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PEPT2-CT was observed for PDZ2 and PDZ3, but not for
PDZ1 and PDZ4 of PDZK1 (Figure lc).

In vitro binding of PEPT2 and PDZK1

We used a glutathione-S-transferase (GST) pull-down assay
to confirm the ability of PEPT2-CT to bind to PDZKI
in vitro and validate the protein-protein interaction (Figure
2a). GST fusion proteins bearing the wild-type C-terminus
(PEPT2-CT-wt) or C-terminal mutants (PEPT2-CTd3,
L279A, and T727A) of PEPT2 were used to pull down
in vitro translated full-length PDZK1. The data showed the
same interaction specificity for PDZK1 and PEPT2 as
exhibited in yeast two-hybrid assay (Figure 1a). As expected,
the binding of PDZK1 to PEPT2 was completely abolished
when the C-terminal PDZ motif was removed (PEPT2-
CTd3) or mutated (PEPT2-CT-L729A or PEPT2-CT-T727A)
(Figure 2a).

To confirm and quantify the interaction of PEPT2 with
PDZK1, we performed surface plasmon resonance experi-
ments using immobilized GST-PEPT2-CT and PDZ2 and
PDZ3 of PDZK1 proteins independently fused to maltose-
binding protein. As summarized in Table 1, the binding
affinities of PDZ2 and PDZ3 of PDZK1 are low (Kp = 10 and
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Figure 2|Interaction of PDZK1 with PEPT2. (a) Full-length PDZK1
polymerase chain reaction product was in vitro translated in the
presence of Transcend Biotinylated Lysine tRNA (Promega). The in
vitro translation products were incubated with GST alone (lane 1),
GST-PEPT2-CTwt (lane 2), or GST-PEPT2-CTd3 (lane 3) using a
ProFound Pull-Down GST Protein:Protein Interaction kit (Pierce). The
pull-down products were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The input corresponds to the
crude in vitro translation reaction. Positions of molecular mass
standards are indicated on the right. GST fused to PEPT2 C-terminal
wt can co-precipitate PDZK1, confirming the specificity found in the
yeast two-hybrid system. The mutant form of PEPT2 in which the
C-terminal PDZ recognition motif is removed is not able to
precipitate PDZK1. (b) Co-immunoprecipitation of PEPT2 and PDZK1
in HEK293 cells. HEK293 cells were transfected with pEGFP-C2
vectors encoding PEPT2-wt (lane 1) or PEPT2-d3 (lane 2) with
pcDNA3.1-PDZK1 and then immunoprecipitated with the anti-GFP
antibody. Then, the immunoprecipitates were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and probed with
anti-PDZK1 antibodies. (¢) Human kidney membrane fractions were
immunoprecipitated with the anti-PEPT2 antibody (lane 1) and
control immunoglobulin G (lane 2). The presence of PDZK1 in the
immunoprecipitates was determined by Western blotting with the
anti-PDZK1 antibody used-in a previous study.”®
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15 um). These values are low in comparison to most PDZ
domain interactions (Kp =1 nm-10 ;1M).39

Co-immunoprecipitation from heterologous cells and tissue
To demonstrate that PEPT2 and PDZK1 can also interact in
mammalian cells, we used a previously prepared rabbit
polyclonal antibody against PDZK1.”” We coexpressed full-
length human PEPT2 fused with green fluorescent protein
(GFP) (GFP-PEPT2) and PDZK! in human embryonic
kidney (HEK)293 cells. Wild-type GFP-PEPT2 was co-
immunoprecipitated with a GFP-specific antibody but GFP-
PEPT2 which lacked the last three residues was not
precipitated with PDZK1 (Figure 2b).

Furthermore, we demonstrated an association between
endogenous PDZK1 and PEPT2 in human tissue by co-
immunoprecipitating PEPT2 from human kidney membrane
fractions using the anti-PDZK1 antibody, but not control
immunoglobulin G (Figure 2c). This result is the evidence
that observed interaction occurs between protein partners
expressed from endogenous genes in kidneys.

Expression of PEPT2 in human kidney sections

In rats, Pept2 is present at the apical membrane of renal
proximal tubules'*!® and in humans, PDZK1 is reported to
be expressed at the apical side of proximal tubular cells. 24
To determine whether PEPT2 and PDZK1 colocalize at the
apical membrane of renal proximal tubules in humans, we
carried out immunostaining of human serial kidney sections
using anti-PEPT2 antibody.*! Consistent with the previous
reports, in the renal cortex, PEPT2 immunoreactivities were
detected at the apical side of proximal tubular cells (Figure 3).

Table 1]Characteristics of interaction between PEPT2
C-terminus and PDZK1 PDZ domains 2 and 3 (PDZ2 and PDZ3)

Construct ka (1/mms) kg (1/min) Ko (M)
PDZK1-PDZ2 7.2 x 10° 75%x 1073 10
PDZK1-PDZ3 3.6 x 102 55x 1073 15

The kinetic characteristics of the interaction with immobilized GST-fused PEPT2
C-terminus with the second and third PDZ domains of PDZK1 (PDZ2 and PDZ3)
fused with MBP measured by SPR methods are summarized. Association rate
constants (k,), dissociation rate constants (kg), and equilibrium dissociation
constants (Ko=k4/k,) are given.

Figure 3 |Immunohistochemical analysis of PEPT2 in human
kidney sections. (a and b) Immunohistochemical labeling of PEPT2
by diaminobenzidine reaction of human kidney. (a) PEPT2 was
detected in proximal tubules in the cortex. (b) The apical membrane
of proximal tubule was immunostained with the anti-hPET2 antibody
and no immunostaining was observed in the basolateral membrane
and glomeruli. These figures are representative of typical section
samples. Original magnifications, (a) x 100 and (b) x 400.
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Figure 4|Effect of PDZK1 on PEPT2-mediated ['*C]Gly-Sar
transport activity. (a) The time profile of the uptake of [**CIGly-Sar
via PEPT2. Intracellular accumulation of Gly-Sar was linear within
5min and was significantly greater in PEPT2-wt-transfected HEK293
cells (HEK-PEPT2-wt; filled circles) than that in the mock-transfected
cells (HEK-mock; oPen squares). (b) Coexpression of PEPT2 and
PDZK1 increased [ 4CJGly-Sar uptake (30 um) significantly over cells
-transfected with PEPT2 alone (closed column, middle). This effect was
abolished when the C-terminal deletion mutant of PEPT2 was
cotransfected with PDZK1 (HEK-PEPT2-d3; closed column, right),
confirming that the interaction of PDZK1 with PEPT2 C-terminal
domain is responsible for this effect. ***P <0.001 (c) Kinetic data
using PEPT2-expressing HEK293 cells showed that PDZK1 {open
squares) increased the V,,, from 2.92 to 4.95 fmol/mg protein/min
and increased the Ky, slightly from 167 to 189 um, as compared with
PEPT2 alone f(filled triangles). Vmax of ['*CIGly-Sar transport via
HEK-PEPT2-d3 decreased (0.86 pmol/mg protein/min), whereas its K,
showed no change (187 nw) (filled circles). The kinetic parameters for
the uptake via PEPT2 were estimated using v = Vmax [SI/(K, +{S]).
where v is the uptake rate of substrates, [S] is the substrate
concentration (um) in the medium. K, is the Michaelis-Menten
constant (um) and V. is the maximum uptake rate (pmol/mg of
protein/2 min). These parameters were determined using the
Eadie-Hofstee equation.

PEPT2 transport activity increases in presence of PDZK1

To determine whether PEPT2 and PDZKI interaction is
required to mediate the increase in PEPT?2 transport activity,
we transfected HEK293 cells with the pcDNA3.1( + ) plasmid
containing full-length PEPT2 (HEK-PEPT2-wt), PEPT2
lacking the last three amino acids (HEK-PEPT2-d3), or
without an insert (HEK-mock). The time profile of the
uptake of [**Clglycylsarcosine (Gly-Sar) via PEPT?2 is shown
.in Figure 4a. Intracellular accumulation of Gly-Sar was linear
within 5min and it was also significantly greater in HEK-
PEPT2-wt than that in HEK-mock. After 2 min incubation,
we demonstrated that [**C]Gly-Sar uptake via HEK-PEPT2-
wt was approximately 20-fold higher than that in HEK-mock
and that in HEK-PEPT2-d3 was approximately 12-fold
higher than that in HEK mock (Figure 4b). Gly-Sar transport
activities significantly increased after PDZK1 coexpression
(1.5-fold) (Figure 4b). This effect was not observed when
PEPT2-d3 was coexpressed with PDZKI1 (Figure 4b).
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Figure 5| Surface expression level of PEPT2. (a) cell surface
biotinylation analysis of PEPT2 transiently expressing HEK293 cells
transfected with vector alone (lane 1), and those transfected with
PDZK1 (lane 2). Single bands of approximately 85kDa, which are
consistent with PEPT2, were observed in both lanes. (b) Quantification
of immunosignal for PEPT2 (n=3, error bars are s.d.). Densitometric
analysis was performed using Model DIANA If Imaging System (M&S
Instruments Trading Inc., Tokyo, Japan). *P<0.05.

Next, we examined the effect of PDZK1 coexpression on
the kinetics of ["*C]Gly-Sar transport via HEK-PEPT2-wt
that had been transfected with pcDNA3.1-PDZK1 or
pcDNA3.1 alone. Kinetic data showed that PDZK1 signifi-
cantly increased V., from 2.92 to 4.95pmol/mg protein/
min and slightly increased K, from 167 to 189nm, in
comparison to PEPT2 alone (Figure 4c). Interestingly, the
Vinax Of ["*C]Gly-Sar transport via HEK-PEPT2-d3, de-
creased (0.86 pmol/mg protein/min), whereas its K,,, showed
no change (187 nm). '

Surface expression level of PEPT2

To determine changes in the cell surface expression level of
PEPT2, we used a cell-membrane-impermeant biotinylation
reagent to selectively label the cell-surface proteins. After the
treatment, the cell lysates from HEK293 cells transfected with
PEPT2 and PDZK1 or PEPT2 and mock was collected. The
amount of surface-biotinylated PEPT2 expression on plasma
membranes increased 1.8-fold (PEPT2 and mock-transfected:
88.3 4 6.9 vs PEPT2 and PDZK1-transfected: 155.54 11.3 AU,
n=3) when PDZK1 was coexpressed (Figure 5). This change
seems close to the one in V,, of PEPT2-mediated transport
observed in Figure 4c.

