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Theproton-coupledaminoacid transporter1 (PAT1,SLC36A1)
mediates the uptake of small neutral amino acids at the apical
membrane of intestinal epithelial cells after protein digestion. The
transporter is currently under intense investigation, because it is a
possible vehicle for oral drug delivery. Structural features of the
protein such as the number of transmembrane domains, the sub-
strate binding site, or essential amino acids are still unknown. In
the present study we use mutagenesis experiments and biochemi-
cal approaches to determine the role of the three putative extracel-
lular cysteine residues on transport function and their possible
involvement in the formation of a disulfide bridge. As treatment
with the reducing reagent dithiothreitol impaired transport func-
tion of hPAT1wild type protein, substitution of putative extracel-
lularcysteineresiduesCys-180,Cys-329, andCys-473byalanineor
serine was performed. Replacement of the two highly conserved
cysteine residues Cys-180 and Cys-329 abolished the transport
function of hPAT1 in Xenopus laevis oocytes. Studies of wild type
andmutant transporters expressed in human retinal pigment epi-
thelial (HRPE) cells suggested that the binding of the substratewas
inhibited in thesemutants. Substitutionof the thirdputative extra-
cellular nonconserved cysteine residue Cys-473 did not affect
transport function. All mutants were expressed at the plasma
membrane. Biotinylation of free sulfhydryl groups using maleim-
ide-PEG11-biotin and SDS-PAGE analysis under reducing and
nonreducing conditions provideddirect evidence for the existence
of an essential disulfide bond between Cys-180 and Cys-329. This
disulfide bridge is very likely involved in forming or stabilizing the
substrate binding site.

The solute carrier (SLC)2 superfamily represents the second
largest group of membrane proteins after the G-protein-cou-

pled receptor (GPCR) superfamily in the human genome. Com-
prising 384 members, the 46 SLC families include transporters
for inorganic ions, amino acids, neurotransmitters, sugars,
purines, fatty acids, and other substances (1). Ten SLC families
contain 47 known transporters for amino acids and 48 related
orphan transporters. Phylogenetic analysis revealed four main
clusters (�, �, �, and �). Together with members of the SLC32
and SLC38 families, the proton-coupled amino acid transporter
1 (PAT1) was placed into group �. PAT1 is a member of the
SLC36 family (SLC36A1). It was originally identified as the
lysosomal amino acid transporter (LYAAT1) in rat brain (2).
Subsequently, mouse and human homologs were cloned from
mouse intestine (3) and from Caco-2 cells (4), respectively.
PAT1 is identical to the H�/amino acid cotransporter that has
been functionally described in Caco-2 cells (5). It is localized
mainly to the apicalmembrane of intestine epithelial cells and is
also found in lysosomes in brain neurons (4) facilitating the
transport of amino acids from luminal protein digestion or
lysosomal proteolysis, respectively. The transport of substrates
via PAT1 is driven by an inwardly directed H� gradient.
Recently we could identify the conserved His-55 as being
responsible for binding and translocation of the proton (6).
Prototypic substrates for PAT1 are small neutral amino acids

(e.g. L-proline, glycine, �-alanine) and amino acid derivatives
(e.g. �-aminobutyric acid (GABA),�-(methylamino)-isobutyric
acid) (3–5, 7–10). Recently, PAT1 gained much interest
because it transports pharmaceutically relevant compounds
such as D-cycloserine, L-azetidine-2-carboxylic acid, 3-amino-
1-propanesulfonic acid, 3,4-dehydro-L-proline, vigabatrin, and
other GABA analogs (8, 10, 11) rendering it an interesting tar-
get for the pharmaceutical industry. PAT1 seems to be one of
the most important drug transporters in the intestine allowing
oral availability of GABA-related and other drugs and pro-
drugs. Furthermore, a recent report shows involvement of this
transporter family, namely the PAT2 subtype, in the autosomal
dominant inherited disorder iminoglycinuria (12).
Unfortunately, up to now the exact three-dimensional struc-

ture of PAT1, the transmembrane domain topology, and the
substrate binding site are unknown. More structural informa-
tion of PAT1 would allow a better understanding of the molec-
ular mechanisms of its function and drug interaction, which is
so far being investigated only in classic transport studies.Muta-
tional analysis of putative extracellular regions is a suitable tool
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to get the first clue into transmembrane organization and rele-
vant amino acid residues (6). This approach should also eluci-
date the spatial organization of the extracellular loops. The
present study was performed to identify functionally important
extracellular cysteine residues and their involvement in disul-
fide bridges. The relevance of disulfide bonds for membrane
protein function ismainly based on the stabilization of a proper
three-dimensional structure. The correct conformation in turn
is essential for trafficking, surface expression, stability, and
transport function. So far, intramolecular disulfide bonds have
been identified for only very few SLCs, e.g. the serotonin trans-
porter SERT and the dopamine transporter DAT (13–15).
Native disulfide bonds are probably required for transporter
function of the Na�/glucose cotransporter SGLT1 (16, 17). For
the type IIa sodium/phosphate cotransporter, it was shown that
cleavage of disulfide bonds results in conformational changes
that lead to internalization and subsequent lysosomal degrada-
tion of the transport protein (18). A similar stabilizing effect of
an intramolecular disulfide bridge was also reported for the
human ATP-binding cassette (ABC) transporter ABCG2 (19).
Linkage via cysteine residues can also be necessary for trans-

