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In order to understand the renal reabsorption mechanism of neutral amino acids via amino
acid transporters, we have isolated human L-type amino acid transporter 2 (hLAT2) and
human T-type amino acid transporter 1 (hTAT1) in human, then, we have examined and com-
pared the gene structures, the functional characterizations and the localization in human kid-
ney. Northern blot analysis showed that hLAT2 mRNA was expressed at high levels in the
heart, brain, placenta, kidney, spleen, prostate, testis, ovary, lymph node and the fetal liver.
The hTAT1 mRNA was detected at high levels in the heart, placenta, liver, skeletal muscle, kid-
ney, pancreas, spleen, thymus and prostate. Immunohistochemical analysis on the human kid-
ney revealed that the hLAT2 and hTAT1 proteins coexist in the basolateral membrane of the
renal proximal tubules. The hLAT2 transports all neutral amino acids and hTAT1 transports
aromatic amino acids. The basolateral location of the hLAT2 and hTAT1 proteins in the renal
proximal tubule as well as the amino acid transport activity of hLAT2 and hTAT1 suggests that
these transporters contribute to the renal reabsorption of neutral and aromatic amino acids in
the basolateral domain of epithelial proximal tubule cells, respectively. Therefore, LAT2 and
TAT1 play essential roles in the reabsorption of neutral amino acids from the epithelial cells to
the blood stream in the kidney. Because LAT2 and TAT1 are essential to the efficient absorp-
tion of neutral amino acids from the kidney, their defects might be involved in the pathogene-
sis of disorders caused by a disruption in amino acid absorption such as blue diaper
syndrome.
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INTRODUCTION of the kidney and small intestine, distinct amino acid
transporters develop in the apical and basolateral
Amino acid transport across the plasma membrane is membranes of the epithelial cells, which ensure the
needed in order for the cells to be supplied with amino  vectorial transport of the amino acids through the epithelia
acids for cellular nutrition (Christensen, 1990). This process  (Stevens et al., 1984).
is mediated via the amino acid transporters that are Previously, a large number of amino acid transport
responsible for the translocation of amino acids through  systems in mammals were distinguished based on the
the membrane (Kanai and Endou, 2001). In the epithelia  differences in the substrate selectivity and ion depen-
dence (Christensen, 1990). Over the 10 years, molecular
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classified into several transporter families based on the
differences in the substrate selectivity and ion dependence.
The transporter families include Na*-dependent and Na*-
independent neutral amino acid transporters, Na*-depen-
dent and Na*-independent basic amino acid transporters
and Na*-dependent and Na*-independent acidic amino
acid transporters (Kanai and Endou, 2001). Although it is
known that the amino acid transporters have differences
in the apical and basolateral membranes of the epithelial
cells, which ensures the vectorial transport of amino acids
through the epithelia, the molecular characterization of the
amino acid transporters in addition to the role of amino
acid transporters in kidney are unclear.

Among the amino acid transport systems, the system L
amino acid transporter transports neutral amino acids,
which comprise most of the amino acids with the
exception of basic amino acids such as lysine and
arginine and acidic amino acids such as glutamate and
aspartate (Oxender and Christensen, 1963; Christensen,
1990). The system L amino acid transporter is a Na*-
independent neutral amino acid transport system, which is
the major route for providing living cells including tumor
cells with neutral amino acids including several essential
amino acids (Oxender and Christensen, 1963; Christensen,
1990). Because of its broad substrate selectivity, the
system L amino acid transporter is regarded as a drug
transporter, which transports not only naturally occurring
amino acids but also the following amino acid-related
drugs: L-dopa, a therapeutic drug for Parkinsonism; mel-
phalan, an anticancer phenylalanine mustard; triiodothy-
ronine and thyroxine, two thyroid hormones; gabapentin,
an anticonvulsant; and S-(1,2-dichlorovinyl)-L-cysteine, a
neurotoxic cysteine conjugate (Goldenberg et al., 1979;
Christensen, 1990; Lakshmanan et al., 1990; Blondeau et
al, 1993; Su et al, 1995; Gomes and Soares-da-Silva,
1999; Kanai and Endou, 2001).

By means of expression cloning, we isolated a rat L-
type amino acid transporter 1 (rLAT1), the first isoform of
the system L amino acid transporter, from C6 rat glioma
cells (Kanai et al, 1998). In addition, we isolated and
characterized a human LAT1 (hLAT1) from PA-1 human
teratocarcinoma cells (Yanagida et al., 2001). The LAT1 is
a predicted 12-membrane-spanning protein (Kanai et al.,
1998; Yanagida et al., 2001), which mediates Na*-inde-
pendent amino acid exchange and prefers large neutral
amino acids with bulky or branched side chains as its
substrates (Kanai et al., 1998; Yanagida et al., 2001). The
LAT1 requires an additional single-membrane-spanning
protein the heavy chain of the 4F2 antigen (4F2hc) for its
functional expression in the plasma membrane (Kanai et
al, 1998; Mannion et al., 1998; Yanagida et al., 2001).
LAT1 and 4F2hc form a heterodimeric complex via a
disulfide bond (Kanai et al, 1998; Mannion et al., 1998;
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Yanagida ef al,, 2001). The LAT1 mRNA is only expressed
in restricted organs such as the brain, spleen, placenta
and testis (Kanai et al, 1998; Nakamura et al, 1999;
Prasad et al., 1999, Yanagida et al.,, 2001). However, the
4F2hc mRNA is ubiquitously expressed in all embryonic
and adult tissues (Kanai et al, 1998; Nakamura et al.,
1999; Yanagida et al, 2001). In addition, the LAT1 is
highly expressed in malignant tumors presumably to
support their continuous growth and proliferation (Sang et
al., 1995; Wolf et al., 1996; Kanai et al., 1998; Yanagida et
al., 2001).