DISCUSSION

The proton-coupled peptide transporter PEPT2 (SLC15A2)
mediates the high-affinity low-capacity transport of small
peptides in the kidney. Therefore, PEPT2 is presumed to
contribute to the conservation of peptide-bound amino
acids. Although the transport properties and characteristics
of substrate recognition for PEPT2 have been well docu-
mented, there is less information on PEPT2 regulation. A
recent report by Kato et al’! has provided the novel idea
concerning the modulation of PEPT2 function by its
associated protein. They demonstrated an interaction be-
tween the recombinant PEPT2 C-terminus fused to GST and
purified His-tagged PDZKI1, but they solely rely on data from
in vitro binding assays and did not indicate the physiological
importance of this interaction. In addition, the yeast two-
hybrid .screens performed by Gisler et al,*? using baits

Kidney International (2006) 70, 275-282

—220—



R Noshiro et al.: PDZK1 is a physiological interactor of PEPT2

original article

containing single PDZ domains derived from mouse PDZK1,
failed to detect Pept2 as a candidate for PDZKI1 binding
although several membrane proteins including Uratl were
found. To identify PDZK1 as a physiological binding partner
of PEPT2, we evaluated this interaction from several
viewpoints in this study.

Starting from a yeast two-hybrid screening of a human
kidney ¢cDNA library, we have demonstrated PDZK1 to be a
physiological interactor of PEPT2. First, we could detect
PDZK1 from 64 positive clones by library screening. Second,
we could observe the co-immunoprecipitation of PEPT2 and
PDZK1 from kidney membrane fractions (Figure 2c). Third,
we could demonstrate the localization of PEPT2 protein at
the apical side of the renal proximal tubules where PDZK1 is
also expressed (Figure 3). These results indicate the
physiological meaning of this interaction.

We have further examined this interaction by a yeast two-
hybrid assay (Figure 1), an in vitro pull-down assay (Figure
2a), co-immunoprecipitation (Figure 2b) and surface plas-
mon resonance assay (Table 1) of recombinant proteins, as
well as by the transport studies (Figure 4) and a cell surface
biotinylation assay (Figure 5). These results support the
preliminary data presented by Kato et al.>! Moreover, the
augmentation of the transport activity by PDZK1 was
accompanied by a significant increase in the Vi, of Gly-
Sar transport via PEPT2 (Figure 4c) and was associated with
the'increased surface expression level of PEPT2 in HEK293
cells (Figure 5). These characteristics are closely similar to
those of the URAT1-PDZK1 interaction,” and suggest
PDZK1 to thus play a similar role in PEPT2-PDZK1
interaction; namely, that PEPT? is stabilized and/or anchored
at the cell membrane, making it less likely to be internalized
and subsequently degraded.

Although their functional consequences are the same,

there are several differences between the PEPT2-PDZK1

interaction and the URAT1-PDZK1 interaction. First, the
frequency of PDZK1 appearing as a positive clones was
smaller in the case of PEPT2 (one out of 64) than in the case
of URAT1 (35 out of 98). Second, the interaction profiles of
PDZK1 ligand against individual PDZ domains of PDZK1
were different, although they have similar C-terminal PDZ
motifs: T-K-L for PEPT2 and T-Q-F for URATI. PEPT2
binds to PDZ2 and PDZ3 (Figure 1), while URAT1 binds to
PDZ1, PDZ2, and PDZ4.?° Third, the binding affinities for
each PDZ domain of PDZK1 were more than 10-fold lower
for PEPT2 than for URATI1: 10 and 15um for PEPT2
(Table 1) and 1.97-514 nm for URAT1.?® Fourth, when a C-
terminal deletion mutant of URAT1 (URAT1-d3) was
coexpressed with PDZK1, urate transport activity was not
enhanced, but URAT1-d3 still demonstrated a similar urate
transport activity to wt URAT1 when expressed without
PDZKI1. In contrast, the C-terminal deletion mutant of
PEPT2 (PEPT2-d3) not only lacked the ability to enhance
transport activity when coexpressed with PDZKI, but its
transport activity was reduced to half that of the wt PEPT2
(PEPT2-wt) when expressed without PDZK1.
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The low frequency of PDZK1 in PEPT2 screening seems
consistent with the report of Gisler et al.*? as we mentioned
earlier in this paper. In addition to the expression levels of
these proteins, the binding affinity is likely to affect the
frequency of a particular protein appearing as a positive clone
in yeast two-hybrid screening. Therefore, a low frequency of
positive clone does not mean that the observed interaction is
physiologically less important. Moreover, a low binding
affinity may be advantageous for the regulatory dynamics of
protein—protein interactions,”” because a low binding affinity
is related to an easier association and dissociation of proteins
than a high binding affinity. In particular, PEPT2 has a
putative protein kinase C (PKC) recognition site at its C-
terminal close to the PDZ motif, whose phosphorylation may
interfere with binding to the PDZ domain.*’ It will be
interesting to investigate whether the phosphorylation of
both PEPT2 and PDZK1 or either protein independently
alters the binding affinity of this interaction, in order to
clarify the regulatory mechanism for PDZ-ligand interaction.

The decreased transport activity of the PEPT2 C-terminal
deletion mutant compared to wt PEPT2, together with the
significant reduction in Vi, (Figure 4) may indicate PDZ
motif to thus play another role in the PEPT2-CT: the
targeting of the transporter to the plasma membrane. This
was originally predicted by Russel et al’® However, as
mentioned above, this phenomenon was not observed in the
C-terminal deletion mutant of URAT1 expressed in the same
HEK293 cells that have endogenous PDZKI at low level.”
Although we frequently detected PDZK1 in the URAT1
screen, we did not find any other binding candidates for
URAT1. In the PEPT2 screen, we detected several potential
binding partners for PEPT2 besides PDZK1 (manuscript in
preparation). It will therefore be important to identify other
binding proteins surrounding PEPT2 to understand the
potential significance of this interaction.

Recently, PDZ proteins have been recognized as orches-
trating scaffolds to achieve concerted functions.”> PEPT2
mediates an electrogenic proton-coupled cotransport that
uses an inward proton gradient to transport small peptides
from urine to the cell. Following the concept proposed by
Moe, the ability of PDZK1 to couple PEPT?2 to the Nat/H*
exchanger NHE3 may provide the necessary lumen-to-cell
proton gradient, and the multimolecular protein complex
will be functionally equivalent to a Na™/oligopeptide
cotransporter. A functional coupling between PEPT2 and
NHEI and/or NHE2 has recently been shown by Wada
et al.** In this paper, we described, for the first time, the exact
localization of PEPT2 in the human kidney in addition to its
novel regulatory mechanism. PEPT2 proteins are expressed at
the apical membrane of renal proximal tubules similarly to
rat Peptl and rat Pept2, which are expressed in the same
site.”> Based on the above findings, human PEPT2 may
therefore be involved in the reabsorption of peptides on the
apical side of the renal tubules, similar to that of rodent Pept2
and the protein complex surrounding PEPT2 should thus be
clarified by identifying other interacting proteins to obtain a
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Table 2| PCR primers used in this study
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Construct Sense primer Antisense primer

PEPT2-CTwt 5'-CGAATTCCTGCCCGAGACCCAGAG-3’ S'-CTCTCGAGCTAAAACTGTGTGGATTTTA-3
PEPT2-CTd3 S'-CGAATTCCTGCCCGAGACCCAGAG-3’ 5'-CCCTCGAGCTAGGATTTTAGGACAGAGTTC-3'
PEPT2-L727A 5'-CGAATTCCTGCCCGAGACCCAGAG-3’ 5'-CCCTCGAGCTAAGCCTGTGTGGATTTITAGGA-3'
PEPT2-T729A 5'-CGAATTCCTGCCCGAGACCCAGAG-3 5'-CCCTCGAGCTAAAACTGTGCGGATTTTA-3'

PCR, polymerase chain reaction; wt, wild type.

comprehensive understanding of the peptide transport
function in the renal proximal tubules.

MATERIALS AND METHODS

Materials

[**C]Glycosylsarcosine (Gly-Sar) (4 Ci/mmol) was obtained from
Moravek (Brea, CA, USA). Other materials used included Ham F12
medium from Nissui Pharmaceutical Co., Ltd. (Tokyo, Japan), and
fetal bovine serum and trypsin from Invitrogen (Carlsbad, CA,
USA).

Cloning of human PEPT2 ¢cDNA

The ¢DNA library was prepared from human kidney poly(-
A)YRNA.** The 0.46-kb cDNA fragment (24-481nt of the
nucleotide sequence of human PEPT2 (hPEPT2)) was obtained by
polymerase chain reaction. This fragment was labeled with
[*?P}dCTP (T7QuickPrime, Amersham Biosciences, Tokyo, Japan)
and ;used as probe. The screening of the c¢DNA library was
performed as described elsewhere.*®

Plasmid construction

The C-terminal fragments of wt hPEPT2 ¢DNA and three mutants
(designated d3, L729A, and T727A) were generated by polymerase
chain reaction using specific primers (Table 2) and cloned into the
BamHI and Xhol sites of pEG202 (bait) and pGEX-6P-1 (Amersham
Biosciences) to construct PEPT2-CTwt, PEPT2-CTd3, PEPT2-
L729A, and PEPT2-T727A. The full-length coding sequences of
hPEPT2 (wt) as well as its C-terminal 3-amino-acid-deletion
mutant (d3) were inserted into the mammalian expression vector
pcDNA3.1 (Invitrogen) for functional analysis and into pEGFP-C2
(Clontech, Tokyo, Japan) for GFP fusion protein preparation. The
pcDNA3.1 vector containing the full-length human PDZK1
(hPDZK1) and preys (pJG4-5 and pMAL-C2x) containing single
PDZ domains of hPDZK]1 were prepared as described previously.””