porter oligomerization. For the rat serotonin transporter SERT
(20) and for the humanABC transporter ABCG2 (21), intermo-
lecular disulfide bridges could be identified. For the hexose
transporter GLUT1, an intramolecular disulfide bond pro-
motes tetramerization of the transporter (22, 23). On the other
hand, removal of cysteine residues can also lead to an impaired
trafficking and mislocalization of the transporter protein with-
out a disulfide bridge being involved (13, 24, 25). In those cases,
the cysteine residues themselves are assumed to play an impor-
tant role for the trafficking and targeting of the transporter to
the cell surface. Similarly, for several transporters, cysteine res-
idues located in a transmembrane domain play a key role in
substrate recognition. Single cysteines have been found to be
essential for substrate binding of the rat organic cation trans-
porters rOCT1 and rOCT2 (26) and the multidrug and toxin
extrusion transporterMATE1 (27). The relevance of conserved
cysteines for the integrity of a membrane protein has therefore
to be investigated very thoroughly. Several earlier studies
reported loss of function in cysteine mutants without testing
membrane localization.
After assessing a negative influence of the reducing reagent

DTT on hPAT1 function, we performed systematic mutagene-
sis in this study. The three putative extracellular cysteine resi-
dues Cys-180, Cys-329, and Cys-473 were individually
exchanged to either alanine or serine residues. The resulting
mutants were analyzed for substrate binding and transport in
human retinal pigment epithelial (HRPE) cells and electrogenic
transport in Xenopus laevis oocytes. Biochemical approaches
provided direct evidence for an essential disulfide bond
betweenCys-180 andCys-329.A triplemutantwas constructed
and examined to exclude other juxtamembrane cysteine resi-
dues as potential partners for disulfide bridges. The data sug-
gest that this disulfide bridge is involved in forming or stabiliz-
ing the putative substrate-binding pocket. In addition, our
results strongly support the eleven transmembrane domain
topology model of hPAT1. This is consistent with our recently
published data on glycosylation of hPAT1 (28).

EXPERIMENTAL PROCEDURES

Materials—L-[3H]Proline (specific radioactivity 49 Ci/mmol)
was purchased from GE Healthcare (Little Chalfont, UK).
Chemical reagents were from Sigma. Cell culture media and
supplements were obtained from Invitrogen (Karlsruhe, Ger-
many). The following antibodies were used: polyclonal rabbit
anti-HA tag antibody (Sigma), monoclonal mouse anti-HA tag
antibody, goat anti-mouse horseradish peroxidase-conjugated
antibody (Santa Cruz Biotechnology, Inc., Heidelberg, Ger-
many) and AlexaFluor� 488 goat anti-rabbit antibody (In-
vitrogen). The recombinant modified vaccinia virus Ankara
was provided by the GSF-Institute for Molecular Virology
(Munich, Germany). Maleimide-PEG11-Biotin was pur-
chased from Pierce.
Construction of pNKS-HA-hPAT1 and pNKS-hPAT1—The

X. laevis oocyte expression vector pNKSwas kindly provided by
Prof. G. Schmalzing (RWTH, Aachen, Germany) as pNKS-
transducin. This vector contains the 5�- and 3�-untranslated
regions of the X. laevis oocyte �-globin gene and the cDNA of
murine transducin. The latter was cut out of the vector using
the restriction enzymes AatII and XbaI. To clone the trans-
porter cDNA into pNKS, AatII and XbaI restriction sites were
introduced at the 5�- and 3�-end by PCR, respectively. As tem-
plate, the previously describedwild type cDNAof humanPAT1
containing an N-terminal HA tag in the pSPORT1 (pSPORT1-
HA-hPAT1) vector was used (6). For the analog construction of
pNKS-hPAT1, the pSPORT1-hPAT1 served as template. After
restriction enzyme digestion, the PCR product was ligated into
the digested pNKS vector. The insertion of the correct cDNA
was verified by sequencing.
Site-directed Mutagenesis—Cysteine residues at positions

180, 329, and 473 were exchanged for alanine and serine resi-
dues, respectively, with the QuikChange� II Site-directed
Mutagenesis kit (Stratagene, La Jolla, CA). For expression in
HRPE cells or X. laevis oocytes the pSPORT1-HA-hPAT1 vec-
tor (6) and the pNKS-HA-hPAT1 vector were used as template,
respectively. Primers to introduce the desired mutations into
the respective vector were as follows: (C180A) 5�-GGGACCA-
CCAATAACGCCCACAACAATGAGACGG-3�, (C180S) 5�-
CCAATGGGACCACCAATAACAGCCACAACAATGAG-
ACG-3�, (C329A) 5�-CCCTCAACCTGCCCAACGCATGGCT-
GTACCAGTCAGTTAAG-3�, (C329S) 5�-CCCTCAACCTGC-
CCAATTCATGGCTGTACCAGTCAGTTAAG-3�, (C473A)
5�-CCATCTTCATCAATTCCACCGCTGCCTTCATATA-
GGG-3�, (C473S) 5�-CCATCTTCATCAATTCCACCAGTG-
CCTTCATATAGGG-3�. The insertion of the mutation and
the correct cDNA sequence were confirmed by DNA sequenc-
ing (MWG Biotech AG, Ebersberg, Germany).
In Vitro cRNA Synthesis—The wild type and mutant pNKS-

HA-hPAT1 and pNKS-hPAT1 constructs served as templates
for cRNA synthesis. After linearizing the plasmids with NotI,
cRNAswere synthesized using themMESSAGEmMACHINE�

SP6 kit (Ambion, Huntingdon, UK). The cRNAs were purified
with the aid of the MEGAclearTM kit (Ambion), and the con-
centration was determined by UV absorbance at 260 nm. The
cRNA was stored at �80 °C.