Subsequently, we cloned a rat L-type amino acid trans-
porter 2 (rLAT2), the second isoform of system L amino
acid transporter, from the rat small intestine (Segawa et
al, 1999). In addition, the human L-type amino acid
transporter 2 (hLAT2) was isolated (Pineda et al., 1999).
The LAT2 is also a Na'-independent amino acid trans-
porter, which requires the 4F2hc for its functional expres-
sion (Pineda et al., 1999; Segawa et al,, 1999). Although
the hLAT2 was cloned, the tissue distributions in human,
the localization in human tissues and the transport mech-
anisms are unclear.

The system T amino acid transporter is a plasma mem-
brane amino acid transport system that mediates the Na*-
independent transport of aromatic amino acids across the
plasma membrane (Rosenberg ef al., 1980; Christensen,
1990; van Winkle et al,, 1990). Recently, we have identified
the transporters subserving system T in rat and human
(Kim et al, 2001, 2002b). The transporters, which were
designated the rat T-type amino acid transporter 1 (rTAT1)
and human T-type amino acid transporter 1 (hTAT1), are
predicted to be 12-membrane-spanning proteins (Kim et
al, 2001, 2002b). When expressed in Xenopus laevis
oocytes, TAT1 exhibits the Na*-independent facilitative
transport of aromatic amino acids such as tryptophan,
phenylalanine and tyrosine, which is consistent with the
properties of system T amino acid transporter (Kim et al.,
2001, 2002b).

It is known that the system L amino acid transporter and
the system T amino acid transporter play an important
role in the absorption of neutral amino acids in the small
intestine and kidney (Silbernagl, 1979; Christensen, 1990;
Kanai and Endou, 2001). However, the absorption mech-
anisms of the neutral amino acids in the small intestine
and kidney are unknown.

Therefore, this study investigated the absorption mech-
anisms of neutral amino acids via the system L amino
acid transporter and the system T amino acid transporter
in the kidney. To accomplish this, the cDNAs of the system
L amino acid transporter and the system T amino acid
transporter in human were cloned and the gene structures,
the functional characterizations and the localization in the
human kidney were examined and compared.
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MATERIALS AND METHODS

Materials

The radiolabeled amino acids were purchased from
Perkin-Elmer Life Sciences Inc. (Boston, MA, USA). The
affinity-purified anti-LAT2 and anti-TAT1 polyclonal anti-
bodies were kindly provided by Kumamoto Immuno-
chemical Laboratory, Transgenic Inc. (Kumamoto, Japan).
Other chemicals were purchased from Sigma (St. Louis,
MO, USA).

Identifications and sequencings of human LAT2
(hLAT2) and human TAT1 (hTAT1)

The cDNA for LAT2 for a human expressed sequence
tag (EST) (GenBankTM/EBI/DDBJ accessions no. N32639),
which we found in the course of EST database searches
to show nucleotide sequence similarity to rat LAT1, was
obtained from the Integrated and Molecular Analysis of
Genomes and their Expressions (IMAGE). The 0.38 kb
cDNA fragment was amplified by polymerase chain
reaction (PCR) using the synthetic oligonucleotide primers
5-CTCTTCACATGCATCTCCAC-3' and 5-GGTACACGA-
CCACACACATC-3' (corresponding to nucleotides 35-54
and 397-416 of the nucleotide sequence submitted to
GenBankTM/EBI/DDBJ under accession no. N32639). The
cDNA fragment was labeled with [®P1dCTP ("QuickPrime,
Amersham Pharmacia Biotech, Tokyo, Japan) in order to
use it as a probe to screen the nondirectional cDNA
library. The cDNA library was prepared from the human
kidney poly(A)'RNA (Clontech, Palo Alto, CA, USA) using
a superscript Choice System (Life Technologies, Grand
Island, NY, USA). The synthesized cDNA was ligated to
the IZipLox EcoRI arms (Life Technologies, Grand Island,
NY, USA). Screening c¢DNA library and isolation of
positive plques were performed as described elsewhere
(Utsunomiya-Tate et al, 1996, 1997). Hybridization was
performed in 50% formamide at 37°C in 0.1 x SSC (1 x
SSC = 0.15 M sodium chloride, 0.015 M sodium citrate,
pH 7.0)/0.1% sodium dodecyi sulfate (SDS). The cDNAs
in the positive 1ZipLox phages were rescued into plasmid
pZL1 by in vivo excision according to the manufacturer’'s
instruction (Life Technologies, Grand Island, NY, USA).
The cDNA was sequenced in both directions by the dye
terminator cycle sequencing method (Perkin-Elmer,
Norwalk, CT, USA and Applied Biosystems, Foster City,
CA, USA). The transmembrane regions of proteins were
predicted based on the amino acid sequence using the
SOSUI algorithm (Hirokawa et al., 1998).

The cDNA for TAT1 for a human expressed sequence tag
(EST) (GenBankTM/EBI/DDBJ accession no. AW058100),
which we found in the course of EST database searches
to show nucleotide sequence similarity to rat TAT1, was
obtained from the Integrated and Molecular Analysis of
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Genomes and their Expression (IMAGE) (IMAGE clone
number 2536142). The cDNA was sequenced in both
directions by the dye terminator cycle sequencing method
(Perkin-Elmer, Norwalk, CT, USA and Applied Biosystems,
Foster City, CA, USA).