Yeast two-hybrid assay

A human kidney c¢DNA library was constructed as described
previously.”® A PEPT2 C-terminal bait corresponding to the last 34
amino acids of PEPT2 was used to screen 8.7 x 10° clones of the
human kidney cDNA library with the LexA-based GFP two-hybrid
system (Grow'n’ Glow system; MoBiTec, Géttingen, Germany).

In vitro binding assay

PEPT2-CT for GST fusion protein production in bacteria as
reported previously.*” In vitro translation was performed from a
plasmid carrying the full-length PDZK1 with the TNT T7 Quick for
polymerase chain reaction DNA system (Promega, Tokyo, Japan) in
the presence of Transcend Biotinylated tRNA (Promega), as
described elsewhere.”® Of in vitro-translated products, (5ul) was
applied into ProFound™ Pull-Down GST Protein:Protein Interac-
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tion Kit (Pierce, Rockford, IL, USA) with 50 ul of GST-glutathione-
Sepharose resin and protein complexes were eluted according to the
manufacturer’s instructions.

Surface plasmon resonance

The interactions of PEPT2-CT with the second and third PDZ
domains of PDZKI were investigated using a BlAcore 3000
analytical system (BlAcore AB, Tokyo, Japan). Using an amine
coupling kit, GST-fused wt PEPT2-CT or GST alone was attached to
a CMS5 sensor chip according to the manufacturer’s instructions,
giving an increase of 11214 resonance units (RU) for GST-PEPT2-
CT or 8,566 resonance units for GST alone. Binding experiments
were performed with the PDZK1 single PDZ domains fused with
maltose-binding protein as described elsewhere.”

Immunohistochemical analysis

We used human single-tissue slides (Biochain, Hayward, CA, USA)
for light microscopic immunohistochemical analysis as reported
previously.*® They were treated with 10pug/ml primary rabbit
polyclonal antibodies against PEPT2*! or PDZK1 (4°C overnight).

Cell culture and transfection

HEK293 cells were maintained in Dulbecco’s-modified Eagle’s
medium supplemented with 10% fetal bovine serum, 1 mm sodium
pyruvate, penicillin (100 U/ml), and streptomycin (100 mg/ml)
(Invitrogen) at 37°C in 5% CO,. Transient transfection with
Lipofectamine 2000 (Invitrogen, Gaithersburg, MD, USA) was
performed according to the manufacturer’s recommendations.

Immunoprecipitation and immunoblotting
Immunoprecipitation analysis was performed as described pre-
viously.” Lysates from HEK293 cells that expressed GFP-fused
hPEPT2 and hPDZK1 were immunoprecipitated by the anti-GFP
antibody (full-length A.v. polyclonal antibody, Clontech). For the
co-immunoprecipitation of endogenous PEPT2 and PDZKI, we
used human kidney membrane fractions (Biochain) and added the
anti-PEPT?2 antibody or control immunoglobulin G to this solution.
After overnight incubation, PEPT2 and PDZK] were immunopre-
cipitated using the Seize Classic (A) Immunoprecipitation kit
(Pierce). The affinity-purified rabbit PDZK1 antibody and horse-
radish peroxidase-conjugated goat anti-rabbit immunoglobulin G
(Amersham Biosciences) were used for immunoblotting with
enhanced chemiluminescence reagents (ECL Plus, Amersham
Biosciences).

Gly-Sar transport activity assay .

HEK293 cells were plated on 24-well culture plates at a density of
2% 10° cells/well 24h prior to transfection, and they were
transfected as described above. After 36 h, the culture medium was
removed, and the cells were washed three times and incubated in
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serum-free Hank’s solution (containing in mm: 125 NaCl, 5.6
glucose, 4.8 KCl, 1. 2 MgSO, - 7H;0, 1.2 KH,PO,, 1.3 CaCl, - 2H,0,
25 N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (pH 6.0))
for 10min. The uptake study was started by adding 500pul of
solution containing 30 um [*C]Gly-Sar to the plate. After 2 min, the
cells were washed twice in an ice-cold solution, and lysed in 0.1~
NaOH for 20 min for scintillation counting.

To determine the kinetic parameters, the concentrations of Gly-
Sar were varied from 30 to 1000 uM. PEPT2-mediated Gly-Sar
uptake was calculated as the difference between the uptake rates into
HEK?293 cells transiently expressing PEPT2 and those into HEK293
cells transfected with the vector (pcDNA3.1, Invitrogen) only.

Cell surface biotinylation

Surface biotinylation of PEPT2 at the plasma membrane was
performed as described elsewhere.*® Surface proteins in HEK293
cells transfected with pcDNA3.1( + )-hPEPT2 and pcDNA3.1( + )-
hPDZK]1 or pcDNA3.1( + ) empty vector (mock) were biotinylated
with Sulfo-NHS-SS-Biotin (Pierce) (0.5mg/ml) in phosphate-
buffered saline for 30 min at 4°C. Cell lysates were then incubated
with Ultralink-immobilized NeutrAvidin beads (Pierce) to precipi-
tate biotinylated proteins. PEPT2 was detected with polyclonal
PEPT?2 antibody (1:10,000).%'. ‘

Statistical analysis

Uptake experiments were conducted three times, and each uptake
experiment was performed in triplicate. Values are presented as the
meants.e. Statistical significance was determined by Student’s
t-test.
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Identification and Functional Characterization of a New
Human Kidney-Specific H"/Organic Cation Antiporter,
Kidney-Specific Multidrug and Toxin Extrusion 2

Satohiro Masuda,* Tomohiro Terada,* Atsushi Yonezawa,* Yuko Tanihara,*
Koshiro Kishimoto,* Toshiya Katsura,* Osamu Ogawa,’r and Ken-ichi Inui*

*Department of Pharmacy, Kyoto University Hospital, Faculty of Medicine, and "Department of Urology, Graduate
School of Medicine, Kyoto University, Kyoto, Japan

A cDNA coding a new H"/organic cation antiporter, human kidney-specific multidrug and toxin extrusion 2 (h(MATE2-K), has
been isolated from the human kidney. The hMATE2-K ¢cDNA had an open reading frame that encodes a 566—-amino acid
protein, which shows 94, 82, 52, and 52% identity with the hMATE2, hMATE2-B, hMATEL, and rat MATE], respectively.
Reverse transcriptase-PCR revealed that hMATE2-K mRNA but not hMATE2 was expressed predominantly in the kidney,
and hMATE2-B was ubiquitously found in all tissues examined except the kidney. The immunohistochemical analyses
revealed that the hMATE2-K as well as the hMATE1 was localized at the brush border membranes of the proximal tubules.
HEK293 cells that were transiently transfected with the hMATE2-K ¢DNA but not hMATE2-B exhibited the H* gradient-
dependent antiport of tetraethylammonium (TEA). Transfection of hMATE2-B had no affect on the h(MATE2-K-mediated
transport of TEA. hMATE2-K also transported cimetidine, 1-methyl-4-phenylpyridinium (MPP), procainamide, metformin,
and N'-methylnicotinamide. Kinetic analyses demonstrated that the Michaelis-Menten constants for the hMATE2-K-medi-
ated transport of TEA, MPP, cimetidine, metformin, and procainamide were 0.83 mM, 93.5 uM, 0.37 mM, 1.05 mM, and 4.10
mM, respectively. Ammonium chloride-induced intracellular acidification significantly stimulated the hMATE2-K-depen-
dent transport of organic cations such as TEA, MPP, procainamide, metformin, Nl-methylnicotinamide, creatinine, guanidine,
quinidine, quinine, thiamine, and verapamil. These results indicate that hMATE2-K is a new human kidney-specific

J Am Soc Nephrol 17: 2127-2135, 2006. doi: 10.1681/ ASN.2006030205

H™/organic cation antiporter that is responsible for the tubular secretion of cationic drugs across the brush border membranes.
ectorial secretion of cationic compounds across the
tubular epithelial cells is an important function of the

» kidney. Using the stopped flow tubular microperfu-

sion method, cultured renal epithelial cells, and isolated mem-
brane vesicles, it was suggested that two functionally distinct
organic cation transporters were expressed in the basolateral
and brush border membranes, respectively (1,2). Organic cat-
ions are suggested to accumulate in the renal tubular cells via a
basolateral organic cation transport system that is sensitive to
membrane potential differences. The intracellular cationic com-
pounds were secreted by the apical H" /organic cation antiport
system, which was driven by an oppositely directed H* gradi-
ent. A prototype substrate, tetraethylammonium (TEA), has
been used consistently for the functional characterization of
these organic cation transport systems in the kidney (3-7).
Since cloning of the organic cation transporter OCT1 from the
rat kidney (8), many related transporter proteins have been
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cloned and characterized. It is widely known that the basolat-
eral entry of cationic compoﬁnds is mediated mainly by hepatic
hOCT1 (SLC22A1) and renal hOCT2 (SLC22A2) in humans,
depending on the membrane potential (9-11). However, at-
tempts at molecular identification of the apical H*/organic
cation antiporter have failed for more than a decade. Recently,
in silico homology screening of the human ¢DNA database
identified a H* /organic cation antiporter, human multidrug
and toxin extrusion 1 (hMATE1), from the human brain using
the NorM Na™ /multidrug antiporter in Vibrio parahaemolyticus
as a reference (12). h(MATE] was expressed in the liver, kidney,
and skeletal muscle and weakly in the brain and the heart.
Although an isoform of hMATE1, hMATE2, was reported si-
multaneously to be expressed primarily in the kidney, the
functional characteristics of hMATE2 were not examined.