Identification of a Disulfide Bridge in PAT1

22124 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 33 • AUGUST 14, 2009



Cell Culture and Transfection—Human retinal pigment epi-
thelial (HRPE) cells were grown in Dulbecco’s modified Eagle’s
medium/F12 supplemented with 10% fetal bovine serum (Bio-
chrom, Berlin, Germany) and 1% penicillin/streptomycin
(Invitrogen) as described previously (6). Cells were transiently
transfected with wild type and mutant pSPORT1-HA-hPAT1
using themodified vaccinia virus Ankara (MVA) (4, 29) and the
Nanofectin� technology (PAA Laboratories, Cölbe, Germany)
as reported by Metzner et al. (6). Briefly, HRPE cells grown in
24-well plates (Sarstedt, Nümbrecht, Germany) were infected
22 h after seeding with the recombinant MVA (50 IU/cell).
After 30 min, cells were transfected with wild type and mutant
HA-hPAT1 plasmid or the empty vector pSPORT1 as control.
21 h after transfection uptake measurements or immunofluo-
rescence experiments were performed.
Uptake Measurements in Transfected HRPE Cells—Trans-

fected cells were rinsed twice with uptake buffer (25 mM MES/
Tris pH 6.0, 140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM

MgSO4, 5 mM glucose) at room temperature followed by incu-
bation in uptake buffer containing 20 nM L-[3H]proline for 10
min. Cells were washed four times with ice cold uptake buffer
and solubilized in 500 �l of lysis buffer (0.2 M NaOH, 1% SDS).
Scintillation mixture (2.8 ml) was added to each lysate, and the
radioactivity was quantified by liquid scintillation spectrometry
(Tri-Carb 2100TR, Packard Instrument Company, Meriden).
To study the effect of DTT (Applichem, Darmstadt, Germany)
treatment on L-[3H]proline uptake, transfected cells were incu-
bated for 20 min at room temperature in DTT-containing
buffer (25 mM HEPES/Tris, pH 7.5, 140 mM NaCl, 5.4 mM KCl,
1.8 mM CaCl2, 0.8 mM MgSO4, 5 mM glucose, 10 mM DTT).
Uptake experiments were carried out as described above
except that the uptake buffer also contained 10 mM DTT.
Data are presented as mean � S.E. of three to seven inde-
pendent experiments.
Oocyte Preparation and cRNA Injection—Oocytes were sur-

gically removed from anesthetized X. laevis frogs, dissected,
and defolliculated as described by Riedel et al. (30). In brief, for
anesthesia tricaine methane sulfonate (Sigma) was used. The
removed oocytes were separated by collagenase treatment (2
mg/ml) for 2 h. Healthy stage V-VI oocytes were manually
selected and 25 ng of wild type or mutant cRNA were injected
per oocyte. As control, water-injected oocytes were used.
Injected oocytes were maintained at 19 °C in modified Barth’s
medium (5mMHEPES/NaOHpH7.4, 100mMNaCl, 1mMKCl,
1 mM CaCl2, 1 mM MgCl2, 10,000 units/ml penicillin, and 10
mg/ml streptomycin). 5–6 days after injection electrophysi-
ologicalmeasurements or biochemical studies were performed.
Two-electrode Voltage Clamp Experiments—Two-electrode

voltage clamp signals were recorded to assess the electrogenic
function of the surface-expressed transport protein. Oocytes
were placed in a flow-through chamber and continuously
superfused (75 �l/s) with oocyte Ringer (ORi) buffer (10 mM

MES/Tris, pH 6.5, 100 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, 2
mMKCl) in the absence or presence of amino acids at a concen-
tration of 20 mM. Quick and reproducible solution exchanges
were achieved using a small tube-like chamber (0.1 ml) com-
binedwith fast superfusion (31, 32).Microelectrodeswith resis-
tances between 0.8 and 1.4 M� were pulled of borosilicate glass

and filled with 3 M KCl.Whole-cell currents were recorded and
filtered at 100Hz using a two-electrode voltage clamp amplifier
(OC-725C, Hamden) and sampled at 85 Hz. Oocytes were volt-
age clamped at a membrane potential of �60 mV. Currents
induced by application of amino acids were calculated as the
difference of the currents measured in the presence and
absence of amino acid. All experiments were performed at
room temperature (�22 °C).

