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Heterodimeric amino acid transporters play crucial roles in epithelial
transport, aswell as in cellular nutrition. Among them, the heterodimer
of a membrane protein b0,+AT/SLC7A9 and its auxiliary subunit rBAT/
SLC3A1 is responsible for cystine reabsorption in renal proximal tu-
bules. The mutations in either subunit cause cystinuria, an inherited
amino aciduria with impaired renal reabsorption of cystine and dibasic
amino acids. However, an unsolved paradox is that rBAT is highly
expressed in the S3 segment, the late proximal tubules, whereas
b0,+AT expression is highest in the S1 segment, the early proximal
tubules, so that the presence of an unknown partner of rBAT in the
S3 segment has been proposed. In this study, by means of coimmu-
noprecipitation followed by mass spectrometry, we have found that a
membrane protein AGT1/SLC7A13 is the second partner of rBAT. AGT1
is localized in the apical membrane of the S3 segment, where it forms a
heterodimer with rBAT. Depletion of rBAT in mice eliminates the ex-
pression of AGT1 in the renal apical membrane. We have reconstituted
the purified AGT1-rBAT heterodimer into proteoliposomes and showed
that AGT1 transports cystine, aspartate, and glutamate. In the apical
membrane of the S3 segment, AGT1 is suggested to locate itself in close
proximity to sodium-dependent acidic amino acid transporter EAAC1
for efficient functional coupling. EAAC1 is proposed to take up aspar-
tate and glutamate released into luminal fluid by AGT1 due to its
countertransport so that preventing the urinary loss of aspartate
and glutamate. Taken all together, AGT1 is the long-postulated sec-
ond cystine transporter in the S3 segment of proximal tubules and a
possible candidate to be involved in isolated cystinuria.
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The heteromeric amino acid transporter (HAT) family is one of
the major amino acid transporter families responsible for cel-

lular uptake and epithelial transport (1–3). HATs form hetero-
dimers composed of a 12 membrane spanning light chain (SLC7)
that catalyzes transport functions and a single membrane spanning
heavy chain (SLC3) essential for plasma membrane localization
and stabilization of the light chains. Two heavy chains, SLC3A1/
rBAT and SLC3A2/4F2hc/CD98hc, covalently bound to light
chains via a disulfide bridge have been identified so far (4–6).
4F2hc interacts with most of the light chains in HATs whereas
rBAT has been known to form a heterodimer only with b0,+AT/
SLC7A9. Because the rBAT-b0,+AT complex is presented on the
apical membrane of proximal tubules in the kidney and involved in
the reabsorption of cystine and dibasic amino acids, the mutations
of either rBAT or b0,+AT cause cystinuria, a disorder of renal
reabsorption of cystine and dibasic amino acids leading to serious
renal lithiasis due to low solubility of cystine (7).
An unsolved paradox on rBAT and b0,+AT has been the dis-

crepancy between the distribution of rBAT and that of b0,+AT

(5, 8–10). rBAT is the most abundant in the S3 segment of proximal
tubules, and its expression declines toward the S1 segment (11, 12).
In contrast, the expression of b0,+AT is highest in the S1 segment
and decreases toward the S3 segment (5, 8). Furthermore, even in
b0,+AT-deficient mice, heterodimers containing rBAT still have
been observed (13). Therefore, it has been proposed that unknown
partners of rBAT exist in the S3 segment (5, 9, 14, 15).
The HAT family includes two members, AGT1/SLC7A13 and

Asc2, whose heavy chains have not been identified (16, 17).
Among them, aspartate/glutamate transporter 1 (AGT1) has been
identified as an Na+-independent acidic amino acid transporter
expressed specifically in the kidney (17). In this study, we have
generated new anti-AGT1 antibodies to search for the unknown
heavy chain(s), by means of coimmunoprecipitation followed by
mass spectrometry, and have revealed that rBAT is a heavy chain
of AGT1. AGT1 was detected at the apical membrane of the S3
segment in renal proximal tubules. A transport assay of the AGT1-
rBAT heterodimer reconstituted into proteoliposomes revealed
that it transports cystine as well as aspartate and glutamate. We
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conclude that AGT1 is a strong candidate for the “missing part-
ner” of rBAT and a second cystine transporter in the kidney.