In this study, we cloned hMATE2 ¢cDNA from the human
kidney for functional characterization. Sequence analysis re-
vealed that the newly cloned ¢DNA was an alternative splice
variant of hMATE2. It is interesting that real-time PCR and
reverse transcriptase-PCR (RT-PCR) analyses clearly indicated
that the newly cloned hMATE2 but not the original RMATE2
was expressed only in the kidney, showing a function of op-
positely directed H" gradient-dependent antiport of organic
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cations; therefore, we designated the new clone human kidney-
specific multidrug and toxin extrusion (hMATE2-K).

Materials and Methods

[“CITEA (2.035 GBq/mmol), [“*Clcreatinine (2.035 GBg/mmol),
[**C]procainamide (2.035 GBq/mmol), [methyl-**C]choline (2.035
GBq/mmol), [9-°H)quinidine (740 GBq/mmol), [*H]quinine (740
GBg/mmol), [’H (G)]thiamine (370 GBg/mmol), L-[N-methyl-*H]car-
nitine (3.145 TBq/mmol), [N-methyl-"“Clnicotine (2.035 TBq/mmol),
[N-methyl-*H]verapamil (2.96 TBq/mmol), and [7-*H (N)]tetracycline
(185 GBq/mmol) were obtained from American Radiolabeled Chemi-
cals Inc. (St. Louis, MO). [**C]Metformin (962 MBq/mmol) and
[**C]guanidine hydrochloride (1.961 GBq/mmol) were purchased from
Moravek Biochemicals Inc. (Brea, CA). [*H]1-Methyl-4-phenylpyri-
dinium acetate (MPP; 2.7 TBq/mmol), {**C]p-aminohippuric acid (1.9
GBq/mmol), and [3H]g]ycylsarcosine (148 GBq/mmol) were from
PerkinElmer Life Analytical Sciences (Boston, MA). [N-Methyl-*H]Ci-
metidine (451 GBq/mmol) was from Amersham Biosciences (Uppsala,
Sweden). {**C]Levofloxacin (1.07 GBq/mmol) was from Daiichi Phar-
maceutical Co., Ltd. (Tokyo, Japan). N'-Methylnicotinamide (NMN)
was obtained from Sigma (St. Louis, MO). [“*C]Captopril (0.115
GBq/mmol; Sankyo Co., Tokyo, Japan), cephalexin (Shionogi, Osaka,
Japan), cefazolin (Astellas Pharma Inc., Tokyo, Japan), and cephradine
(Sankyo Co.) were gifts from the respective suppliers. All other chem-
icals used were of the highest purity available.

Isolation of hWMATE2-K cDNA

The hMATE2 cDNA was cloned by RT-PCR from Marathon-Ready
human kidney ¢cDNA (Clontech, Palo Alto, CA). Primers that are spe-
cific for h(MATE2 were designed on the basis of the sequence informa-
tion of FLJ31196 (NM_152908). The forward and reverse primers, with
mutations creating restriction enzyme sites (italics) for cloning the
hMATE2 ¢DNA, were 5'-AGGGTACCCAGTGCCCCGGCCAGGAAT-
GGA-3' and 5'-CTGTCTAGACCCCTCTGAGTGTCACCACAA-3, re-
spectively. Simultaneously, h(MATE2 ¢cDNA was cloned using the Mar-
athon-Ready human brain ¢DNA (Clontech) as above. The PCR
product was subcloned into the expression vector pcDNA3.1 (+) (In-
vitrogen, Carlsbad, CA) and sequenced using a multicapillary DNA
sequencer RISA384 system (Shimadzu, Kyoto, Japan). Because both
hMATE?2 from the human kidney and brain were suggested to be splice

variants of hMATE2 (FLJ31196) (12), we redesignated newly isolated .

clones from the human kidney and the human brain as hRMATE2-K and
hMATE2-B, respectively (Figure 1). The nucleotide sequences of
hMATE2-K and hMATE2-B have been submitted to the DDBJ/EMBL/
GenBank Data Bank as accession nos. AB250364 and AB250701, respec-
tively.

Real-Time PCR and RT-PCR

Total RNA from various human tissues was purchased from Bio-
Chain (Hayward, CA). RT of the total RNA (500 ng/20 p! reaction) and
real-time PCR were carried out as described previously (13). The prim-
er-probe sets used for hAMATE1 and hMATE2 are summarized in Table
1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was
checked for the quality of the total RNA of human tissues used with
GAPDH Control Reagent (Applied Biosystems). To detect indepen-
dently both hAMATE2-K and hMATE2 mRNA, we designed qualitative
PCR primers as summarized in Table 1.

Polyclonal Antibodies and Immunohistochemical Analyses
Polyclonal antibodies were raised against the synthetic peptide that
corresponded to the intracellular domains of hMATE1 (CQQAQVHAN-

J Am Soc Nephrol 17: 2127-2135, 2006

hMATE2-K 532 532
hMATE2-B 5§32 TGTGCGTCCCAGCCTCTTCCAACTCCTCAACAGGGATGGCTGARGGG 591
hMATE2 532 GGCTGAAGGG 545

hMATE2-K 532 532
hMATE2-B 592 GC PCCCCATTCCAAACCCCH T 'CCATCCTCCATCCATCTCACTC 651
hMATE2 546 GCAGGAGGAGGAGTCCCCATTCCAAACCCCGGGTTTGTCCATCCTCCATCCATCTCACTC 605
hMATE2-K 532 AAGATCACCTGGCCCCAAGTCCTCAG 557
hMATE2-B 652 ACACCTTAGCAGGGCCAGTTTTCATTTATTTCAG.csvrvssvenss “esesreseness 711
hMATE2 606 ACACCTTAGCAGGGCCAGTTTTCATTTATTTCAG. « ovrereroroasnasanacanse 665
hMATE2-K 558 TGGTGTGGTGGGCAACTGTGTCAACGGTGTGGCCAACTATGCCCTGGTTTCTGTGCTGAA 617
BMATE2-B 712 .iuuteansnrecsvesocaonecneansasearnosnososososoncoacnansanss m
hMATE2 666 4isrtveratrattosiattcntcesertocsotascassserascaneacaansannss 725
hMATE2-K 618 CCTGGGGGTCAG 629
hMATE2-B 772 ..evuivnvnnas 783
hMATE2 726 civvracrnnns 737

Figure 1. Comparison of the nucleotide sequences of the exon 7
region among human kidney-specific multidrug and toxin ex-
trusion 2 (hMATE2-K), human brain-specific multidrug and
toxin extrusion 2 (hMATE2-B), and human multidrug and toxin
extrusion 2 (hMATE2). Conserved nucleotides among three
transporters are indicated by dots. The nucleotides are num-
bered starting at the first residue of the ATG putative initiation
codon.

LKVN, no. 466-478) or hMATE2-K (YSRSECHVDFFRTPEE, no. 543-558)
as described, respectively (14,15). For immunofluorescence histochemistry,
the human renal specimens were fixed with 4% paraformaldehyde in PBS
at 4°C for 30 min (13). Fixed tissues were embedded in OCT compound
(Sakura Finetechnical, Tokyo, Japan) and frozen rapidly in liquid nitrogen.
Sections (6 pm thick) were cut and covered with 2% FBS and 1 mg/ml
RNase A (Nacalai Tesque, Kyoto, Japan) for 1 h. The covered sections were
incubated for 1 h with antiserum (1:100 dilution) specific for h(MATE],
hMATE2-K, hOCT2, a control of basolateral transporter, or hOCTN2, a
control of luminal transporter, and then incubated with Cy3-labeled don-
key anti-rabbit IgG (CALTAG Laboratory, San Francisco, CA), 5 U/ml
Alexa 488-phalloidin (Molecular Probe, Eugene, OR), and 4',6-diamidino-
2-phenylindole for 1 h. These sections were examined with a BX-50-FLA
fluorescence microscope (Olympus, Tokyo, Japan) at X100 magnification.
Images were captured with a DP-50 CCD camera (Olympus) using Studio
Lite software (Olympus). As controls, specific rabbit antibodies were re-
placed with preimmune rabbit serum.

Cell Culture, Transfection, and Uptake Experiments

HEK293 cells (American Type Culture Collection CRL-1573, Manas-
sas, VA) were cultured as described previously (16,17). pcDNA3.1 (+)
plasmid vector DNA that contained hMATE2-K ¢cDNA and hMATE2-B
c¢DNA were transfected into HEK293 cells using LipofectAMINE 2000
Reagent (Invitrogen), as described (16,17). At 48 h after the transfection,
the cells were used for uptake experiments.

Cellular uptake of cationic compounds was measured with mono-
layer cultures of HEK293 cells that were grown on poly-p-lysine-
coated 24-well plates (16,17). Typically, the cells were preincubated
with 0.2 ml of incubation medium (pH 7.4) for 10 min at 37°C. The
medium then was removed, and 0.2 ml of incubation medium that
contained radiolabeled substrates was added. The medium was aspi-
rated off at the end of the incubation, and the monolayers were rinsed
rapidly twice with 1 ml of ice-cold incubation medium. The cells were
solubilized.in 0.5 ml of 0.5 N NaOH, and then the radioactivity in
aliquots was determined by liquid scintillation counting. The cellular
uptake of cephalexin, cefazolin, and cephradine was described previ-
ously (18). For the cellular uptake of NMN, the HEK293 cells that were
transfected with the hAMATE2-K cDNA were incubated with NMN for
10 min, washed twice, and scraped with 0.5 ml of incubation medium
(pH 7.4). The cellular accumulation of NMN was determined by HPLC
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Table 1. Primer sets and probes for real-time PCR and RT-PCR?