To determine the effect of the extracellular pH on hPAT1
function, the currents induced by 20 mM glycine at pH values
varying from5.0 to 8.0 (ORi buffer: 10mMMES/Tris orHEPES/
Tris, 100 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, 2 mM KCl) were
recorded. The Michaelis constants (Kt) were derived from
experiments with seven different glycine concentrations
(0–100 mM) at pH 6.5 in ORi buffer. Mean values � S.E. were
calculated from measurements of 6–8 oocytes from two
batches and the kinetic constants were obtained by nonlinear
regression of the Michaelis-Menten plot (SigmaPlot, Systat
Software GmbH, Erkrath, Germany).
To assess the influence of DTT on transporter function

oocytes were exposed to 10 mM DTT in modified Barth’s
medium (5mMHEPES/NaOHpH7.4, 100mMNaCl, 1mMKCl,
1 mM CaCl2, 1 mM MgCl2) for 20 min. Two-electrode voltage
clamp experimentswere performed as described abovewith the
exception that all buffers contained 10 mM DTT.
Data were analyzed using the Superpatch 2000 program

(Julius-Bernstein-Institute for Physiology, SP-Analyzer by T.
Böhm, Halle, Germany). Statistical values are expressed as
mean � S.E. from measurements of 6–8 oocytes from at least
two batches of oocyte preparation.
Immunofluorescence of Transfected HRPE Cells and cRNA-

injected X. laevis Oocytes—Transfected HRPE cells grown on
coverslips in 6-well plates were fixed and permeabilized with
4% paraformaldehyde and 0.05% Triton X-100 in phosphate-
buffered saline (PBS) for 20 min. After removal of excess of
paraformaldehyde by incubation with 0.1 mM NH4Cl, nonspe-
cific binding was blocked with 5% bovine serum albumin (BSA)
in PBS. Cells were then incubated for 2 h with the primary
antibody (rabbit anti-HA tag) diluted 1:2000 in 5% BSA/PBS,
washed, and incubated for 1 h in the dark with the secondary
antibody (goat anti-rabbit AlexaFluor� 488) diluted 1:500 in
5% BSA/PBS. Nuclei were stained with DAPI (4�,6-dia-
midino-2-phenylindole dihydrochloride; 1:100 in PBS). Cov-
erslips were mounted on microscope slides using CitiFluor�
(Plano, Wetzlar, Germany). All steps were performed at
room temperature.
Oocytes expressing either wild type or mutant transporter

were fixed with ethanol/acetic acid (95:5) for 1.5 h at 4 °C. After
washing with 5% BSA/PBS several times, they were incubated
overnight at 4 °C with the primary antibody (rabbit anti-HA
tag) diluted 1:1600 in 5% BSA/PBS followed by incubation for
1 h at room temperature with the secondary antibody (goat
anti-rabbit AlexaFluor� 488) 1:500 in 5% BSA/PBS. Oocytes
were washed with 5% BSA/PBS and then mounted on micro-
scope slides using CitiFluor� (Plano). Images were obtained
using a confocal laser-scanning microscope (Nikon ECLIPSE
TE2000).
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Cell Surface Biotinylation of X. laevis Oocytes—For biotiny-
lation of free extracellular cysteinyl sulfhydryl groups themem-
brane-impermeant reagent maleimide-PEG11-biotin was used.
In each case, 20 oocytes injectedwith eitherwild type ormutant
transporter cRNA were incubated for 1 h at 4 °C in biotinyla-
tion reagent (0.5 mg/ml maleimide-PEG11-biotin) in modified
Barth’s medium (5 mM HEPES/NaOH pH 7.4, 100 mM NaCl, 1
mM KCl, 1 mM CaCl2, 1 mM MgCl2). After washing with modi-
fiedBarth’smediumoocyteswere homogenized in 20�l/oocyte
of lysis buffer (20 mM Tris/HCl, pH 7.4, 100 mM NaCl, 1% Tri-
ton X-100, 1x protease inhibitor (Roche Diagnostics GmbH,
Mannheim, Germany)). The solubilized oocytes were then cen-
trifuged at 16,000 � g (4 °C) for 15 min. To precipitate biotin-
ylated proteins, 300�l of the supernatantwere added to 50�l of
NeutrAvidin� beads (Pierce) and incubated for 3 h at 4 °C. The
beads were then washed three times with lysis buffer. For elu-
tion of bound protein, the lysis buffer was replaced by 30 �l of
SDS-PAGE sample buffer (6 M urea, 100mMTris, pH 8.0, 0.02%
bromphenol blue, 100 mM �-mercaptoethanol, 5% SDS, 15%
glycerin) and heated to 95 °C for 10min. Sampleswere analyzed
by SDS-PAGE (10%, 8 � 10 cm) and immunoblotting.
SDS-PAGE of Alkylated Protein under Reducing and Nonre-

ducing Conditions—Oocytes expressing either wild type or
mutant hPAT1 were homogenized in 20 �l/oocyte of lysis
buffer (20mMTris/HCl pH7.4, 100mMNaCl, 1%TritonX-100,
1� protease inhibitor). After centrifugation of solubilized
oocytes (16,000 � g, 15 min, 4 °C) the supernatant was supple-
mented with 50 mM iodoacetamide and divided into two equal
aliquots. To one sample, 100mMDTTwas added. Sampleswere
analyzed by SDS-PAGE (7.5%, 10� 10 cm) and immunoblotted
in nonreducing sample buffer (8 M urea, 10% SDS, 100mMTris,
pH 8.5, 0.02% bromphenol blue).
Immunoblotting of Oocyte Homogenates—Proteins were sep-

arated by SDS-PAGE and electrotransferred onto nitrocellu-
losemembranes. After blocking ofmembranes in 5%nonfat dry
milk in TBT buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.2%
Tween) for 1 h at room temperature, Western blots were
probed with the primary antibody (mouse anti-HA tag) diluted
1:1000 in 5% nonfat dry milk in TBT buffer overnight at 4 °C.
The secondary antibody (goat anti-mouse horseradish peroxi-
dase-conjugated antibody) was used in a dilution of 1:2000 in
5% nonfat dry milk in TBT buffer for 1 h at room temperature.
Antibody binding was detected by enhanced chemilumines-
cence with the Super Signal West Pico Substrate (Pierce).