Results
Identification of a Heavy Chain for AGT1.Anti-AGT1 antibodies were
newly generated against C-terminal 24 amino acid peptides. The
specificities of the antibodies, anti-AGT1(M) and anti-AGT1(G)
(SI Materials and Methods), were confirmed using 3xFLAG-tagged
AGT1 as shown in Fig. S1. In Western blot, the antibodies spe-
cifically recognized a band for AGT1 in the male kidney but not in
the female (Fig. 1A). mRNA for AGT1 was also detected only in
the male kidney by semiquantitative RT-PCR (Fig. S2A). There
are no perfect palindrome estrogen (ERE) and androgen (ARE)
response elements in the 10 kbp upstream of the AGT1 gene, as
well as in the AGT1 gene on mouse chromosome 4. Instead, three
imperfect palindrome AREs and a lot of half sites of ARE and
ERE were found in the regions (Fig. S2B).
AGT1 migrated at ∼40 kDa in the reducing condition whereas

the bands around 140 kDa and over 240 kDa were detected in the
nonreducing condition (Fig. 1A). The band shift from 140 kDa to
40 kDa was presumably due to the breakage of a disulfide bridge
between AGT1 and its heavy chain in the reducing condition. The

band over 240 kDa seems to be oligomers of heteromeric com-
plexes similar to those observed for HATs (5, 18–20).
To identify the unknown partner of AGT1, AGT1 was immu-

noprecipitated using anti-AGT1 antibodies (Fig. S3A). The elu-
tion fraction containing AGT1 in the immunoprecipitation was
subjected to shotgun mass spectrometry. In all of the independent
experiments [three times with anti-AGT1(M) and once with anti-
AGT1(G)], rBAT was detected with high protein scores (21) (Fig.
S3B). At the best, 19 peptides were identified on the rBAT amino
acid sequence, which covered 31.7% of the protein. Peptides
corresponding to AGT1 were also detected by mass spectrometry.
None of the peptides corresponding to 4F2hc or b0,+AT were
detected. In addition, none of the rBAT peptides were identified
from samples precipitated with normal rabbit IgG.
To confirm rBAT as a partner of AGT1, immunoprecipitated

samples were analyzed by Western blot. As shown in Fig. 1B, rBAT
was detected after immunoprecipitation using anti-AGT1 antibody,
but not with normal IgG. Moreover, AGT1 was detected by im-
munoprecipitation with anti-rBAT antibody (Fig. 1B). After over-
night incubation for immunoprecipitation in the presence of
detergent, AGT1 appeared more abundantly as homodimers
(around 70 kDa in Fig. 1B, Right and Fig. S3A) than monomers
(35–40 kDa in Fig. 1B, Right and Fig. S3A) whereas monomeric
AGT1 was mainly detected in freshly prepared proteins (Fig. 1A
and Fig. S3A).
To further confirm rBAT as an AGT1 partner, the expression

of AGT1 was examined in mice carrying a missense mutation in
rBAT causing the loss of rBAT protein in brush-border mem-
brane vesicles (BBMVs) (Fig. 1C, Right) (10, 22). In the mutant
mice, the band corresponding to the complex of AGT1 and its
heavy chain detected by anti-AGT1 antibody was diminished in
BBMVs, supporting the idea that rBAT is the heavy chain of
AGT1 (Fig. 1C, Left). The Western blots of BBMVs (Fig. 1C) and
crude membrane fractions from WT mouse kidney (Fig. 1 and Fig.
S3C) indicate that rBAT protein, as well as AGT1, is more abun-
dant in male than female whereas the amount of b0,+AT has no
biological sex difference (Fig. S3C). The AGT1-rBAT heterodimer
and b0,+AT-rBAT heterodimer were distinguishable by Western
blot using anti-rBAT antibody because the AGT1-rBAT hetero-
dimer did not exist in the female kidney (Fig. S3C).
One of the known functions of heavy chains of HATs is to lo-

calize the light chains to the plasma membrane (19, 23–26). To
examine the role of rBAT in the localization of AGT1, AGT1 was
expressed with rBAT in HEK293 cells. As shown in Fig. S4 A–C,
expression of 3xFLAG-AGT1, rBAT, or 4F2hc alone resulted in
the intracellular localization. In contrast, when 3xFLAG-AGT1
and rBAT were coexpressed, they both were localized on the
plasma membrane (Fig. S4 D–F). 4F2hc, the other heavy chain of
HATs, did not support membrane localization of 3xFLAG-AGT1
(Fig. S4 G–I).