Gene Name (Accession) Positions®

Sequences (5’ to 3')

For real-time PCRP
hMATE1 (AK001709)
forward primer (+)
reverse primer (—)
TagMan probe (+)
hMATE2 (NM_152908)

1240 to 1262
1333 to 1311
1273 to 1298

forward primer (+) 1444 to 1467
reverse primer (—) 1570 to 1551
TagMan probe (—) 1541 to 1519
For RT-PCR
forward primer (+) :
hMATE2-K (AB250364) 155 to 177
hMATE2-B (AB250701) 155 to 177
hMATE2 (NM_152908) 155 to 177
reverse primer (—)
hMATE2-K (AB250364) 659 to 640
hMATE2-B (AB250701) 813 to 794
hMATE2 (NM_152908) 767 to 748
hGAPDH (NM_002046)
forward primer (+) 24 to 44
reverse primer (—) 836 to 816

ATTGGGTACTATGTGGTTGGCCT
AGATGATGATCCCTGACCACAGA
ATCGCGCTGATGTTTGCAACCACACT

ACTGCTGCCTTTGTTGCTTATACT
TCTCAGGCCCAGGTCTGGTT
TCTGCTCTCTGCTGCTGCTGCCG

ATCGTGAGCACTGTGTTCTGC

TGGGAGATGATGTTGGCATA

CAACGGATTTGGTCGTATTGG
TGCTCAGTGTAGCCCAGGATG

*hMATE]1, human multidrug and toxin extrusion 1; hMATE2-B, human brain-specific multidrug and toxin extrusion 2;
hMATE2-K, human kidney-specific multidrug and toxin extrusion 2; RT-PCR, reverse transcriptase-PCR.

bI?ifections of the primer sequences are denoted in the parentheses as sense (+) or antisense (—).

“The nucleotides are from the sequence in the GenBank Data Bank and are numbered starting at the first residue of ATG

putative initiation codon.

dAlthough only the nucleotide numbers for hAMATE2 are shown, the primer and probe set also reacts with hMATE2-K and

hMATE2-B.

according to the method of Musfeld et al. (19). For manipulation of the
intracellular pH, intracellular acidification was performed by pretreat-
ment with ammonium chloride (30 mM, 20 min at 37°C, pH 7.4) (20,21).
The protein content of the solubilized cells was determined using a
Bio-Rad Protein Assay Kit (Bio-Rad Laboratories, Hercules, CA) with
bovine y-globulin as a standard.

Statistical Analyses

Data are expressed as the mean £ SEM. Data were analyzed statis-
tically using an unpaired ¢ test. Significance was set at P < 0.05. In all
figures, when error bars are not shown, they are smaller than the
symbols.

Results '

After the sequencing of hMATE2 ¢cDNA that was isolated
from the human kidney (hMATE2-K) and human brain
(hMATE2-B), it was revealed with the BLAST program that
both hMATE2-K and hMATE2-B transcripts consist of 17 exons.
However, a deletion of 108 bp in exon 7 of hAMATE2-K and an
ingertion of 46 bp in exon 7 of hMATE2-B were found com-
pared with hMATE2 (Figure 1). The open reading frame of the
_ cloned hMATE2-K cDNA was 1698 bp, coding for a 566 -amino
acid protein with a calculated molecular mass of 61,012, and
that of hMATE2-B was 660 bp and a 220-amino acid protein
with a calculated molecular mass of 23,357. Figure 2 shows the

deduced amino acid sequences of A(MATE2-K and its alignment
with its homologues hMATE2-B, hWMATE2, hMATEL, or rat (r)
MATEI1, which was cloned recently in our laboratory from rat
kidney with an accession no. AB248823 (22). hMATE2-K
showed 82% amino acid identity with hMATE2-B, 94% with
hMATE2 (12), 52% with hMATE1 (12), and 52% with rMATE1.

The hMATE1 mRNA was expressed strongly in the adrenal
gland as well as in the kidney; weakly in the fetal liver, testis,
skeletal muscle, liver, and uterus; and faintly in various other
tissues (Figure 3A). In contrast, the obtained data showed that
the transcript of the hMATE2 gene was expressed in the kidney,
because the real-time, PCR condition could cross-react
hMATE2-K, hMATE2-B, and hMATE2 (Figure 3A, Table 1).
Although RT-PCR showed that the amplification of both prod-
ucts derived from hMATE2-K (505 bp) and hMATE2-B (659 bp)
among 18 tissues examined, only the 505-bp band that corre-
sponded to hMATE2-K was found in the kidney (Figure 3B).
The 613-bp band that corresponded to hMATE2 was not am-
plified. After sequencing, the PCR product of 659 bp was con-
firmed to be identical to hMATE2-B.

To visualize the intrarenal distribution of hMATE2-K, we
examined the immunohistochemical analysis (Figure 4). Stain-
ing with the antibodies specific for AMATE1 and hMATE2-K
revealed that both transporters were localized in the brush
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IMATEL 344 LPAVIFCV.LLGC.DLV.Y. . T.H.IV. . A, Vo1 A5 Lt A TC s annnns 403
RMATE2-K 401 QAFGAAVNAITYYITGLPLGILLTPVVRMRIMGLWLGMLACVFLATAAPVAYTARIDWKL 460
HMATE2-B 219 213
hMATE2 L 496
hMATE1 405 .KV..I..T.G..VV...I..A.M.ATTLGV....5.IIT.TVPOAVC.LGFIIQ.N.. X 464
TMATB1 404 .KV..I G..V....X..8.M. \AKLGVI...8.TII.6VCQ.B8C.LVFL...N... 463
hMATE2-K . 461 AAEEAX o ITLTTYSRS-ECHVDFFRT 519
hMATE2-B 219 219
hMATE2 L 555
hMATE1 465 .CQQ.QV.ANLKVNNVPR.GNSALPQDPL-HPGCPENLEG- .LTNDVGKTG.PQS.QQMR 522
IMATE1 464 .CQQ.QV.ANLKVNVALN.A---VSQ.P.~EPVGPESHGE- .MM.DLEKKD.IQL.QOMN 518

X 520 SAPTSR-LSVRQLVIRRGAA-LGAASATLMVGLTVRILATRA-——— 566
hMATE2-8 219 219
hMATE2 556 seiesecnreseamarassnrnannae L e 602
hMATB1 523 Q..PLPEHPQDGAK..R....L...LLL. .VFLI-.L..IL..~—~-PYVRIQ 570
TMATB1 S19 QQQ.LPVHPKD.NK..G...AL...LLP. .VVLV=.VG,IL. .~——-VYIRTE 566

Figure 2. Comparison of the deduced amino acid sequences
among hMATE2-K, hMATE2-B, hMATE2, hMATE]1, and rat
multidrug and toxin extrusion 1 (rMATE1). The conserved
residues in hMATE2-K are indicated by dots. The accession
numbers for hAMATE2-K, hMATE2-B, hMATE2, hMATE]1, and
rMATE1 are AB250364, AB250701, NM_152908, AK001709, and
AB248823, respectively.

border membranes of proximal tubules (Figure 4, A through F).
Although the green signals for F-actin with phalloidin were
shown in all sections, red signal was not observed in the section
stained with the preimmune serum (Figure 4G). The red signals
for hOCT2, which is a basolateral organic cation transporter,
and the hOCTN2, which is a luminal Na™* /carnitine co-trans-
porter, were confirmed in the basolateral and brush border
membranes, respectively (Figure 4, H and I).

The oppositely directed H* gradient-dependent uptake of
[**C]TEA was examined in HEK293 cells that were transfected
with the pcDNA3.1 (+) empty vector, AMATE2-K cDNA, and
hMATE2-B ¢DNA. The pH gradient-dependent uptake of
[**C]TEA was stimulated in cells that were transfected with
hMATE2-K cDNA but not with hMATE2-B ¢cDNA (Figure 5A).
In addition, intracellular acidification by ammonium chloride
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Figure 3. Real-time PCR for hMATE1 and hMATE2 (A), and the
splice variant-specific reverse transcriptase-PCR (RT-PCR)
analysis for hMATE2-K and hMATE2-B (B). (A) Total RNA
isolated from various human tissues were reverse transcribed,
and mRNA levels of A(MATE1 and hMATE2 with their spliced
variants were determined by real-time PCR with the oligonu-
cleotides summarized in Table 1 using an ABI PRISM 7700
sequence detector. The mRNA expression level of hMATE1 and
hMATE2 was calculated by the absolute standard method as
described (13). As described in the legend for Table 1, the
primer and probe set for hMATE2 cross-reacts with both
hMATE2-K and hMATE2-B; therefore, the data are the mRNA
levels of hWMATE2, hMATE2-K, and hMATE2-B. Each column
represents the mean of two separate experiments. (B) The RT-
PCR amplification of hMATE2-K and hMATE2-B mRNA with
the primer sets covering exon 7 of each gene shown in Table 1.
The PCR products of 505 bp that corresponded to hMATE2-K
(arrow) and 659 bp that corresponded to hMATE2-B (arrow-
head) were separated by 2% agarose gel electrophoresis and
visualized by ethidium bromide staining. No signal was ob-
served of 613 bp that corresponded to hMATE2. The quality of
the sample RNA also was checked by RT-PCR for glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) as an internal con-
trol (dotted line). The mixture of plasmid DNA coding
hMATE2-K and hMATE2-B was used as a positive control for
hMATE2-K and hMATE2-B and as a negative control for
GAPDH.