RESULTS AND DISCUSSION

Functional Characterization of hPAT1 and HA-hPAT1 in
X. laevis Oocytes—X. laevis oocytes were used for heterologous
expression of wild type and mutant hPAT1/HA-hPAT1. To
determine and characterize their transport function, oocytes
were injected with transporter cRNA and the two-electrode
voltage clamp technique was applied. As control, water-in-
jected oocytes were used. Application of 20 mM glycine or pro-
line to hPAT1-expressing oocytes at an extracellular pH of 6.5
and amembrane potential of�60mV induced inward currents
of 130 nA and 170 nA, respectively (Fig. 1A). L-Tryptophan, an
inhibitor of hPAT1 transport function (33), did not induce
detectable inward currents. In water-injected oocytes, glycine

and proline were not able to generate inward currents. These
results show that glycine and proline are transported by the hu-
man PAT1 expressed in oocytes in an electrogenic manner.
As shown in Fig. 1B, the electrogenic uptake of glycine by
hPAT1 and HA-hPAT1 is strongly pH-dependent. At pH 7.5
and 8.0, electrogenic uptake of glycine (20 mM) at a membrane
potential of�60mVwas hardly detectable both at PAT1 and at
HA-PAT1. With increasing extracellular H� concentrations
the signals elicited by glycine increased with a maximum at pH
5.5 and 5.0. For determination of the kinetic constants of gly-
cine uptake by hPAT1 and HA-hPAT1, glycine was added at
increasing concentrations to hPAT1-expressing oocytes at pH
6.5 under voltage clamp conditions (membrane potential �60
mV) (Fig. 1C). TheMichaelis constants obtained for the glycine
transport were 11.4� 1.2mM for hPAT1 and 12.4� 1.7mM for
HA-hPAT1. The transport characteristics of hPAT1 and HA-
hPAT1 expressed in X. laevis oocytes correspond very well to
previously published data on mouse and human PAT1 trans-
port function (3, 33–35). Furthermore, these data show that the
introduction of an HA tag at the N terminus of hPAT1 does
neither alter the transport activity nor the apparent affinity of
hPAT1-mediated transport. In addition, the HA tag does not
change the substrate specificity as we have shown recently (6).
For immunodetection in cells by fluorescence microscopy and
by Western blot analysis HA-tagged constructs were used in
subsequent transport studies and biochemical approaches.
Effect of DTT Treatment on Wild Type hPAT1 Transport

Function—As an initial test for the existence of a functional
relevant extracellular disulfide bond in hPAT1, we examined
the effect of the reducing reagent DTT. The glycine induced
inward currents in hPAT1-expressing oocytes and the
L-[3H]proline uptake in hPAT1-HRPE cells were both strongly
inhibited by treatment with DTT (10 mM) for 20 min, respec-
tively (Fig. 2). Under reducing conditions the transport of gly-
cine in hPAT1-expressing oocytes was decreased by up to 85%.
L-[3H]Proline uptake in hPAT1-HRPE cells was inhibited by
60% compared with untreated cells. Incubation of wild type
hPAT1 expressed either inXenopus oocytes or HRPE cells with
increasing concentrations of DTT led to a dose-dependent loss
of transport function (data not shown). Consistently, we
observed an inhibiting effect ofDTT in twodifferent expression
systems indicating the existence of an extracellular disulfide
bridge essential for full transport function. Fig. 3A shows the
two-dimensional topology model of hPAT1. Assuming 11
transmembrane domains, three cysteine residues (Cys-180,
Cys-329, and Cys-473) are located in the extracellular part of
the membrane protein. Two of them, Cys-180 and Cys-329 are
highly conserved and can be found in analogous positions in rat,
mouse, and rabbit PAT1 and also in the paralogs hPAT2 and
hPAT3 (Fig. 3B). Cys-473 is only present in the human PAT1.
To identify the extracellular cysteine residues, which might be
affected by DTT, singlemutants were constructed by substitut-
ing each of the three cysteine residues with alanine or serine
residue, respectively. If two cysteine residues are involved in
disulfide bridge formation, mutation of either one of them
should have an effect on transport function.
Functional Analysis of HA-hPAT1 Cysteine Mutants—Using