Localization of Expression of AGT1 in Mouse Kidney. Immunohisto-
chemical analysis of the male mouse kidney using an anti-AGT1(G)
antibody revealed strong AGT1 immunoreactivity on the renal
tubules in the outer stripe of the outer medulla and medullary ray
(Fig. 2 A and B). The AGT1 protein was mainly localized on the
apical membrane of the tubules (Fig. 2 B and C). No staining was
detected in the female mouse kidney by the anti-AGT1(G) anti-
body (Fig. S5 A–C). The localization of AGT1 in the male mouse
kidney was confirmed by the anti-AGT1(M) antibody (Fig. S5
D–F). The localization of AGT1 was further confirmed by in situ
hybridization showing a similar pattern of positive signals in the
male mouse kidney and no signal in the female kidney (Fig. S6).
Structured illumination microscopy (SIM) revealed AGT1 immu-
noreactivity at the surface of apical membranes, which is evident
compared with the fluorescence from apical membrane staining
marker lectin phytohemagglutinin-L (PHA-L) (Fig. 2 D–F).
Colocalization of AGT1 and rBAT in the mouse kidney was

demonstrated by immunofluorescence double staining (Fig. 2G–L).
Consistent with the results from immunohistochemistry in Fig. 2A,
AGT1 immunofluorescence signals dominantly appeared on the
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Fig. 1. AGT1-heavy chain heterodimer in mouse kidney. (A) Expression of
AGT1 in kidney. Western blot was performed on crude membrane fractions
from two female and twomale mice using the anti-AGT1(M) antibody. Western
blots (Left and Right) were performed in the presence (+DTT) or absence
(− DTT) of 100 mM DTT, respectively. Filled arrowheads indicate AGT1. Open
arrowhead points to heterodimers of AGT1 and its heavy chain (AGT1-hc het-
erodimer) whereas the open arrow indicates the oligomeric complex. (B) Im-
munoprecipitation on renal brush-border membrane vesicles (BBMVs) with the
anti-AGT1(M) antibody or anti-rBAT antibody. Western blot was performed
with the anti-rBAT antibody or anti-AGT1(M) antibody in the presence of
100 mM DTT. The small arrow (Left) and the arrowhead (Right) indicate the
bands for rBAT and AGT1, respectively. The large arrow (Right) indicates the
AGT1 homodimer. Normal rabbit IgG was used as a control for immunoprecip-
itation. Asterisks are the bands derived from IgG. (C) Expression of AGT1 and
rBAT in the mutant mouse kidney Western blot was performed on renal BBMVs
from different genotypes [WT (Slc7a9+/+ and Slc3a1+/+) and D140G (Slc3a1 mis-
sense mutation)] of male (M) and female (F) mice in the nonreducing
condition. The anti-AGT1(G) and anti-rBAT antibodies detected AGT1-
rBAT heterodimer (arrowhead) and its oligomers, including dimers of heter-
odimeric complexes (arrowhead 2×) and higher oligomeric complexes (arrow).
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renal tubule in the outer stripe of the outer medulla and medullary
ray (Fig. 2G). In contrast, rBAT immunoreactivity was extended to
the superficial cortex although that in the outer stripe of the outer
medulla and medullary ray was the strongest (Fig. 2H), as reported
previously (11, 12). The immunoreactivity of AGT1 was completely
merged with that of rBAT at the apical membrane of the proximal
tubules (Fig. 2 J–L).

