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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� -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 inFig.
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 uncharacterizedcystine 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 (Slc7a9Š/-Slc3a1Š/-) compared with the
single one (Slc7a9Š/-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 � m.)
(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 � m.) 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 b 0,+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� m.)
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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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