the site-directed mutagenesis technique, six single point

Identification of a Disulfide Bridge in PAT1

22126 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 33 • AUGUST 14, 2009



mutants ofHA-hPAT1were generated. Each of the three extra-
cellular cysteines (Cys-180, Cys-329, and Cys-473) was re-
placed by alanine or serine, respectively. The singlemutants are
designated C180A, C180S, C329A, C329S, C473A, and C473S.
Xenopus oocytes were injected with wild type cRNA, mutant
cRNA, orwater as control and analyzed using the two-electrode
voltage clamp technique. For mutants C180A, C180S, C329A,
and C329S, the inward current induced by 20 mM glycine was
significantly reduced. I20Gly went up to only 13, 2, 27, and 17%of
wild type HA-hPAT1 currents, respectively (Fig. 4A). In con-
trast, mutation of cysteine residue 473 had only a minor effect
on I20Gly. Mutants C473A and C473S displayed a glycine trans-
port comparable to wild type HA-hPAT1.
Cysteine mutants and wild type HA-hPAT1 were also ana-

lyzed using the L-[3H]proline uptake assay in cDNA-transfected
HRPE cells. Mutants C180A/S and C329A/S displayed a dra-
matic loss of transport capability (Fig. 4B). L-[3H]Proline uptake
was reduced to 13, 12, 20, and 14% compared with wild type
HA-hPAT1, respectively. This level corresponds to the degree
of L-[3H]proline uptake in cells transfected with the empty
vector. Interestingly, uptake function was not affected by the
mutation of cysteine 473. Both mutants, C473A and C473S
transported L-[3H]proline at levels comparable to wild type
HA-hPAT1.
In Xenopus oocytes we could show that the replacement of

the two highly conserved cysteine residues 180 and 329
either by an alanine or serine residue abolishes the transport
function of hPAT1. The expression of wild type and mutant
transporter in HRPE cells confirmed that the binding and/or
transport of the substrate at the carrier was impaired in the
respective mutants C180A/S and C329A/S. In contrast,
exchanging the third extracellular nonconserved cysteine

FIGURE 1. Functional characterization of human PAT1 and HA-PAT1
expressed in X. laevis oocytes. A, representative current traces of hPAT1-
expressing oocytes in response to application of indicated amino acids (20
mM) in ORi buffer at pH 6.5. The upper trace shows a typical current recording
of water-injected oocytes. B, oocytes expressing either hPAT1 or HA-hPAT1
were superfused with 20 mM glycine in ORi buffer at varying pH values. Cur-
rent I was calculated as the difference of the currents measured in the pres-

ence and absence of glycine. Mean values � S.E. from measurements of seven
oocytes from two batches are shown. C, hPAT1- and HA-hPAT1-expressing
oocytes were superfused with increasing concentrations of glycine in ORi
buffer at pH 6.5. Mean � S.E., n � 6 oocytes. Current I was calculated as the
difference of the currents measured in the presence and absence of glycine.
Kinetic constants were calculated by nonlinear regression of the Michaelis-
Menten plot.

FIGURE 2. Effect of DTT on hPAT1 function. A, oocytes injected either with
water (control) or hPAT1 cRNA (hPAT1) were incubated for 20 min at room
temperature in Barth’s medium with and without 10 mM DTT. The currents
induced by 20 mM glycine at pH 6.5 were determined in the absence and
presence (10 mM) of DTT. Currents (I20Gly) were calculated as the difference of
the currents measured in the presence and absence of glycine (n � 6
oocytes). B, HRPE cells transfected with empty vector pSPORT1 (control) or
pSPORT1-hPAT1 (hPAT1) were treated with 10 mM DTT for 20 min at room
temperature. Uptake of L-[3H]proline (20 nM) was measured in the absence or
presence (10 mM) of DTT at pH 6.0 for 10 min. Data are means � S.E., n � 4.
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residue 473 had no influence on transport function. These
results indicate that Cys-180 and Cys-329 are essential for
substrate transport either individually or by forming a disul-

fide bond. To investigate possible mistargeting, instability,
and subsequent decreases in cell surface expression as
known consequences of mutation in membrane proteins (17,

FIGURE 3. PAT1 amino acid sequence. A, two-dimensional topology model of the 11 transmembrane structure of hPAT1. Extracellular cysteine residues
mutated in this study (Cys-180, Cys-329, and Cys-473) are highlighted in black. Cysteine residues located in the transmembrane domains are highlighted in
gray. B, partial amino acid sequence alignment of extracellular loops two and four and the C terminus of human PAT1 (hPAT1), rat PAT1 (rPAT1), mouse PAT1
(mPAT1), rabbit PAT1 (rbPAT1), hPAT2, and hPAT3. Cysteine residues 180, 329, and 473 in hPAT1 and analogous residues are framed.
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18), we examined the cell surface expression of wild type and
mutant HA-hPAT1.
Cellular Localization of Wild Type and Mutant HA-hPAT1—