Functional Characterization of AGT1 in Proteoliposome. Functional
properties of the AGT1-rBAT heterodimer were examined
by reconstitution into proteoliposomes. AGT1 and rBAT were
stably coexpressed in HEK293 cells and purified as a complex
(Fig. S7). Most of the purified AGT1 formed heterodimers with
rBAT. b0,+AT was not detected in any fractions, including the
elution fraction (Fig. S7). The AGT1-rBAT proteoliposomes pre-
loaded with or without aspartate were incubated with [14C]cystine

(Fig. 3A). Although the control liposomes did not accumulate ra-
dioactivity, time-dependent increase of [14C]cystine uptake was
observed in AGT1-rBAT proteoliposomes without aspartate inside
(Fig. 3A), indicating that the AGT1-rBAT heterodimer mediated
downhill cystine influx. Such a facilitative transport of cystine dis-
played a hyperbolic dependence on cystine concentration, fitted to
the Michaelis–Menten equation with a Km value of 67.6 μM. In
contrast, the proteoliposomes preloaded with aspartate exhibited a
higher initial rate of [14C]cystine influx. The accelerated influx was
transient, and the uptake peaked at around 10 min, after which the
accumulated radioactivity declined gradually (Fig. 3A). This over-
shoot is typical of active transport driven by cotransport or coun-
tertransport in proteoliposome (27). It suggests that AGT1-rBAT
heterodimer mediates countertransport when counter substrates
exist. The countertransport mediated by AGT1-rBAT was con-
firmed by efflux experiments in which [14C]cystine was preloaded
into proteoliposomes. The efflux of [14C]cystine was estimated in
the presence or absence of external aspartate by measuring the
radioactivity remaining in the proteoliposomes. As shown in Fig.
3B, the efflux of preloaded cystine was accelerated by external
aspartate in a concentration-dependent manner.
The ion dependence of the transport was examined for the

countertransport mode in the condition that aspartate and
K+ (150 mM) were loaded into the AGT1-rBAT proteolipo-
somes. The proteoliposomes were incubated with Na+ (150 mM)
or K+ (150 mM). As shown in Fig. 3C, the influx of both cystine
and aspartate was not significantly dependent on Na+.
The substrate selectivity of the AGT1-rBAT heterodimer was

examined for the countertransport mode on the proteoliposomes
preloaded with aspartate. As shown in Fig. 3D, a high level of in-
flux was observed for aspartate, glutamate, and cystine whereas a
lower level of influx was detected for glutamine, leucine, methio-
nine, phenylalanine, valine, tyrosine, and tryptophan. Serine, cys-
teine, and basic amino acids, such as lysine and arginine, were not
transported. To differentiate its substrate recognition from that of
other acidic amino acid transporters, the effects of acidic amino
acid analogs (see structures in Fig. S8) were investigated on
[14C]aspartate influx. As shown in Fig. 3E, threo-β-hydroxyaspartate
and cysteine sulfinate inhibited [14C]aspartate uptake as well as as-
partate and glutamate did whereas the inhibition by serine-O-sulfate,
cysteate, cysteine, and homocysteine was less than that by aspartate
and glutamate. In contrast, α-aminoadipate, homocysteate, trans-
pyrrolidine-2,4-dicarboxylate, and dihydrokainate did not inhibit
the uptake. Cystine exhibited a similar level of inhibition compared
with aspartate and glutamate.

Colocalization of AGT1 with Acidic Amino Acid Transporter EAAC1
(SLC1A1). In the mouse kidney, EAAC1 was detected by immu-
nofluorescence microscopy in the cortex and outer stripe of the
outer medulla, where the outer stripe of the outer medulla and
medullary ray exhibited stronger fluorescence than the superficial
cortex (Fig. 4A). EAAC1 immunoreactivity was detected at the
apical membranes of tubules by SIM (Fig. 4B), similar to AGT1
(Fig. 4C). AGT1 immunoreactivity was colocalized with the
staining of EAAC1 (Fig. 4 D and E) whereas the tubules ex-
pressing EAAC1 but not AGT1 also exist due to the wider dis-
tribution of EAAC1 in proximal tubules (Fig. 4E). To further
investigate the spatial relation of AGT1 and EAAC1, the distance
between the two molecules was estimated with an in situ proximity
ligation assay. In this assay, the fluorescence signal is detected only
when two target proteins are in close proximity to each other: The
theoretical maximum distance between two target proteins is 30–
40 nm (28). Kidney sections reacted with both the anti-AGT1
antibody and anti-EAAC1 antibody showed positive red fluores-
cent signals, suggesting that AGT1 and EAAC1 are closely placed
with each other (Fig. 5A) whereas no signal was detected in the
kidney sections treated with only either the anti-AGT1 antibody or
anti-EAAC1 antibody (Fig. 5 B and C). The treatment with the
anti-AGT1 antibody and anti-rBAT antibody produced positive
signals as well as the combination of the anti-b0,+AT antibody and
anti-rBAT antibody whereas positive signals were not detected