Northern bolt analysis

The northern blot analyses were performed as described
elsewhere (Lee et al, 2000, 2004) with minor maodifica-
tions. Human Multiple Tissue Northern (MTM™) blots
containing approximately 2 mg of mRNA for each lane
isolated from different human tissues were obtained from
Clontech (Palo Alto, CA, USA). The Hincll fragment of
hLAT2 cDNA corresponding to the 1126-1591 base pairs
for hLAT2 and the Apaffragment of hTAT1 ¢cDNA corres-
ponding to 165-1328 base pairs for hTAT1 were labeled
with ®P using a "QuickPrime kit (Amersham Pharmacia
Biotech, Tokyo, Japan), and used as the probes for the
northern bolt analyses. Hybridization and the following
washing of the filter were performed according to the
manufacturer’s instruction (Clontech, Palo Alto, CA, USA).

Anti-peptide antibody

The oligopeptides (EEANEDMEEQQQC) corresponding
to the amino acid residues 506-517 of hLAT2 and the
oligopeptides (SQEEPDSARGTSEC) corresponding to
the amino acid residues 4-16 of hTAT1 were synthesized.
The C-terminal cysteine residues were introduced for
conjugation with the keyhole limpet hemocyanine. The
anti-peptide antibodies were produced as described
elsewhere (Altman et al., 1984). For immunohistochemical
analysis, the antisera were affinity-purified as described
previously (Hisano et al., 1996).

Immunohistochemical analysis

The five-micrometer paraffin sections of the nephrecto-
mized human kidney were processed for light microscopic
immunohistochemical analysis as described elsewhere
(Hisano et al., 1996; Mizoguchi et al, 2001) with minor
modifications. The renal tissues obtained from a tumor
patient and approved by the Kyorin University Institutional
Research Board (IRB) to be used for medical study. For
immunostaining, serial sections (5 mm) were dewaxed,
rehydrated and treated with H,O, for 10 min in order to
eliminate the endogenous peroxidase activity. Then, the
sections were incubated with the affinity-purified anti-
hLAT2 (1:250) or anti-hTAT1 (1:100) antibodies overnight
at 4°C. Thereafter, they were treated with Envision (+)
rabbit peroxidase (Dako, Carpinteria, CA, U.S.A)) for 30
min. To detect immunoreactivity, the sections were treated
with 0.8 mM diaminobenzidine. The sections counter-
stained with hematoxylin. To verify the specificity of immu-
noreactions by absorption experiments, the tissue sections
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were treated with the primary antibodies in the presence
of antigen peptides (200 mg/mL).

Xenopus laevis oocyte expression

The cRNAs were obtained by in vitro transcription using
SP6 RNA polymerase for hLATZ2 in the plasmid pSPORT1
linearized with Rsri/ and T7 RNA polymerase for human
4F2hc (h4F2hc) in the plasmid pBluescriptll linearlized
BamHI as described elsewhere (Kanai and Hediger,
1992).

For expression in Xenopus laevis oocytes, the hTAT1
cDNA was subcloned into pcDNA3.1(-) (Invitrogen,
Carlsbad, CA, U.S.A.). The hTAT1 cRNA was obtained by
in vitro transcription using T7 RNA polymerase in the
plasmid pcDNA3.1(-) linearized with EcoRl.

The Xenopus oocyte expression studies and uptake
measurements were performed as described elsewhere
(Utsunomiya-Tate et al,, 1996). Briefly, the oocytes were
treated with collagenase A for 30-50 min at room temper-
ature in a Ca*-free collagenase treatment buffer (OR I
buffer containing 82.5 mM NaCl, 2 mM KCI, 1 mM MgCl,
and 5 mM HEPES, pH 7.5) to remove follicular layer and
then maintained in a modified Barth’s solution (88 mM
NaCl, 1 mM KCi, 0.33 mM Ca(NQOs), and 5 mM HEPES,
pH 7.5). The oocytes were injected with cRNA using a
manual injector.

The functional properties of hLAT2 were examined by
co-expression with h4F2hc in the Xenopus oocytes
because LAT2 required 4F2hc for its functional expression
in Xenopus oocytes as described previously (Pineda et
al., 1999; Rossier et al., 1999; Segawa et al., 1999). For
the co-expression experiments of hLAT2 and h4F2hc, 17
ng of hLAT2 cRNA and 8 ng h4F2hc cRNA giving the
molar ratio of 1:1 were mixed and injected into each
oocyte. In the case of hTAT1, the oocytes were injected
with 25 ng of hTAT1 cRNA. The uptake experiments of
the radiolabeled amino acids were measured 2-3 days
after injection of cRNA.