markedly stimulated the hMATE2-K-mediated uptake. of
[**C]JTEA, but no response was observed in hMATE2-B-trans-
fected cells (Figure 5B). The hMATE2-K-mediated [**C]JTEA
uptake was not affected by co-transfection of hAMATE2-B cDNA
(Figure 6). Therefore, the protein that was coded by hMATE2-B
seemed to have no influence on the activity of (MATE2-K or its
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anti-hMATE1

anti-hMATE2-K

preimmune serum atl-hOCZ ntl-hOCTN2

phalloidin phalloidin phalloidin
DAP! DAPI DAPI

Figure 4. Immunofluorescence localization of hMATE1 and
hMATE2-K in the human kidney. The h(MATE1 (red; A), F-actin
(green; B), and merged picture including the purple signals of
4’ 6-diamidino-2-phenylindole (DAPI; C) were observed in the
same section. The hMATE2-K (red; D), F-actin (green; E), and
merged picture including DAPI (F) were in the same section.
The yellow signals consist of hMATE1 or hMATE2-K and F-
actin and were concentrated in the brush border membranes of
proximal tubules (C and F). No positive staining for "(MATE2-K
(red) was observed using the preimmune serum (G). The baso-
lateral localization of hOCT2 (H) and the apical localization of
hOCTN2 (I) were confirmed with each antibody, respectively.
*Glomeruli. Magnification, X100.

own activity as an organic cation transporter. We subsequently
focused on the functional characterization of hMATE2-K. The
hMATE2-K-mediated uptake of [**C]TEA was increased in
accordance with the extracellular pH between 6.0 and 9.0 (Fig-

H*/Organic Cation Antiporter MATE2-K 2131

TEA ACCUMULATION
{pmol/mg protein/15 min)

g

&

TEA ACCUMULATION
(pmol/mg protein/2 min)
=\

olL—F=
Pretreatment - + - +
Incubation - -+ +
VECTOR

Figure 5. Oppositely directed H* gradient-dependent uptake
of [**Cltetraethylammonium (TEA) by hMATE2-K but not
hMATE2-B in the transiently transfected HEK293 cells. (A) The
pcDNA3.1(+) empty vector ((J), hMATE2-K ¢cDNA (B), and
hMATE2-B cDNA (B) were transfected into the HEK293 cells.
Two days after transfection, uptake of ["*C]JTEA (5 uM, 7.4
kBq/ml) was examined at the extracellular pH 7.4 or 8.4. (B)
HEK293 cells that were transfected with the empty vector,
hMATE2-K ¢DNA, and hMATE2-B cDNA were preincubated
with incubation medium (pH 7.4) in the absence ((J) or pres-
ence () of 30 mM ammonium chloride for 20 min. Then, the
preincubation medium was removed, and the cells were incu-
bated with 5 pM [**C]TEA (7.4 kBq/ml, pH 7.4) in the absence
(W) or presence () of 30 mM ammonium chloride for 2 min at
37°C. Each column represents the mean * SE of three mono-
layers.

ure 7A). Because of the apparent linearity of the time course of
the h(MATE2-K-mediated uptake of [**C]TEA until 5 min (Fig-
ure 7B), the transport characteristics of h\MATE2-K at 2 min
were selected to examine the kinetics. The linearity of the
uptakes of [**C]metformin, [PH]MPP, and [*H]cimetidine also
were confirmed until 5 min (data not shown). The uptake of
["*CITEA, ["Clmetformin, [PH]MPP, [*H]cimetidine, and
['*C]procainamide by hMATE2-K exhibited saturable kinetics,
following the Michaelis-Menten equation. The apparent Km
values of TEA, metformin, MPP, cimetidine, and procainamide
were estimated at 0.83 * 0.15 mM, 1.05 + 0.29 mM, 93.5 = 4.9
uM, 037 = 0.14 mM, and 4.10 * 0.30 mM, respectively
(Figure 8).'

Next, we examined the substrate specificity of hMATE2-K.
The hMATE2-K mediated the oppositely directed H" gradient-
dependent transport of structurally diverse organic cations
such as [M*C]TEA, [PHJMPP, [°H]cimetidine, [**C]metformin,
and NMN at extracellular pH 8.4 (Table 2) or at pH 7.4 after
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(pmot/mg protain/16 min)
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Figure 6. Transfection of hAMATE2-B cDNA in HEK293 cells did
not stimulate [**CJTEA uptake and did not affect AMATE2-K—
mediated ["*C]JTEA uptake. HEK293 cells that were transfected
with the empty vector (800 ng/well), hMATE2-K cDNA (400
ng/well) with the empty vector (400 ng/well), hMATE2-B
cDNA (400 ng/well) with the empty vector (400 ng/well), and
the combination of both hMATE2-K (400 ng/well) and
hMATE2-B (400 ng/well) cDNA were incubated with 5 uM
['*CITEA (7.4 kBq/ml) at pH 7.4 (1J) or pH 8.4 (W). Each point
represents the mean * SE of three monolayers.
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Figure 7. Oppositely directed H* gradient dependence (A) and
time course (B) of ['*C]TEA uptake by hMATE2-K in the tran-
siently transfected HEK293 cells. (A) HEK293 cells that were
transfected with the empty vector (O) or hMATE2-K (@) were
incubated for 15 min at 37°C with incubation medium of var-
ious pH that contained 5 uM of [*C]TEA. Each point repre-
sents the mean * SE of six monolayers by two independent
experiments. (B) Time course of [*“C|TEA uptake by
hMATE2-K. HEK293 cells that were transiently transfected
with the empty vector (O) or AMATE2-K ¢DNA (@) were incu-
bated with ['*C]TEA (5uM, 7.4kBq/ml, pH 8.4) for 15 min at
37°C. Each point represents the mean * SE of three monolay-
ers.

pretreatment of ammonium chloride (Table 3). The uptake of
['“Clprocainamide was stimulated in hMATE2-K~expressing
cells only after pretreatment of ammonium chloride (Tables 2
and 3). In addition, the uptake of {**C]creatinine, [*H]quinidine,
[H]thiamine, and [PH]verapamil was increased in AMATE2-K—
expressing cells with treatment of ammonium chloride. How-
ever, the anionic compounds p-aminchippuric acid, dipeptide
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Figure 8. Concentration dependence of hMATE2-K-mediated
uptake of ['*CJTEA (A), ['*Clmetformin (B), [*H]1-methyl-4-
phenylpyridinium (MPP; C), [PH]cimetidine (D), and ['*C]pro-
cainamide (E). HEK293 cells that were transfected with
hMATE2-K cDNA were incubated with various concentrations
of ["“C]TEA (pH 8.4; A) or [**Clmetformin (pH 8.4; B). For the
kinetic analyses of [PHIMPP (C), [°H]cimetidine (D), and
["“Clprocainamide (E) at pH 7.4, ammonium chloride (30 mM,
pH 7.4, 20 min) was pretreated to generate the condition of
intracellular acidification. Uptake experiments were performed
in the absence (O) or presence of each unlabeled substrate at 10
mM (@) for 2 min at 37°C. Each point represents the mean * SE
of four independent experiments.

glycylsarcosine, and B-lactam antibiotics were not transported
by hMATE2-K.

Discussion

In this study, we cloned an alternatively spliced variant of
hMATE?2 from the human kidney, hMATE2-K (Figures 1 and 2).
The hMATE2 that originated from the human brain was not
expressed in the kidney (Figure 3). In addition, another variant
was cloned from the human brain, hMATE2-B, but original
hMATE2 was not cloned from either kidney or brain. hMATE2-B
cDNA contains a 154-bp insertion in exon 7 of AMATE2-K and a
46-bp insertion in exon 7 of AMATE2. The hMATE2-B has only 220
amino acids by the 46-bp insertion in exon 7 of MATEZ2; therefore,
the truncated product of the gene, AMATE2-B, seems to lack the
transport activity (Figures 5 and 6). Although an RT-PCR band
that corresponded to hMATE2-B but not hMATE2 was ubiqui-
tously found, the expression level of the gene was markedly low
in consideration of the result of real-time PCR (Figure 3). Consid-
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Table 2. Uptake of various organic ions in the HEK293 cells that expressed hMATE2-K at extracellular pH 842

Compounds Vector hMATE2-K
Uptake (ul/mg protein per 15 min)
[**C]TEA 0.48 = 0.00 2.65 + 0.04°
[PBHIMPP 244 + 0.61 5.56 + 0.12°
PH]cimetidine 1.19 *+ 0.05 2.08 + 0.06°
[**C]metformin 0.85 + 0.05 2.48 + 0.08°
[*C]creatinine 2.60 = 0.05 2.68 +0.11
[**Clguanidine 11.0 £ 0.02 8.93 + 0.21°¢
[**Clprocainamide 12.1 = 0.98 12.0 = 0.21
[**C]choline 105 + 0.69 91.5 + 0.18°
[*Hlquinidine 137 + 2.56 148 * 6.16
[H]quinine 170 + 7.83 229 * 3.99°
[*H]thiamine 13.8 + 0.46 11.5 = 0.52¢
[®*H]carnitine 10.9 + 0.67 10.3 + 0.70
[*C]nicotine 8.16 = 0.91 9.94 + 0.18
[**Clcaptopril 0.45 + 0.02 0.63 + 0.05¢
[*H]verapamil 11.6 = 0.23 16.0 = 3.58
[**C]levofloxacin 7.60 = 1.47 6.66 = 0.17
[Hltetracycline 5.86 = 0.16 6.14 = 0.01
[**CJp-aminohippuric acid 4.90 + 0.16 454 +0.13
[PHlglycylsarcosine 0.70 = 0.07 0.59 + 0.07
Uptake (ul/mg protein per 10 min)
NMN - 0.47 % 0.04 1.63 % 0.65°
cephalexin 0.13 = 0.02 0.14 = 0.05
) cefazolin 0.17 = 0.03 0.10 = 0.02
cephradine 0.20 + 0.03 0.20 *+ 0.02

"HEK293 cells cultured in a 24-well plate were transfected with the empty vector or h(MATE2-K ¢cDNA and incubated for 15
min with incubation medium at pH 8.4 that contained the 19 radiolabeled compounds indicated. After incubation, the
radioactivities of solubilized cells were determined. HEK293 cells cultured in a 12-well plate and expressed hMATE2-K were
incubated for 10 min with incubation medium at pH 8.4 that contained 1 mM unlabeled N'-methylnicotinamide (NMN) or 8
-lactam antibiotics such as cephalexin, cefazolin, and cephradine. After incubation, the amounts of each compound extracted
from cells were determined by HPLC. Uptake was expressed as clearance, which was obtained from the net uptake value
divided by each substrate concentration in the medium. Data represent the mean * SEM for three monolayers. MPP, 1-

methyl-4-phenylpyridinium acetate; TEA, tetraethylammonium.