Fig. 2. Localization of AGT1 and rBAT in the male mouse kidney. (A–C) Lo-
calization of AGT1 in immunohistochemistry. AGT1 immunoreactivity was
detected on the renal tubules located in the outer stripe of the outer medulla
(red two-way arrow in A) and medullary ray (asterisk in A and arrows in B) in
low and middle magnification views (A and B). The “C” inA indicates the renal
cortex. AGT1 immunoreactivity was localized on the apical membrane of the
tubules (small arrows in C). AGT1 immunoreactivity was less detected in distal
convoluted tubules characterized by macula densa (large arrow in C). (Scale
bars: A, 1 mm; B, 200 μm; C, 100 μm.) (D–F) Structured illumination microscopy
(SIM) analysis of AGT1. The AGT1 signal is shown in cyan (D) whereas the signal
for lectin PHA-L used as an apical membrane marker is shown in green. Their
merged image is shown in F. (Scale bar: 10 μm.) (G–L) Coimmunofluorescence
staining of AGT1 and rBAT on the apical membrane of renal tubules. Low
magnification views indicate the colocalization of AGT1 and rBAT on the tu-
bules in the outer stripe of the outer medulla (“OSOM” in G) and medullary
ray (asterisk in G). (G–I) The “C” in G indicates the renal cortex. AGT1 and rBAT
are colocalized on the apical membrane of the tubules in high magnification
views (J–L). Signals for AGT1 and rBAT are shown in red (G and J) and green
(H and K), respectively.Merged images are shown in I and L. (Scale bars: I, 500 μm;
L, 25 μm.) The anti-AGT1(G) antibody was used for immunohistochemistry and
immunofluorescence experiments.
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when the anti-AGT1 antibody was combined with an antibody for
CD13/aminopeptidase N, localized at the apical membrane of the
proximal tubules (Fig. 5 D–F).

Discussion
On the cystine reabsorption in the renal proximal tubule, a long-
standing issue that has not been solved since the discovery of

rBAT and b0,+AT is the discrepancy regarding the distribution of
rBAT and b0,+AT along the renal proximal tubules. Based on
this discrepancy, it has been postulated that rBAT has an un-
known partner other than b0,+AT. It should be the main rBAT-
partner in the S3 segment of the proximal tubules where the ex-
pression of b0,+AT is substantially low whereas that of rBAT is the
highest. In an attempt to reveal an unidentified heavy chain of
AGT1 in the present study, we have found that AGT1 is the
long-awaited rBAT-partner in the S3 segment.
By means of immunoprecipitation using anti-AGT1 antibodies

followed by mass spectrometry, rBAT was identified as a binding
partner of AGT1. rBAT associates with AGT1 via a disulfide bond
(Fig. 1) and translocates AGT1 to the plasma membrane, con-
sistent with the proposed role of heavy chains of HATs. In the
kidney, AGT1 expression is largely restricted to the outer stripe of
the outer medulla and medullary ray where it is colocalized with
the strongest staining of rBAT. It indicates that AGT1 is present
in the S3 segment of the proximal tubules because the strong rBAT
staining is a marker for the S3 segment (11). The presence of the
AGT1-rBAT heterodimer in the proximal tubules was supported
by an in situ proximity ligation assay (Fig. 5D) and further was
confirmed by the observation that AGT1 disappeared from the
BBMV in mutant mice lacking rBAT expression (Fig. 1C).
Therefore, we concluded that AGT1 is the transporter corre-
sponding to the missing partner of rBAT in the S3 segment of the
proximal tubules. Additionally, we found a remarkable biological-
sex difference in the expression of AGT1 in the kidney. Although
we could not find perfect palindrome estrogen (ERE) and an-
drogen (ARE) response elements associated with the AGT1 gene
(Fig. S2B), some of the imperfect palindrome AREs and/or half-
sites of ARE and ERE could be involved in male-specific AGT1
expression. The functional significance of imperfect AREs and
half-sites of ARE or ERE is, however, still not established (29).
In this study, the localization of AGT1 was examined by two newly