Amino acid uptake measurements in Xenopus
laevis oocytes

The amino acid uptake measurements in the Xenopus
laevis oocytes were performed as described elsewhere
{Kanai et al., 1998; Segawa et al., 1999; Kim et al., 2001).
Before the uptake experiments, groups of 6-8 oocytes
were washed in a Na'-free uptake buffer (100 mM
choline-Cl, 2 mM KCI, 1 mM CaCl,, 1 mM MgCl,, 10 mM
HEPES, 5 mM Tris, pH 7.4). The functional properties of
hLAT2 and hTAT1 were examined in the Na*-free uptake
buffer because it was reported that the amino acid
uptakes via LAT2 and TAT1 were not dependent on Na* in
the buffer (Segawa et al, 1999; Kim et al, 2001). The
oocytes were then incubated in 500 mL of the uptake
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buffer containing the indicated concentration of the amino
acids and 0.5-3.0 mCi of the corresponding radiolabeled
amino acids. Preliminary experiments to determine the
time-course of the [“C]L-leucine uptake into the oocyte
expressing hLAT2 and h4F2hc, and time-course of [“C]L-
tryptophan uptake into the oocyte expressing hTAT1
showed that the uptakes were linearly dependent on the
incubation time up to 30 min (data not shown), so for all
the following experiments, uptakes were measured for 30
min. The oocytes were then washed 5 - 6 times with ice-
colded uptake buffer and distributed to scintillation vials
separately. After lysis of cocytes in the 10 % SDS solution,
the radioactivity was counted by liquid scintillation, and
the values were expressed as pmol/oocyte/min.

The substrate selectivity of hLAT2 was investigated by
the inhibition experiments in which the uptake of 50 uM
[“C]L-leucine was measured in the presence of 5 mM of
the non-labeled amino acids. In the case of hTAT1, the
substrate selectivity of hTAT1 was investigated by the
inhibition experiments in which 10 uM ["“C]L-tryptophan
uptake was measured in the presence of 10 mM of the
non-labeled amino acids.

The K, and V. of the amino acid substrates were
determined using the Eadie-Hofstee equation based on
the hLAT2-mediated amino acid uptakes measured at
0.003, 0.01, 0.03, 0.1, 0.3, 1, and 3 mM. The K, and V.,
of the amino acid substrates were determined using the
Eadie-Hofstee equation based on the hTAT1-mediated
amino acid uptakes measured at 0.003, 0.01, 0.03, 0.1,
0.3, 1, 3, and 10 mM. The hLAT2 and hTAT1 mediated
amino acid uptakes were calculated as the differences
between the means of the uptakes into the oocytes, which
had been injected with the cRNA for either hLAT2 or
hTAT1 and those of the control oocytes injected with
water.

For the measurements of the uptake of radiolabeled
amino acids in the present study, six to eight cocytes were
used for each data point. Each datum in the figures
represents the min = S.E.M. of the uptake values (n = 6—
8). In order to confirm the reproducibility of the results,
three separate experiments were performed for each
measurement using different batches of oocytes and in
vitro transcribed cRNAs. The results from the representative
experiments are shown in the figures.

Chromosomal localization by fluorescence in situ
hybridization mapping for hLAT2

Fluorescence in situ hybridization (FISH) detection was
performed as described elsewhere (Heng et al, 1992;
Heng and Tsui, 1993). The full cDNA insert of hLAT2 was
used as a probe. The probe was labeled with biotinylated
dUTP (the BRL BioNick labeling system) (Heng et al,
1992). Chromosomes were stained before anlysis with
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propidium iodide as a counterstain and 4,6-diamino-2-
phenylindole (DAPI) for chromosome identification. The
FISH signals and the DAP! banding pattern were sepa-
rately recorded by taking photographs. The assignment of
the FISH mapping data with the chromosomal bands was
achieved by superimposing the FISH signals with the
DAPI banded chromosomes.

RESULTS

Structural feature of hLAT2

The hLAT2 cDNA (4215 bp) contained an open reading
frame from the nucleotides 731 to 2335 encoding a 536-
amino acid protein as described elsewhere (Pineda et al.,
1999). The hLAT2 and rat LAT2 (rLAT2) were highly con-
served with an amino acid sequence identity of 92% (data
not Shown). The 12-transmembrane regions were predicted
based on the hLAT2 amino acid sequence. There was a
conserved cysteine residue (hLAT2 amino acid residue
155) in the putative extracellular loop between the predicted
transmembrane domains 3 and 4, which is supposed to
link to 4F2hc by a disulfide bond (Pfeiffer et al,, 1998). A
tyrosine kinase-dependent phosphorylation site was pre-
dicted at the amino acid residue 110 in the putative intra-
cellular loop between the predicted transmembrane domain
2 and 3, which is conserved the LAT1 but not for the
system y*L transporters, y*'LAT1 and KIAA0245/y*LAT2
(Segawa et al,, 1999).

The structural features of hTAT1 were described in our
previous paper (Kim et al., 2002b).

Tissue distribution of hLAT2 and hTAT1

The northern blot analyses were examined using com-
mercially available multiple human tissue blots (Clontech,
Palo Alto, CA, USA). In most of the tissues examined, the
positive signal for the hLAT2 transcript was ubiquitously
detected (Fig. 1A). The 4.4 kb message was expressed at
high levels in the heart, brain, placenta, kidney, spleen,
prostate, testis, ovary, lymph node, thymus and the fetal
liver (Fig.1A).

In the case of hTAT1, the northern blot analysis indi-
cated that 2.6 kb hTAT1 message was expressed at high
levels in the hean, placenta, liver, skeletal muscle, kidney,
pancreas, spleen, thymus, testis and fetal liver (Fig. 1B).
On longer exposure, faint message were also detected in
the lung, prostate, ovary, small intestine and tymph node
(Fig. 1B). In heart, placenta, liver, skeletal muscle, kidney,
pancreas, spleen, thymus and fetal liver, an additional 4.4
and 9.5 kb messages were also detected (Fig. 1B).