PP < 0.01, °P < 0.05 significantly different from vector-transfected cells.

ering the 108- and 154-bp deletions in hMATE2-K compared with
hMATE?2 and hMATEZ-B, respectively, the splicing site differed
between the kidney and other tissues.

Examination of the tissue distribution clearly indicated that
hMATE2-K was a kidney-specific type H*/organic cation an-
tiporter, whereas hMATE1 mRNA was found in several tissues
(Figure 3A). Although hAMATE1 mRNA was strongly expressed
in the kidney, it also was preferentially expressed in the adrenal
gland, liver, skeletal muscle, and testis, corresponding to the
report by Otsuka et al. (12). Comparing promoter sequences
between hMATE1 and hMATE2-K should help to reveal the
molecular mechanisms behind the kidney-specific expression
of hMATE2-K as well as other renal organic ion transporters
hOCT?2 (SLC22A2), hOAT1 (SLC22A6), and hOAT3 (SLC22A8)
(10). Immunohistochemical examinations clearly demonstrated
the apical localization of hMATE2-K protein as well as
hMATEI protein in the proximal tubules (Figure 4, A through
F) (12). Considering the functional characteristics and the mem-
brane localization, hAMATE2-K was indicated to mediate tubu-

lar secretion of cationic compounds at the brush border mem-
branes. These results suggest that some cationic drugs that are
preferentially recognized by hMATE2-K are eliminated pre-
dominantly through urine via tubular secretion, whereas those
that are recognized by hMATE] are excreted into both bile and
urine. Therefore, the substrate specificities between these two
transporters should be clarified to understand kidney/liver
selectivity in the elimination route of the organic cations.

Although the uptake of procainamide was not observed at
pH 8.4, it was stimulated by the pretreatment with ammonium
chloride (Tables 2 and 3). These results suggest that h(MATE2-K .
requires a strong driving force, a counteracting H* gradient
across the plasma membrane, for the transport of procain-
amide. Stoichiometric determination would clarify the coupling
ratio between the substrate and H* ion or the mass charge of
the substrate in combination with the H* ion. In addition,
further transport studies should be carried out to clarify the
precise requirement(s) of the chemical structure(s) to under-
stand the substrate specificity of h(MATE2-K.
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Table 3. Uptake of various organic ions in HEK293 cells that expressed hMATE2-K at extracellular pH 7.4 after

pretreatment of ammonium chloride®

Compounds Vector hMATE2-K
Uptake (ul/mg protein per 2 min)
[*“C]JTEA 0.36 + 0.04 7.71 * 0.10°
[*H]MPP 3.87 = 0.07 19.5 = 0.31°
[*H]cimetidine 1.00 + 0.12 9.24 + 0.06°
[**Clmetformin 0.56 +0.01 6.68 = 0.42°
[**C]creatinine 0.58 * 0.05 0.93 + 0.07¢
[**C]guanidine 3.10 £ 0.18 3.71 + 0.05¢
[**CJprocainamide 149 + 0.11 18.5 * 0.67°
[**C]choline 7.64 * 0.14 8.08 = 0.21
[PHlquinidine 108 + 2.01 126 * 2.21°
(*H]quinine 109 + 0.60 124 + 5.10°
[*H]thiamine 5.98 + 0.06 12.4 + 5.10°
[*H]carnitine 12.16 * 0.08 12.7 + 0.26
[*C]nicotine 7.05 + 0.32 7.97 +0.20
[**C]captopril 0.32 = 0.01 0.27 + 0.02
[*H]verapamil 24.09 = 1.54 30.5 = 0.05¢
[**C]levofloxacin 9.29 + 0.19 10.1 = 0.83
[PHltetracycline 3.46 * 0.16 4.06 *0.19
[**Clp-aminohippuric acid 1.14 +0.03 1.33 = 0.12
[*Hlglycylsarcosine 0.26 £ 0.01 0.33 £0.03
Uptake (ul/mg protein per 10 min)
NMN 0.51 = 0.03 2.54 + 0.36°
cephalexin 0.13 = 0.01 0.16 £ 0.03
! cefazolin 0.14 + 0.05 0.07 +0.01
cephradine 0.27 = 0.04 0.30 = 0.03

"HEK293 cells cultured in a 24-well plate for the uptake examination of radiolabeled compounds or cultured in a 12-well
plate for unlabeled compounds were transfected with the empty vector or h(MATE2-K ¢cDNA and incubated for 20 min with
incubation medium that contained 30 mM ammonium chloride. After washing, 2- or 10-min uptake measurements at
extracellular pH 7.4 were carried out for radiolabeled or unlabeled compounds as described in the legend for Table 2,

respectively. Data represent the mean * SEM for three monolayers.
PP < 0.01, °P < 0.05 significantly different from vector-transfected cells.

In this study, an antihyperglycemic agent, metformin, was
demonstrated for the first time to be a good substrate for
hMATE2-K (Figure 8B, Tables 2 and 3). There is no informa-
tion available about the H" gradient—dependent transport of
metformin in renal brush border membrane vesicles. Actu-
ally, approximately 70% of metformin in the circulation was
eliminated in urine mainly via tubular secretion, and when
co-administered, cimetidine decreased the renal clearance of
metformin (23,24). Recently, we demonstrated that met-
formin is a superior substrate for renal OCT2 rather than
hepatic OCT1 (17,25). Renal distribution of metformin im-
mediately after intravenous administration was almost 23-
fold higher than the plasma concentration in the rats (1.29
ug/ml in plasma versus 29.8 pg/g in kidney at 3 min after
intravenous administration) (17). This background and our
results strongly suggest that renal hMATE2-K plays a key
role in the tubular secretion of metformin after basolateral
accumulation by renal hOCT2.

Conclusion

An active variant, hMATE2-K, and a longer variant,
hMATE2-B, were cloned and characterized. It is indicated that
hMATE2-K is the first kidney-specific H* /organic cation anti-
porter to mediate the tubular secretion of a wide range of
cationic compounds across the brush border membranes in the
proximal tubules. The physiologic roles of hMATE2-B and
hMATE?2, including the expressional characteristics of these
genes, still are unclear. Further studies should be performed to
elucidate the physiologic and pharmacologic significance of
hMATE2K as well as hMATEI] in the renal handling of ionic
drugs.
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Purpose. Transport characteristics and tissue distribution of the rat H/organic cation antiporter MATE1
(multidrug and toxin extrusion 1) were examined.

Methods. Rat MATE1 cDNA was isolated by polymerase chain reaction (PCR) cloning. Transport
characteristics of rat MATEL1 were assessed by HEK293 cells transiently expressing rat MATEL. The
mRNA expression of rat MATE] was examined by Northern blot and real-time PCR analyses.
Results. The uptake of a prototypical organic cation tetraethylammonium (TEA) by MATE]-expressing
cells was concentration-dependent, and showed the greatest value at pH 84 and the lowest at pH
6.0-6.5. Intracellular acidification induced by ammonium chloride resulted in a marked stimulation of
TEA uptake. MATEI1 transported not only organic cations such as cimetidine and metformin but also
the zwitterionic compound cephalexin. MATE1 mRNA was expressed abundantly in the kidney and
placenta, slightly in the spleen, but not expressed in the liver. Real-time PCR analysis of microdissected
nephron segments showed that MATE1 was primarily expressed in the proximal convoluted and straight
tubules.

Conclusions. These findings indicate that MATE] is expressed in the renal proximal tubules and can
mediate the transport of various organic cations and cephalexin using an oppositely directed H*

s gradient.

KEY WORDS: H"/organic cation antiporter; kidney; MATE1; renal sécretion.

INTRODUCTION

The secretion of drugs and xenobiotics is an important
physiological function of the renal proximal tubules. Func-
tional studies using isolated membrane vesicles and cultured
renal epithelial cells have suggested that the renal tubular
secretion of cationic substances involves concerted actions of
two distinct classes of organic cation transporters: one facili-
tated by the transmembrane potential difference in the baso-
lateral membrane and the other driven by the transmembrane
H* gradient (H*/organic cation antiporter) in the brush-border
membrane (1,2). The membrane-potential dependent organic
cation transporters (OCT1-3, SLC22A1-3) have been identi-
fied and well characterized (3-5), but the molecular nature of
the H*/organic cation antiporter has not been elucidated for
a long time.

Recently, based on in silico homology screening, human
and mouse orthologues of the multidrug and toxin extrusion
(MATE) family, which confers multidrug resistance to bac-
teria, have been identified (6). The tissue distribution, mem-
brane localization and transport characteristics of human
MATEI1 suggested that this transporter is similar to transport-
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ers of the renal H*-coupled organic cation export system (6).
However, the precise substrate specificity based on direct
uptake measurements and expression profiles of wide-rang-
ing tissues for MATEL have not been evaluated. So far, we
have characterized the functional properties of H*/organic
cation antiporters in the rat kidney (7-12). In the present
study, we isolated rat MATE1 cDNA and investigated the
transport characteristics and tissue and intrarenal distribution
of this transporter.