generated antibodies raised against the C-terminal intracellular do-
main of AGT1 produced by expressing it in Escherichia coli. In
the immunohistochemistry of mouse kidney cryosections, basically
identical results were obtained by using these two antibodies on the
localization of AGT1 (Fig. 2 and Fig. S5), which was further con-
firmed by in situ hybridization (Fig. S6). Using these antibodies,
AGT1 was localized to the apical membrane of the S3 segment
(Fig. 2). In a previous study, an antiserum raised against a synthetic
oligo peptide corresponding to the predicted amino acid sequence
of AGT1 stained the basolateral membrane of proximal straight
tubules and distal convoluted tubules in mouse kidney paraffin
sections (17). Although the staining was eliminated in the absorp-
tion experiments using the antigen peptide, it is possible that the
antibody recognized epitopes in tissue sections other than AGT1.
For functional analyses using Xenopus oocytes in the previous

study, we generated fusion proteins in which AGT1 was con-
nected with 4F2hc or rBAT to ensure plasma membrane sorting
(17). Both fusion proteins expressed Na+-independent transport
for aspartate and glutamate although their uptake levels were
low. Because such fusion of proteins may affect the function, we
purified an AGT1-rBAT heterodimer (Fig. S7) and reconstituted
it into proteoliposomes. This proteoliposome reconstitution
allowed us to examine the function of the heterodimer, avoiding
distortion by protein fusions and excluding possible effects from
other proteins, amino acids, and inorganic ions in the cells.
By proteoliposome reconstitution, we have revealed that the

AGT1-rBAT heterodimer transports cystine as well as aspartate
and glutamate. In the previous study, cystine transport activity
was not detected for the fusion proteins in Xenopus oocytes al-
though cystine weakly inhibited aspartate uptake (17). In addi-
tion, the AGT1-rBAT heterodimer also mediated a lower level
of transport of some neutral amino acids, which was not detected
in the fusion proteins. The profile of inhibition of [14C]aspartate
uptake by acidic amino acid analogs for the AGT1-rBAT het-
erodimer in proteoliposome shown in Fig. 3E was similar to that
for the AGT1-4F2hc fusion protein (17). AGT1 would recognize
cystine as an anionic amino acid similar to other HAT member
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Fig. 3. Functional analysis of the AGT1-rBAT heterodimer in proteolipo-
somes. (A) Time course of downhill cystine influx and cystine countertran-
sport. The proteoliposomes reconstituted with the AGT1-rBAT heterodimer
and preloaded with (filled circle) or without (open circle) 4 mM aspartate, as
well as control liposomes preloaded with (filled square) or without (open
square) 4 mM aspartate, were incubated in 100 μM [14C]cystine. CssC, cystine;
*CssC, [14C]cystine. (B) The effect of external aspartate on cystine efflux. The
efflux of [14C]cystine (100 μM) was evaluated in the absence (open diamond)
or presence of external nonradioactive aspartate (gray diamond, 100 μM;
filled diamond, 500 μM). The radioactivity remaining in the proteoliposomes was
shown as percent of loaded radioactivity. (C) Ion dependence of the transport.
The uptake of [14C]cystine and [14C]aspartate (100 μM) was measured for 10 min
in sodium uptake buffer (+) or potassium uptake buffer (−). The proteolipo-
somes were preloaded with 4 mM aspartate. *Asp, [14C]aspartate. Statistical
difference was determined using the Student’s unpaired t test. Differences were
considered significant at P < 0.05. (D) Substrate selectivity of AGT1. Proteolipo-
somes loaded with 4 mM aspartate were incubated in sodium uptake buffer
containing 14C-labeled amino acids (100 μM) for 10 min. *Amino acid, radiola-
beled L-amino acid. (E ) The effects of acidic amino acid analogs on the
transport. The uptake of 20 μM [14C]aspartate into the proteoliposome
loaded with 4 mM aspartate was measured for 5 min in the presence or
absence (−) of indicated compounds. The test compounds (Left) were at
5 mM except threo-β-hydroxyaspartate (THA) (2 mM). The compounds in the
Right were at 0.5 mM. DHK, dihydrokainate; PDC, L-trans-pyrrolidine-2,4-
dicarboxylate; SOS, L-serine-O-sulfate. The uptake values shown in C–E are the
influx into proteoliposomes minus the influx into control liposomes. The po-
tassium uptake buffer was used for A, B, and E. All data in Fig. 3, except B,
represent mean ± SE; n = 3–4.
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xCT/SLC7A11 that transports glutamate and cystine by recog-
nizing cystine as an anionic amino acid. AGT1 is, however, still
distinct from xCT in that AGT1 transports aspartate with a short
side chain and escapes α-aminoadipate with a longer side chain
(Fig. 3E), suggesting that AGT1 prefers anionic amino acids with
shorter side chains.
In the apical membrane of the proximal tubule S3 segment, we