Immunolocalizations of hLAT2 and hTAT1
Immunohistochemical analysis of human kidney tissue
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Fig. 1. Tissue distribution of hLAT2 and hTAT1 mRNA. Northern blot
analysis of poly(A)'RNA (2 pa) rom the human tissues for hLAT2 and
hTAT1. (A) High stringency northern hybridization analysis using a
hLAT2 probe was performed against the poly(A)'RNA membrane (2 pg
per lane) containing the human tissues (Clontech, Palo Alto, CA, USA).
The 4.4 kb message was expressed at high levels in the heart, brain,
placenta, kidney, spleen, prostate, testis, ovary, lymph node, thymus
and the fetal liver. (B) High stringency northem hybridization analysis
using a hTAT1 probe was performed against the poly(A)'RNA
membrane (2 ug per lane) containing the human tissues (Clontech,
Palo Alto, CA, USA). The hybridization signals (2.6, 4.4 and 9.5 kb)
were detected in the heart, placenta, liver, skeletal muscle, kidney,
pancreas, spleen, thymus, testis and fetal liver. Upon longer exposure,
the faint message was also detected in the lung, prostate, ovary, small
intestine and lymph node.

revealed a low magnification view showing that the hLAT2
(Fig. 2A) and hTAT1 (Fig. 2B) immunoreactivities were
located in the renal cortex. The higher magnifications
showed that the hLAT2 (Fig. 2C) and hTAT1 (Fig. 2D)
immunoreactivities were located in the proximal tubule of
the human kidney. The high magnification view showed
that the hLAT2 (Fig. 2E) and hTAT1 (Fig. 2F) immunore-
activities were observed in the basolateral membrane but
not in the apical membrane. In the absorption experiments
in which the tissue sections were treated with the primary
antibodies in the presence of antigen peptides, the im-
munostaining was not detected, confirming the specificity
of the immunoreactions (data not shown).

Functional expressions of hLAT2 and hTAT1 in
Xenopus laevis oocytes
The substrate selectivities of hLAT2 and hTAT1 were
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Fig. 2. Localization of hLAT2 and hTAT1 protein in the proximal tubule
of the human kidney. The results of immunohistochemical analysis of
serial paraffin embedded sections of the human kidney (5 um) showing
the localization of the hLAT2 (A, C, E) and hTAT1 (B, D, F) proteins.
Low magnifications showing that the hLAT2 (A) and hTAT1 (B)
immunoreactivities were located in the renal cortex (arrows) (Scale bars
= 250 um). The higher magnifications showing that the hLAT2 (C) and
hTAT1 (D) immunoreactivities were located in the proximal tubule
(arrows) of the human kidney (Scale bars = 100 pm). High
magnifications view showing that the hLAT2 (E) and hTAT1 (F)
immunoreactivities were located in the basolateral membrane (arrows)
but not in the apical membrane (arrow heads) (Scale bars = 25 pum).

investigated by inhibition experiments in which 50 mM
[“ClL-leucine uptake was measured in the presence of 5
mM amino acids for hLAT2 and 10 pM ["“C]L-tryptophan
uptake was measured in the presence of 10 mM amino
acids. The ['*C]L-leucine uptake by hLAT2 was markedly
inhibited by the glycine and L-isomers of the neutral amino
acids alanine, serine, threonine, cysteine, asparagine, glu-
tamine methionine, leucine, isoleucine, valine, phenylala-
nine, tyrosine, tryptophan and histidine (Fig. 3A). The
acidic amino acids, L-aspartate and L-glutamate, and the
basic amino acids, L-lysine and L-arginine, L-proline and
L-cystine did not inhibit hLAT2-mediated L-leucine uptake
at 5 mM (Fig. 3A). The [“C]L-tryptophan uptake by hTAT1
was strongly inhibited by the L-isomers of the aromatic
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Fig. 3. Inhibition of hLAT2-mediated [“C]L-leucine uptake and hTAT1-
mediated [“C]L-tryptophan uptake by the amino acids. (A) The hLAT2-
mediated ["“C]L-leucine uptake (50 uM) was measured in the presence
of 5 mM non-radiolabeled L-amino acids. The uptake was measured in
a Na*free uptake solution and the values are expressed as the
percentage of the control L-leucine uptake in the absent of the
inhibitors (labeled as (-)). The L-leucine uptake was highly inhibited by
neutral L-amino acids. (B) The hTAT1-mediated ["“C]L-tryptophan
uptake (10 uM) was measured in the presence of 10 mM non-
radiolabeled L-amino acids. The uptake was measured in a Na'-free
uptake solution and the values are expressed as the percentage of the
control L-tryptophan uptake in the absence of inhibitors (labeled as (-)).
The L-tryptophan uptake was strongly inhibited by the aromatic L-amino
acids. Cyst: L-cystine.

amino acids phenylalanine, tyrosine and tryptophan,
whereas the other L-amino acids did not inhibit hTAT1-
mediated ["*C]L-leucine uptake at 10 mM (Fig. 3B).