For localization of wild type and mutant HA-hPAT1 expressed
in Xenopus oocytes immunofluorescence was analyzed by con-
focal laser-scanning microscopy. cRNA-injected oocytes were
probedwith the primary rabbit anti-HA tag antibody.As shown
in Fig. 5A, all mutant proteins were detected in the plasma
membrane at similar levels as the wild type protein, except
mutant C180S. The much weaker staining of C180S mutant in
the plasma membrane, indicating a decrease in cell surface
expression, could be the explanation for the loss of function of
this single mutant. However, replacing the cysteine at the same
position with an alanine resulted in a mutant protein, which
reached the plasma membrane. A similar phenomenon has
been described by Karnik et al. (36) for the G-protein-coupled
receptor rhodopsin. They demonstrated that replacement of
conserved cysteine residues in rhodopsin with serine caused
detrimental effects on receptor folding and stability, proba-
bly due to the hydrophilic nature of the serine side chain.
Interestingly, the analogous alanine mutants behaved like
the wild type receptor. In cDNA- transfected HRPE cells
expressing either wild type or mutant HA-hPAT1, incuba-
tion with a rabbit anti-HA tag antibody led to intense stain-
ing of the plasma membrane, indicating a wild type-like
localization of all cysteine mutants (Fig. 5B). HRPE cells
transfected with empty vector pSPORT1 served as control
and showed only weak background fluorescence. The data of
both experiments demonstrate very clearly that the low lev-
els of transport activity of C180A/S and C329A/S mutants
observed in cRNA-injected oocytes and cDNA-transfected
HRPE cells were not caused by alterations of transporter
protein levels in the plasma membrane. Hence the postu-
lated disulfide bridge is not essential for the protein to reach
or keep its cellular destination but rather plays a direct role
in transport function.
Cell Surface Biotinylation of HA-hPAT1Wild Type and Cys-

teine Mutants—To obtain further evidence for the existence of
a disulfide bond between Cys-180 and Cys-329 in the extracel-

lular part of PAT1, the membrane-
impermeable thiol-reactive reagent
maleimide-PEG11-biotin was em-
ployed. To detect free accessible
cysteine residues in wild type and
mutant HA-hPAT1, cRNA-injected
oocytes were incubated with male-
imide-PEG11-biotin, and the lysates
were applied to neutravidin beads.
In the wild type protein, there are
three putative extracellular cysteine
residues. Assuming the presence of
an intramolecular disulfide bridge,
the incubation with maleimide-
PEG11-biotin should result in biotin
labeling of the third cysteine residue
provided that it is not engaged in an
intermolecular disulfide bridge. In
the single cysteine mutants a disul-

fide bond between the remaining two cysteines would prevent
labeling. Fig. 6 shows the Western blot analysis after biotinyla-
tion of wild type and cysteine mutants C180A, C329A, and
C473A. The broad band at 	100 kDa probably corresponds to
dimers and trimers resulting from aggregation, whereas the
lower molecular mass band at 55 kDa represents the hPAT1
monomer. The high molecular aggregates most likely result
from sample preparation. Detaching the biotin-protein com-
plex from the neutravidin beads by heat is the crucial step. As
hydrophobic interactions are intensified at higher tempera-
tures, this inevitable treatment might trigger aggregation of
membrane proteins to a different extent.
As expected, the wild type HA-hPAT1 was labeled by

maleimide-PEG11-biotin and could be detected in the eluate
of a neutravidin pulldown experiment (Fig. 6B). Biotinyla-
tion of a free cysteine residue was also detected for the
mutants C180A and C329A. In contrast, no coupling to bio-
tin could be observed for mutant C473A, suggesting inacces-
sibility of Cys-180 and Cys-329 or a disulfide bond between
both cysteines. To exclude the first scenario, oocytes
expressing the mutant C473A were incubated with 10 mM

DTT for 20 min prior to biotinylation with maleimide-
PEG11-biotin. In Fig. 6C the Western blot analysis of the
eluate of corresponding neutravidin pulldown experiments
shows that mutant C473A could be biotinylated after pre-
treatment with DTT, indicating that cysteine residues Cys-
180 and Cys-329 are in principle accessible for the biotiny-
lation reagent. Thus, the apparent absence of a free
sulfhydryl group in mutant C473A strongly suggests a disul-
fide bridge linkage of Cys-180 and Cys-329. Furthermore,
the labeling of the wild type transporter excludes the exist-
ence of an intermolecular disulfide bridge.
SDS-PAGE under Reducing and Nonreducing Conditions—

The mobility of wild type and mutant protein analyzed on a
7.5% SDS gel under reducing (�DTT) and nonreducing
(�DTT) conditions was examined. Lysates of oocytes express-
ing either wild type or mutant HA-hPAT1 were alkylated and
supplementedwith orwithout 100mMDTT.As shown in Fig. 7,
the wild type transporter HA-hPAT1 migrated faster under

FIGURE 4. Transport function of wild type HA-hPAT1 and cysteine mutants. A, two-electrode voltage clamp
recordings of oocytes injected either with wild type (HA-hPAT1) or mutant HA-hPAT1 cRNA. Water-injected
oocytes were used as control. Inward currents induced by 20 mM glycine were determined at pH 6.5. Currents
(I20Gly) were calculated as the difference of the currents measured in the presence and absence of glycine. Mean
values � S.E. from measurements of 5 to 6 oocytes are shown. B, uptake of L-[3H]proline (20 nM, 10 min, pH 6.0)
was determined in HRPE cells transfected with pSPORT1-HA-hPAT1 (wild type) or the mutant HA-tagged
hPAT1 cDNAs in pSPORT1. HRPE cells transfected with the empty vector pSPORT1 served as control. Data are
means � S.E., n � 3–7.
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nonreducing than under reducing conditions. This behavior,
probably caused by amore compact state of the protein is a hint
for the presence of a disulfide bond in HA-hPAT1 leading to a
denser packaging. For mutants C180A and C329A there is no
difference in gel mobility under reducing or nonreducing con-
ditions. The protein bands correspond to wild type protein
under reducing conditions, indicating the loss of the putative
disulfide bond in bothmutants. Mutant C473Amigrated faster
under nonreducing conditions than under reducing conditions
as observed for the wild type protein, which again implies the
existence of a disulfide bond between Cys-180 and Cys-329.
These results confirm the presence of a disulfide bond between
the highly conserved extracellular cysteine residues Cys-180
and Cys-329, which can be disrupted by either 100 mMDTT or
a point mutation (C180A and C329A).

