, rhinencephalon, cerebral
cortex, and the olfactory bulb. By colocalization with a glial
marker protein in various brain regions, PAT2 was exclusively
found in neurons similar to its orthologue PAT1.

It has been shown that PAT1 is expressed particularly in
regions rich in glutamatergic neurons (11, 19, 26). Here, we
show that the cell-specific expression pattern of PAT2 strongly
resembles that of the NMDA receptor subunit NR1 (27, 28).
The NR1 subunit forms, together with the different NR2 or
NR3 subunits, the hetero-oligomeric NMDA subtype of iono-
tropic glutamate receptors. They serve critical functions in
several processes in the central nervous system, including neu-
ronal development, plasticity, and neurodegeneration (29).Re-
ceptor activation usually requires the two agonists glutamate
and glycine (30). However, recently it has been shown that
NMDA receptors comprised of the NR1 and NR3A/B subunits
require solely glycine for activation (31). The observed overlap-
ping cell type-specific expression pattern of PAT2 and NR1
suggests, but does not prove, a functional role of PAT2 in the
excitatory glycinergic neurotransmission.

Although the transport mode and the general distribution
pattern of the two PAT transporters are similar, there are
marked differences in their subcellular localization and func-
tional characteristics. PAT1 has broader substrate specificity
than PAT2 and can, in addition to small amino acids, also
transport GABA and other amino acid derivatives (11, 12, 17).

PAT2, in contrast, is restricted to alanine, glycine, and proline,
but has much higher substrate affinities than PAT1 (�M versus
mM). PAT1 and PAT2 also differ in their subcellular localiza-
tion. PAT1 was shown to be localized in the lysosomes and, to
a small extent, in the plasma membrane of neurons (11, 19),
and a recent report demonstrated that PAT2 is not present in
lysosomes in teased fibers (32). When PAT2 is expressed in
HeLa cells, the protein is localized in the plasma membrane
and intracellular compartments but not in lysosomes (12). Here
we show that, within the cell, PAT2 is present in the endoplas-
mic reticulum and in recycling endosomes. PAT2, as a high
affinity/low capacity system, may therefore play a role in the
export of amino acids from the endosomes to the cytoplasm,
whereas PAT1, as the low affinity/high capacity system, may
serve for lysosomal export of amino acids derived from protein
breakdown. Both transporters act as rheogenic H�-coupled
symporters and, therefore, changes in the extracellular pH
alter their function. PAT1 activity is strongly pH-dependent,
and its maximal transport rate is reached at an external pH of
5.5–6. Here we show that PAT2 operates with full activity at
physiological pH (�7.5), and its activity declines when external
pH becomes alkaline. Both transporters therefore show maxi-
mal transport rates at pH conditions characteristic for those in
recycling endosomes (around pH 6.7) and lysosomes (�5.5).

With its presence in recycling endosomes, PAT2 may also, on
occasion, reach the plasma membrane where it could serve as
an import or export system for glycine or the other amino acids.
Previous studies on the kinetics of glycine transport in the rat
central nervous system already suggest the existence of a low
and a high affinity transport system for glycine with apparent
Km values of �800 and 26 �M, respectively (33). The two cloned
glycine transport systems, GLYT1 and GLYT2, are considered
to represent the molecular entities of the high affinity glycine
transport pathway (21, 22, 34–36), whereas the low affinity
glycine transport system, shown to be sodium independent
(37), is not yet known. By its apparent affinity of 590 � 4 �M for
glycine (12), it may be speculated that PAT2 represents that
low affinity glycine transport mechanism. In addition, glycine
transport in brain is inhibited by sarcosine. Whereas the
GLYT1 transporter displays a IC50 value of around 100 �M for
sarcosine inhibition of glycine influx and sarcosine transport
(38), PAT2 likewise transports sarcosine with an apparent
substrate of 208 �M and shows glycine transport inhibition in
the presence of sarcosine. As demonstrated by heterologous
expression in oocytes, PAT2 activity is affected by membrane
potential, and hyperpolarization increases glycine-evoked cur-
rents. In inhibitory synapses, this could have a physiological
role by enhancing glycine transport via PAT2 after membrane
hyperpolarization induced by activation of the glycine receptor.
We also demonstrate another feature of PAT2, and this is its
ability for bidirectional glycine transport. A depolarization of
the plasma membrane results in an increased outward current
when glycine is provided on the cytosolic side. Although the
apparent affinity of glycine for binding to the internal sub-
strate binding domain is lower than that on the outside, a
glycine efflux via PAT2 could occur when intracellular glycine
concentrations rise. In glutamatergic neurons, the coactivation
of the NMDA receptors by glycine induces a depolarization of
the neuronal membrane that could initiate a reversed glycine
transport by PAT2. This non-vesicular release could then con-
tribute to a sustained glycine signal, as proposed for selected
synapses (39). This would be of importance for some glycinergic
nerve terminals that failed to show the presence of VGAT.
Transmembrane concentration gradients of its substrates and
membrane potential finally determine the direction and veloc-
ity of amino acid transport mediated by PAT2.

FIG. 7. Sarcosine (Sar) inhibits PAT2-mediated glycine trans-
port. A, water and PAT2-cRNA-injected oocytes (n � 8) were incubated
with 100 �M 3H-glycine in the presence or absence of 10 mM sarcosine or
10 mM glycine. B, saturation kinetics of inward currents as a function of
sarcosine concentrations at pH 6.5 and held at a membrane potential of
�60 mV (n � 5 oocytes), and the corresponding Eadie-Hofstee plot
(inset).
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In conclusion, PAT2 is present in the nervous system where it,
together with PAT1, may contribute to the handling of amino
acids such as glycine, alanine, and proline in the endosomal/
lysosomal system, but possibly also in the plasma membrane. At
present, we cannot answer the question of whether PAT2-medi-
ated transport of its specific amino acid substrates is of physio-
logical importance in the mammalian brain, but PAT2 is a can-
didate protein for a still missing low affinity-type glycine
transporter in the central nervous system. Together with GLYT1
and GLYT2, PAT2 could be responsible for the regulation of
intracellular and extracellular concentrations of glycine that
modulate glycine and glutamatergic neurotransmission.
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