In order to examine the hLAT2-mediated transport of
the 100 uM radiolabeled amino acids, the hLAT2 cRNA
and h4F2hc cRNA were injected into the Xenopus oocytes.
Consistent with the results from the inhibition experiments
(Fig. 3A), the oocytes expressing hLAT2 and h4F2hc
transported the glycine, L-isomers of the neutral amino
acids including small neutral amino acids such as alanine,
serine, threonine and cysteine, branched or aromatic
chained amino acids such as asparagines, glutamine,
methionine, leucine, isoleucine, valine, phenylalanine,



Reabsorption of Amino Acids in Kidney

>

1.3 4

1.2 A
1.1 4
1.0 1
0.9
0.8 1
0.7 4
0.6
0.5
0.4 4
0.3 o
0.2 -
0.1
0.0 -

Gly Ala Ser Thr Cys Asn Gin Met Leu He Val Phe Tyr Trp His Asp Giu Lys Arg Pro Cyst

1.8
1.6 4
0.8 4
0.6 -
0.4 4
0.2
0.0 —

Gly Ala Ser Thr Cys Asn Gin Met Leu lte Val Phe Tyr Tep His Asp Glu Lys Arg Pro Cyst

Fig. 4. The hLAT2-mediated and hTAT1-mediated amino acid uptakes.
(A) The uptake of 100 1M radiolabeled L-amino acids was measured in
Na*-free uptake solution on the oocytes co-expressed with hLAT2 and
h4F2hc cRNAs. Neutral L-amino acids and L-histidine were transported
by hLAT2. Acidic amino acids, basic amino acids, L-proline and L-
cystine were not transported by hLAT2. (B) The uptake of the 1 mM
radiolabeled L-amino acids was measured in a Na*-free uptake solution
on the oocytes expressed with hTAT1 cRNAs. Aromatic L-amino acids
were transported by hTAT1. The other amino acids tested were not
transported by hTAT1. Cyst: L-cystine.
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tyrosine, tryptophan and histidine (Fig. 4A). However, the
acidic amino acids as L-aspartate and L-glutamate, and
the basic amino acids as L-lysine and L-arginine, L-proline
and L-cystine were not transported by hLAT2 (Fig. 4A).

The hTAT1 cRNA was injected into Xenopus oocytes in
order to examine the hTAT 1-mediated transport of the 1
mM radiolabeled amino acids. Consistent with the results
from the inhibition experiments (Fig. 3B), the hTAT1 only
transported aromatic amino acids such as L-phenylalanine,
L-tyrosine and L-tryptophan (Fig. 4B).

The kinetic parameters of the aromatic amino acids
among the amino acid substrates are listed in Table I.

Chromosomal localization of hLAT2
The hLAT2 was mapped on the human chromosomes
using the FISH. Since the DAPI banding was used to
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Table 1. Kinetic parameters of amino acid substrates

hLAT2 hTATH
Amino acids

Ko Viae K Via

uM uM
L-Tryptophan 57.3+8.9 (1.00) 4522+ 27.8 1.08
L-Tyrosine 488+ 5.6 0.95 636.3+ 418 1.03
L-Phenylalanine 307+ 441 0.83 740.5+ 36.7 1.24
L-Leucine 93.9+89 0.98

The *K, and °V,, values were determined as described in
'MATERIALS AND METHODS. The table was constructed based on
the three separate experiments using different batches of oocytes. In
each experiment, L-tryptophan uptake measurements for hLAT2 were
performed to compare V., values among different experiments. The
V,.ax vaiue for each amino acid was normalized to that of hLAT2 for L-
tryptophan in the same experiment. The K, values of hLAT2 and
hTAT1 for amino acid substrates are the mean of three measurements
(meanzSEM). For comparison, the previous data of the K, and V,,, for
hTAT1 is described (Kim et al., Genomics, 79, 95-103 (2002b)).

identify the specific chromosome, the assignment between
signals from the probe and the long arm of chromosome
14 was obtained (Fig. 5 left panel and Fig. 5 middle
panel). The detailed position was determined based on a
summary of 10 photographs (Fig. 5). As shown in Fig. 5,
hLAT2 was mapped to chromosome 14, region q11.2.

The chromosome localization of hTAT1 was described
in our previous paper (Kim et al., 2002b).

Gene structure of hLAT2

A search of the NCBI human genome nuclectide data-
base revealed a contig, RP11-244E17 (Accession No.
AL117258.4), on chromosome 14 sharing an identity with
the hLAT2 cDNA sequence. Aligning the nucleotide
sequence of the hLAT2 cDNA with the genomic sequence
allowed the exon-intron organization of the hLAT2
(SLC7A8) to be deduced. Approximately 99% of the hLAT2
c¢DNA (nucleotides 1-4188) was found to be present on
this contig using sequence comparison. The region cor-
responding to the hLAT2 ¢cDNA spanned ~584 kb, with 11
exons and 10 introns (Table ll). Each size of the exon/
intron and each nucleotide sequence of the splice junction
are shown in Table Il. The translation initiation site was
present on exon 1. The translation termination site TAA
was present on exon 11. The exon sizes varied from 97 to
2,042 bp and the intron sizes varied from 675 to 22,080
bp (Table II). The nuclectide sequences at the exon/intron
boundaries of hLAT2 (SLC7A8) conformed to the GT/AG
rule for the intron donor and acceptor splice sites (Table
).

The gene structure of hTAT1 (SLC16A10) was de-
scribed in our previous paper (Kim et al., 2002b).
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Fig. 5. Chromosomal localization of the hLAT2 gene (human SLC7A8 gene). Example of fluorescence in sifu hybridization (FISH) mapping and
diagram summarizing the mapping results of the probe hLAT2. (Left panel) The FISH signals on the human chromosome. (Middle panel) The
same mitotic figure stained with 4,6-diamino-2 phenylindele (DAPI) to identify the human chromosome 14. (Right panel) Each dot represents

double FISH signals detected on human chromosome 14.