Cell Surface Biotinylation of a
Triple Cysteine Mutant—Biotinyla-
tion experiments and protein
mobility assays both show very
clearly that Cys-180 and Cys-329
are involved in forming a disulfide
bridge. Nevertheless the data do not
exclude per se the possibility that
these cysteine residuesmight form a
disulfide bond with a cysteine resi-
due located at the extracellular end
of the transmembrane domains,
rather than with each other. In the
amino acid sequence of hPAT1,
there are five additional cysteine
residues present in putative trans-
membrane domains 3, 7, and 9 (Fig.
3). To rule out that one of them is
involved in disulfide formation, we
generated a triple cysteine mutant
of HA-hPAT1where all three extra-
cellular cysteine residues were
removed simultaneously. This
mutant was designated C180/329/
473A. Next, the triple mutant was
expressed in X. laevis oocytes and
subjected to biotinylation experi-
ments using the membrane-imper-
meable thiol-reactive reagent male-
imide-PEG11-biotin. As shown in
Fig. 8, biotin labeling of free cysteine
residues could only be detected for
the wild type transporter. In con-
trast, for the triple mutant no band
could be detected in the eluate of
neutravidin pulldown experiments.
To exclude that the lack of labeling
is caused by a reduced plasmamem-
brane expression, the expression of
the mutant was analyzed by confo-
cal laser-scanning microscopy. The
detected immunofluorescence of
the triplemutantwas comparable to

wild type transporter, indicating a wild type-like membrane
expression (data not shown). The absence of free sulfhydryl
groups in the triple mutant shows very clearly that the cysteine
residues in the transmembrane domains are not accessible and
therefore no potential partners for disulfide bridges.
In summary, specific transport activity of wild type hPAT1

was inhibited in the presence of the disulfide bond reducing
agent DTT in two different expression systems. This implies
that a disulfide bond is formed and can be reduced. Expression
of wild type and mutant transporters in Xenopus oocytes and
HRPE cells showed that mutants C180A/S and C329A/S were
not able to bind and transport the typical substrates glycine and
proline, respectively. Substitution of the two highly conserved
cysteine residues Cys-180 and Cys-329 either by alanine or ser-
ine residues thus led to a loss of function, underlining their

FIGURE 5. Localization of immunostained HA-hPAT1 (wild type) and cysteine mutants expressed in
X. laevis oocytes and HRPE cells detected by confocal laser-scanning microscopy. A, oocytes were
injected either with water (control) or cRNAs of wild type and mutant HA-hPAT1. Five days after injection
oocytes were incubated with the primary rabbit anti-HA tag antibody followed by the secondary goat anti-
rabbit AlexaFluor� 488 antibody. B, HRPE cells transfected either with the empty vector pSPORT1 (control) or
with the vector containing wild type HA-hPAT1 or mutant HA-hPAT1 cDNA as indicated were incubated with
the primary rabbit anti-HA tag antibody followed by the secondary goat anti-rabbit AlexaFluor� 488 antibody.
Nuclei were stained with DAPI.
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functional or structural importance individually or as parts of a
disulfide bridge. In contrast, mutants C473A/S showed a trans-
port activity comparable to wild type hPAT1. Immunofluores-
cence studies demonstrated that the loss of function of the
mutant transporters was not caused by a mislocalization of the
protein within the cell. Biochemical approaches like biotinyla-
tion of free sulfhydryl groups using maleimide-PEG11-biotin
and protein mobility assays on SDS-PAGE under reducing and
nonreducing conditions provide additional evidence for the
existence of a disulfide bond between Cys-180 and Cys-329.
This disulfide bridge linkage of extracellular loop (EL) 2 and EL
4 is therefore essential for transport function of hPAT1 but not
for membrane localization.
According to the 11 transmembrane domain model of

hPAT1 (37), cysteine residues Cys-180 and Cys-329 are located
in the extracellular part of the protein. Assuming a nine trans-
membrane domain topology of hPAT1 (4), both cysteines
would be located in the cytoplasmatic loops and could not form
a disulfide bond. Our results support the 11 transmembrane
domain model for hPAT1.
This study provides the first information about the putative

three-dimensional conformation of hPAT1. The loss of a disul-
fide bond has a dramatic effect on transporter structure render-
ing it unable to transport its substrates, confirming once again
the key role of disulfide bonds in stabilizing the three-dimen-
sional structure of a protein. The importance of cysteine resi-
dues for the structural integrity and functionality of membrane
proteins has been established for many GPCRs (38, 39) but for
only very few transporters (17, 25). In case of hPAT1 a disulfide
bond between Cys-180 in the EL 2 and C329 in EL 4 would lead
to a close proximity of these loops and furthermore transmem-
brane segments 3, 4, 7, and 8. The covalently linked assembly of
structures distant from each other in the primary structure
could be involved in forming or stabilizing the putative sub-
strate binding pocket and translocation pore.
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