have found that AGT1 is colocalized with Na+-dependent acidic
amino acid transporter EAAC1 (30, 31) (Fig. 4). An in situ prox-
imity ligation assay strongly suggests that they are present in the
immediate vicinity of each other (Fig. 5). Such a colocalization in
close proximity would enable efficient functional coupling between
two transporters with overlapping substrates. As depicted in Fig.
S9, aspartate and glutamate would be released into the luminal
fluid via AGT1 when AGT1 reabsorbs substrates, including cystine,
from the luminal fluid. The released aspartate and glutamate could
be taken up and salvaged by closely located EAAC1 to prevent
their urinary loss. The cystine taken up by AGT1 is converted to
cysteine in the cytoplasm of epithelial cells, which ensures di-
rectional flow of cystine from tubular fluid to the cytoplasm of
tubular epithelial cells. Therefore, it is proposed that AGT1 and
EAAC1 in concert function as a cystine reabsorption system as a
whole using aspartate and glutamate as internal-coupling substrates
(Fig. S9). Through such cooperation, EAAC1 may furthermore
drive and boost AGT1 by providing aspartate and glutamate to
the intracellular substrate-binding site of AGT1, particularly
when enough concentration of counter substrates is not avail-
able at the intracellular surface of the plasma membrane.
Two distinct cystine transport systems were once reported in

the rodent kidney (32). One of them had no interaction with
dibasic amino acids, which corresponds well with the AGT1-
rBAT heterodimer characterized in the present study. An addi-
tional feature of such a cystine transport system described in
BBMV was that its transport activity is increased in the presence
of Na+. In our present study, Na+ dependence was not significant
in the proteoliposome (Fig. 3C). It might be possible that some
Na+-dependent transporters such as Na+-dependent acidic amino
transporter EAAC1 as described above could cooperate and
provide AGT1 with counter substrates to drive it, which makes
the cystine transport somewhat Na+-dependent. It is reminiscent
of the renal urate reabsorption system in which Na+-dependent
monocarboxylate transporters provide counter substrates and
drive Na+-independent urate transporter URAT1 to confer Na+
dependence on the urate reabsorption system (33).
In the physiological condition, more than 90% of cystine is

reabsorbed in early proximal tubules, where b0,+AT is the partner
of rBAT, leaving a small portion of cystine to be reabsorbed by
AGT1-rBAT. The small contribution to cystine reabsorption
proposed for AGT1-rBAT may explain why cystine is not in-
creased in the urine in dicarboxylic amino aciduria that is caused
by the dysfunction of EAAC1 (34) although EAAC1 is supposed

to drive AGT1 in some conditions as discussed above. However,
when b0,+AT is defective in mice, the fractional excretion of
cystine is only 11%, and the remaining cystine reabsorption has
been attributed to uncharacterized cystine transport (35). The small
fractional excretion of cystine in b0,+AT-defective mice suggests that
cystine transporters other than b0,+AT possess high reserve capacity
to compensate largely the loss of b0,+AT function, similar to the
renal glucose reabsorption system in which SGLT1 in late proximal
tubules makes up the glucose reabsorption by means of its high
reserve capacity when SGLT2 in early proximal tubules is inhibited
(36, 37). In fact, in the digenic inheritance of cystinuria mice, it was
reported that the prevalence and severity of lithiasis are increased in
the double homozygote (Slc7a9−/-Slc3a1−/-) compared with the
single one (Slc7a9−/-Slc3a1+/+) (10), which supports the signifi-
cant contribution of the heterodimer of rBAT and a light chain
other than b0,+AT to tubular cystine reabsorption. Notably, cys-
tinuria patients who have no urinary hyperexcretion of dibasic
amino acids were found in a German family and a British family
(38, 39), as well as in dogs (40). Although the mutation T123M in
b0,+AT was reported for patients from the German family with
such isolated cystinuria (38), AGT1 mutations might also explain
additional cases of this type of cystinuria.
Taken all together, the evidence strongly suggests that the