Table 1I. Exon-intron organization of hLAT2 gene (human SLC7A8 gene)

Exon Intron Exon

No. Size (bp) 3Junction 5’ Junction Size® (bp) No. 3’ Junction 5’ Junction No.
1 856 ..TCATCGTAG gtgagttee... 16223 1 ...ctcatgcag GGAACATCA... 2
2 205 ..ACTGGCTGG gtaagagga... 899 2 ...ctecticag GTTCCTGAG... 3
3 152 ..TCTGCTTAT gtaagtgtc... 22080 3 ..tcatttcag TGCTCCTCA... 4
4 126 ..TATGCAAAG gtgagtatc... 2454 4 ...tgtccacag GAGAGTACT... 5
5 154 ...TCCCTACAA gtgagttga... 923 5 ..cetetacag GAACCTTCC... 8
6 124 ..GTCGCTGTG gtaagaaat... 1399 6 ..cictcecag ACTTTTGGA... 7
7 104 ..CTCCTCTCG gtgagtact... 6363 7 ...ccctgacag GCTGTTCTT... 8
8 97 ..CTCTTCACA gtaagggce... 1661 8 ...ctitcccag TGCATCTCC... 9
9 150 ..CCCATCAAG gtgagagaa... 1453 9 ...gctecacag ATCAACCTG... 10

10 178 ..ACTTCATTIG gtgagttgt... 675 10 ..Hicctacag AGCTGCTAA... 11

1 2042 ..TTAAAATGG

%Intron sizes were determined from sequence analysis of contig RP11-244E17 (AL117258.4).

DISCUSSION

One of the most important roles of the kidney is the
reabsorption of endogenous and exogenous materials.
Amino acids are reabsorbed via the amino acid trans-
porters present in the apical and basolateral membrane of
the renal proximal tubule epithelial cells (Silbernagl, 1979;
Kanai and Endou, 2001). The amino acid transporters
play pivotal roles in the transepithelial transport of amino
acids. Acidic amino acids are absorbed from the luminal
fluid via the Na*-dependent system X glutamate trans-
porter excitatory amino acid carrier 1 (EAAC1), which is
located on the apical membrane of the epithelial cells

(Shayakul et al., 1997). The defect of EAAC1 results in the
acidic amino aciduria in which glutamate and aspartate
are excreted in the urine (Peghini et al, 1997). It is
believed that the absorbed glutamate is converted into
neutral amino acids in the epithelial cells. The converted
glutamate then leaves the cells to the blood stream via
the neutral amino acid transport systems, which include
the system L amino acid transporter LAT2. It has been
suggested that in the renal proximal tubules and small
intestine, cystine and basic amino acids are absorbed
from the luminal fluid via the system b®* transporter
located on the apical membrane of the epithelial cells
(Chillaron et al., 1996; Palacin et al, 1998). The basic
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amino acids then pass through the basolateral membrane
into the extracellular fluid and blood stream via the system
y*L transporter (Chillaron et al.,, 1996; Palacin et al., 1998).
Neutral amino acids are absorbed from the luminal fluid
via the Na*-dependent system B° that is located on the
apical membrane of the epithelial cells (Broer et al,
2004). The exit path for neutral amino acids to the blood
stream is believed to be the system L. This transporter is
well suited for the exit path at the basolateral membrane
because the facilitated transport mode is more predom-
inant in LAT2 (Rossier et al., 1999). In the present study,
therefore, in order to examine the absorption mechanisms
of neutral amino acids in the kidney, we have cloned the
cDNAs of the system L amino acid transporter and the
system T amino acid transporter in human. The gene struc-
tures, the functional characterizations and the localization
in the human kidney were then examined and compared.

Northern blot analysis revealed that the hLAT2 tran-
script was ubiquitously expressed (Fig. 1A). The message
was expressed at high levels in the heart, brain, placenta,
kidney, spleen, prostate, testis, ovary, lymph node, thymus
and the fetal liver (Fig.1A). In contrast to hLAT2, the
hLAT1, which is another isoform of the system L amino
acid transporter, is only expressed in restricted organs
such as the brain, spleen, placenta and testis (Yanagida
et al., 2001). In addition, LAT1 is strongly expressed in
malignant tumors presumably to support their continuous
growth and proliferation (Sang et al., 1995; Wolf et al,
1996; Kanai et al., 1998; Yanagida et al., 2001). The pre-
vious studies reported that T24 human bladder carcinoma
cells and KB human oral epidermoid carcinoma cells
express hLAT1, but not hLAT2 (Kim et al.,, 2002a; Yoon et
al., 2004). The results in this study, in conjunction with
other reports (Sang et al.,, 1995; Wolf et al,, 1996; Kanai
et al.,, 1998; Yanagida et al., 2001; Kim et al,, 2002a; Yoon
et al, 2004) show that LAT1 is strongly expressed in
malignant tumors presumably to support their continuous
growth and proliferation and T24 human bladder carcinoma
cells and KB human oral epidermoid carcinoma cells
express hLAT1, but not hLAT2, suggests that the LAT1
and LAT2 play important roles in transport of neutral
amino acid in cancer cells and normal cells, respectively.
In the case of hTAT1, the hTAT1 message is expressed at
high levels in the heart, placenta, liver, skeletal muscle,
kidney, pancreas, spleen, thymus, testis and fetal liver
(Fig. 1B). It should be noted that the hTAT1 message is
expressed at high levels in the kidney in humans whereas
it is not detected in the rat kidney (Kim et al., 2001). This
variation might be due to the differences in the promoter
sequences between hTAT1 and rTAT1, which resuilts in
the differences in the cell specific promoter activity. As the
results of northern blot analysis in this study, it is sug-
gested that the hLAT2 and hTAT1 play important roles in
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the transport of neutral amino acids in the human kidney.

In order to understand the role of hLAT2 and hTAT1 in
the human kidney, immunohistochemical analyses were
performed on human kidney. The results showed that the
hLAT2 and hTAT1 proteins co-exist in the basolateral
membrane of the renal proximal tubule (Fig. 2). To our
knowledge, this is the first study to report the expression
of the hLAT2 and hTAT1 proteins in the basolateral
membrane of the epithelial cells from human tissues.
Because these results correspond to our previous study
showing that the rTAT1 protein is present in the basola-
teral membrane of the epithelial cells in the rat small
intestine (Kim et al., 2001), it is concluded that the hLAT2
and hTAT1 play important roles in the trans-epithelial
transport of neutral amino acids in the human kidney.

In this study, the hLAT2 transported the glycine, and the
L-isomers of neutral amino acids including small neutral
amino acids such as alanine, serine, threonine and
cysteine, branched or aromatic chained amino acids such
as asparagines, giutamine, methionine, leucine, isoleucine,
valine, phenylalanine, tyrosine, tryptophan and histidine
(Fig. 3A and Fig. 4A). In a previous study, hLAT1 preferred
larger neutral amino acids with bulky or branched side
chains for its substrates (Yanagida et al, 2001). The
hLATZ2 is expressed mainly in normal cells. However, the
hLAT1 is expressed primarily in cancer cells (Yanagida et
al., 2001). These results suggest that the LAT2 plays an
important role in all neutral amino acid transport in normal
cells, and the LAT1 plays an important role in the transport
of large neutral amino acid in cancer cells. Although the
LLAT1 activity in cancer cells is completely blocked, the
growth and proliferation of normal cells is possible because
the LAT2 is present in normal celis. Therefore, the specific
inhibition of LAT1 would be a new rationale for the sup-
pression of cancer cell growth. However, these events
need to be further delineated.

The hTAT1 transports aromatic amino acids such as L-
tryptophan, L-tyrosine and L-phenylalanine (Fig. 3B and
Fig. 4B). The hLAT2 also transports aromatic amino acids.
The affinity of hLAT2 to aromatic amino acids is higher
than that of hTAT1 when expressed in the Xenopus laevis
oocytes: The K, for aromatic amino acids is 30.7-57.3 uM
for hLAT2 v.s. 452.2-740.5 uM for hTAT1 (Table I).

Using the FISH mapping, the hALAT2 (SLC7A8) was
found in human chromosome 14, region q11.2 (Fig. 5 and
Table Il). This was further confirmed by the identification
of hLATZ2 (SLC7A8) on the contig RP11-244E17 on the
human chromosome 14 (Table ). A previous study
reported that the hTAT? (SLC16A10) is mapped in human
chromosome 6, region g21-g22 (Kim et al., 2002b). The
hLAT1 (SLC7A5) is also mapped in separate chromosomes
(human chromosome 16, region g24.3 (Nii et al,, 2001).
Therefore, the genes for these related proteins are not
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clustered in the human chromosomes. This study showed
that the hLAT2 (SLC7A8) is constructed with 11 exons
(Table ). However the hLAT1 (SLC7A5) is assembled
with 10 exons (Nii et al., 2001). The locations of the exon-
intron boundaries are not conserved between the hLAT2
(SLC7A8) and hLAT1 (SLC7AS5). The genomic structure
of hLAT2 (SLC7A8) also differs considerably from that of
the hLATT1 (SLC7A5).

In the rat small intestine, it was previously shown that
the rTAT1 protein is located in the basolateral membrane
of the epithelial cells (Kim et al., 2001). This study showed
that the hLAT2 and hTAT1 proteins co-exist in the
basolateral membrane of the epithelial cells of the renal
proximal tubule. In addition, it is known that the LAT2 and
TAT1 are the facilitated amino acid transporters (Pineda et
al., 1998; Kim et al., 2001). These results suggest that the
hLAT2 and hTAT1 function as an exit path for amino acids
from the epithelial cells to the blood stream in the trans-
epithelial transport of amino acids. Although the affinity of
hLAT2 to the substrate amino acids is higher than that of
hTAT1, it would be beneficial to have additional selective
transporters for the efficient trans-epithelial transports
because the hLAT2 exhibits a broad substrate selectivity,
which covers all neutral amino acids. Although hTAT1
functions as one of the redundant transport pathways for
the transport of aromatic amino acids through the
basolateral membrane, the aromatic amino acid-selective
hTAT1 is essential for maintaining efficient frans-epithelial
transport of aromatic amino acids so they are not out
competed by the other neutral amino acids.

Overall, these results suggest that the hLAT2 plays
important roles in the reabsorption of all neutral amino
acids including aromatic amino acids, and the hTAT1
plays essential roles in the reabsorption of aromatic amino
acids in the human kidney. In conclusion, the neutral amino
acids are absorbed from the luminal fluid of the renal
proximal tubule via the system B amino acid transporter
located on the apical membrane of the epithelial ceils, and
are reabsorped from the epithelial cells to the blood
stream via the system L amino acid transporter and
system T amino acid transporter. Although the specific
diseases are, at the moment, not mapped to a particular
region of the human chromosome where the hLATZ2
(SLC7A8) and hTAT1 (SLC16A10) are located, the defect
of these amino acid transporters might be involved in the
pathogenesis of disorders caused by a disruption of
amino acid absorption such as blue diaper syndrome
(Rosenberg et al., 1980).
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