AGT1-rBAT heterodimer corresponds to a transport system
involved in cystine reabsorption in renal proximal tubules. The
identification of this second cystine transporter in proximal tu-
bules has answered long-lived questions regarding cystine reab-
sorption. Simultaneously, it raises a series of new questions, such
as the actual physiological contribution of AGT1 in renal cystine
reabsorption, the biological sex difference in AGT1 expression,
and the relevance of AGT1 to cystinuria, that require further
studies to address these subjects.

Materials and Methods
SI Materials and Methods includes additional information on experimental
methods.

Animal Studies. All studies were approved by the Osaka University Animal
Care and Use Committee and the Committee for the Use and Care of Animals
in Institut d’Investigació Biomèdica de Bellvitge.

Fig. 4. Localization of AGT1 with acidic amino acid transporter EAAC1 in
the male mouse kidney. (A) Localization of EAAC1 in immunofluorescence
microscopy. EAAC1 immunoreactivity was detected strongly in the outer
stripe of the outer medulla (“OSOM”) with the medullary ray (asterisk).
Weaker staining was also detected in the cortex (“C”). (Scale bar: 500 μm.)
(B–E) Coimmunofluorescence staining of EAAC1 and AGT1 on the apical
membrane of renal tubules in SIM analysis. EAAC1 and AGT1 signals are
shown in green and cyan, respectively. A merged image of B and C is shown
in D. E was merged from other independent pictures. AGT1 was colocalized
with EAAC1 (arrow) whereas tubules expressing EAAC1 but not AGT1 (arrow
head) also exist (E). (Scale bars: D and E, 20 μm.) The anti-AGT1(G) antibody
was used for immunofluorescence experiments.

Fig. 5. Colocalization of AGT1 and EAAC1 determined by proximity ligation
assay. An in situ proximity ligation assay (PLA) was performed on male
mouse kidney sections. In the confocal images of the mouse kidney sections,
positive PLA fluorescence signals are shown in red (arrowheads). Nuclei were
stained with DAPI (blue). The positive signals were detected on the brush
border region of proximal tubules treated with both anti-AGT1(G) and anti-
EAAC1 antibodies (A). No signals were seen in the sections treated with anti-
AGT1 antibody alone or anti-EAAC1 antibody alone (B and C). Positive PLA
fluorescence signals were also obtained between b0,+AT and rBAT (D) and
between AGT1 and rBAT (E). No positive signal was seen in the sections
treated with anti-AGT1 and anti-CD13 antibodies (F). (Scale bars: 10 μm.)
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Antibodies, Immunoprecipitation, and Mass Spectrometry. Anti-AGT1 antibodies
were newly generated in this study as described in SI Materials and Methods.
Immunoprecipitation of AGT1 or rBAT was performed, and the immunopre-
cipitated proteins were subjected to mass spectrometry to identify a heavy
chain for AGT1 (SI Materials and Methods).

Immunohistochemistry and Immunofluorescence Microscopy. Immunohisto-
chemistry and immunofluorescence microscopy were performed as de-
scribed in SI Materials and Methods. Superresolution SIM images were
obtained by using an Elyra S1 microscope (Carl Zeiss). A duolink in situ
proximity ligation assay (PLA) (Sigma-Aldrich) was used according to the
manufacturer’s protocol.

Transport Assays on Proteoliposomes. rBAT and 3xFLAG-AGT1 were purified
as a heterodimeric complex and reconstituted into proteoliposomes by the

dilution-freeze/thaw method (41). The proteoliposomes were subjected to
transport assays as described in SI Materials and Methods.
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