MATERIALS AND METHODS
Materials

Cephalexin (Shionogi, Osaka, Japan) and cefazolin
(Fujisawa Pharmaceutical Co., Osaka, Japan) were donated
by the respective suppliers. [**C]Tetraethylammonium bro-
mide (TEA) (2.035 GBg/mmol), [**C]creatinine (2.035 GBg/
mmol) and [*C]procainamide (2.035 GBg/mmol) were
obtained from American Radiolabeled Chemicals Inc (St.
Louis, MO). [**C]Metformin (962 MBg/mmol) and [**C]gua-
nidine hydrochloride (1.961 Gbg/mmol) were purchased
from Moravek Biochemicals Inc (Brea, CA). [*H}1-Methyl-
4-phenylpyridinium acetate (MPP) (2.7 TBg/mmol) and
[**C]p-aminohippurate (PAH) (1.9 GBg/mmol) were from
PerkinElmer Life Analytical Sciences (Boston, MA). [N-
Methyl->H]Cimetidine (451 GBg/mmol) was obtained from
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Fig. 1. Transport of {*C]TEA by rat MATEL. A Time course of
["*C]JTEA uptake by HEK?293 cells transiently expressing rat
MATEL. HEK293 cells transfected with vector alone (pcDNA3.1)
(o) or MATE1 cDNA () were incubated with 5§ puM of [*CJTEA
(pH 8.4) at 37°C. Each point represents the mean + S.E. for three
monolayers. B Concentration-dependence of ['*C]TEA uptake by
HEK293 cells transiently expressing rat MATE1l. HEK293 cells
transfected with rat MATE1 ¢cDNA were incubated with various
concentrations of ['*C]TEA (pH 8.4) in the absence (®) or presence
of 5 mM TEA (o) for 1 min at 37°C. This figure shows representative
data of three separate experiments. Each point represents the
mean t S.E. for three monolayers.

Amersham Biosciences (Uppsala, Sweden). N'-Methylnico-
tinamide (NMN) was purchased from Sigma (St. Louis, MO).
All other chemicals used were of the highest purity available.

¢DNA Cloning of Rat MATE1

Rat MATE1 cDNA was isolated from Marathon-Ready
rat kidney ¢cDNA (Clontech, Palo Alto, CA) using specific
primers designed based on sequence information of the
NCBI reference sequence NM_001014118 and human
MATE]1 (6). The rat MATE1 ¢cDNA was cloned using the
following primers: forward 5-CACATGGAGGTCTTG
GAGGAGCCTGCGCCG-3 and reverse 5-CACAGACT
GAGGAGCACCTGCATTGCTGG-3. The PCR product
was subcloned into the expression vector pcDNA3.1 (+)
(Invitrogen, Carlsbad, CA), and sequenced by a multicapil-
lary DNA sequencer RISA384 system (Shimadzu, Kyoto,
Japan). The nucleotide sequence for the open reading frame
of rat MATE1 was identical to the NCBI reference sequence
NM_001014118 except for G1608T, which substituted Tyr for
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Asp at position 529 (variant 2). This transporter had the same
ability to transport [*C]JTEA and [**C]metformin as the ref-
erence type of MATE1 (variant 1). The nucleotide sequences
reported here have been submitted to the DDBJ/EMBL/
GenBank Data Bank with Accession No. AB248823 (variant
1) and No. AB248824 (variant 2).

Cell Culture and Transfection

HEK293 cells (American Type Culture Collection CRL-
1573) were cultured as described previously (13-15). pcDNA
3.1 (+) containing cDNA encoding rat MATE1 was trans-
fected into HEK293 cells using LipofectAMINE 2000
Reagent (Invitrogen) according to the manufacturer’s instruc-
tions. At 48 h after the transfection, the cells were used for
uptake experiments.

Uptake Experiments in HEK293 Cells

The cellular uptake of various radiolabeled compounds
was measured by monolayers grown on poly-D-lysine-coated
24-well plates as described previously (13-15). Typically, the
cells were preincubated with 0.2 ml of incubation medium
(pH 7.4) for 10 min at 37°C. The medium was then removed,
and 0.2 ml of incubation medium (pH 8.4) containing a
radiolabeled compound such as [**C]TEA was added. After
an appropriate period of incubation, the medium was.
aspirated, and the monolayers were washed twice with 1 ml
of ice-cold incubation medium. The cells were solubilized in -
0.5 ml of 0.5 N NaOH, and then the radioactivity in aliquots
was determined by liquid scintillation counting. Furthermore,
the cellular uptake of cephalosporin antibiotics was measured
as described previously (15). For cellular uptake of NMN,
HEK?293 cells expressing rat MATE1 were incubated with
NMN for 1 h, washed two times, and scraped with 0.5 ml of
incubation medium (pH 7.4). The accumulation of NMN was
determined according to the method of Musfeld et al. (16).
The conditions for high-performance liquid chromatography
(HPLC) were as follows: column, Zorbax ODS column 4.6
mm inside diameter x 250 mm (Du Pont, Wilmington, DE,
USA); mobile phase, 5 mM sodium heptanesuifonate con-
taining 0.5% triethylamine (pH 3.2):acetonitrile = 78:22; flow
rate, 1.0 ml/min; excitation and emission wavelengths, 366
and 418 nm, respectively; temperature, 40°C.

Northern Blot Analysis and Real-time PCR for Various
Tissues and Microdissected Nephron Segments

The preparation of total RNA and Northern blot anal-
ysis under the high-stringency conditions were performed as
described previously (17). Total RNA from various rat
tissues was purchased from BioChain (Hayward, CA), and
reverse transcribed (18). Isolation of total RNA from micro-
dissected nephron segments and reverse transcription (RT)
were previously reported (19,20). Using these RT products,
real-time PCR was carried out (18). The primer-probe set
used for rat MATE1 was as follows: forward primer, 5-GGG
CATCGCTGCTAACCTT-3" (bp 567-585); reverse primer,
5-CCCCAAGATGTAGCTGATGGA-3' (bp 654-634);
fluorescence probe, 5'-(6-Fam) TCAACGCCCTGGCCAA
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Fig. 2. Effect of pH on the transport of ["*C]TEA by rat MATEL.
A Effect of extracellular pH on [*C]TEA uptake by HEK293 cells
transiently expressing rat MATE1. HEK293 cells transfected with
vector alone (pcDNA3.1) (o) or rat MATEl cDNA (e) were
incubated with 5 uM of [**C]TEA (pH 8.4) for 15 min at 37°C.
B Effect of intracellular pH on [**C]TEA uptake by HEK293 cells
transiently expressing rat MATE1. HEK293 cells transfected with
MATE1 cDNA were preincubated with incubation medium (pH 7.4)
in the absence (CONTROL and ACUTE) or presence (PRE) of
30 mM ammonium chloride for 20 min (21). Then, the preincubation
medium was removed, and the cells were incubated with 5 pM of
["*CITEA (pH 84) in the absence (CONTROL and PRE) or
presence (ACUTE) of 30 mM ammonium chloride for 1 min at
37°C. Each point represents the mean * S.E. for three monolayers.
*P < 0.05, significantly different from CONTROL.

CTATCTGTTT (Tamra)(phosphate)-3’ (bp 587-612). The
primer-probe sets used for rat OCT1 and OCT2 were pre-
developed TagMan Assay Reagents (Applied Biosystems,
Foster, CA). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA was also measured as an internal control
with GAPDH Control Reagent (Applied Biosystems).

Statistical Analyses

Data were analyzed statistically using a non-paired ¢ test
(Fig. 3B) or a one-way analysis of variance followed by
Sheffé’s test (Fig.. 2B). P values of less than 0.05 were
" considered significant. In all figures, when error bars are
not shown, they are smaller than the symbol.

Terada et al.

RESULTS

We cloned rat MATE1 cDNA from rat kidney by PCR
cloning. Rat MATE1 showed 79% amino acid identity with
human MATE], 91% with mouse MATE]1, 48% with human
MATE?2 and 57% with mouse MATEZ2 (6). When rat MATEL1
was expressed in HEK293 cells, a time- and concentration-
dependent uptake of [*C]TEA was observed (Fig. 1). The
uptake by MATEL1 exhibited saturable kinetics, following
the Michaelis-Menten equation. The apparent Km value of
the uptake was calculated at 570 + 64 pM.

Figure 2 shows the effects of changes in extra- and intra-
cellular pH on [**CJTEA uptake by MATE1. When the extra-
cellular pH was changed from 6.0 to 8.4, the uptake was
greatest at pH 8.4 and lowest at pH 6.0-6.5. Intracellular pH
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Fig. 3. Uptake of various compounds by rat MATE1. A Uptake of
various radiolabeled compounds by HEK293 cells transiently
expressing rat MATE1. HEK293 cells transfected with vector alone
(pcDNA3.1) (open column) or MATE1 cDNA (closed column) were
incubated with [“CJTEA (5 pM), PH]cimetidine (23 nM), ["H]MPP
(3.8 nM), [*C]metformin (10 pM), [**Clcreatinine (5 uM), [**Clgua-
nidine (5 uM), [1*C]procainamide (5 uM) or [**CJPAH (5 uM) for 15
min at 37°C. After the incubation, the radioactivity of solubilized
cells was determined. B Uptake of NMN, cephalexin and cefazolin
by HEK293 cells transiently expressing rat MATE1. HEK293 cells
transfected with vector alone (pcDNA3.1) (open column) or MATE1
cDNA (closed column) were incubated with each compound (1 mM)
for 1 h at 37°C. After the incubation, amounts of each compound
extracted from cells were determined by HPLC. Uptake was
expressed as clearance, which was obtained by dividing the net
uptake value by the concentration of each substrate in the medium.
Each column represents the mean * S.E. for three monolayers.

Cephalexin Cefazolin
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was manipulated by treating the cells with ammonium chloride
according to a previous report (21). When ammonium chloride
is added to a preincubation medium and then removed (pre-
treatment), the intracellular pH falls. However, the exposure
of cells to ammonium chloride (acute treatment) causes a
rapid alkalization of the intracellular pH. As shown in Fig. 2B,
intracellular acidification through pretreatment resulted in a
marked stimulation of [*C]TEA uptake, whereas the uptake
was reduced by acute treatment.

We then examined the substrate specificity of MATE].
Asshown in Fig. 3, MATE1 mediated the transport of several
organic cations with different chemical structures such as
[MCJTEA, [PH]cimetidine, [**C]metformin, and NMN. In ad-
dition, MATE1 transported the zwitterionic cephalosporin
cephalexin, which was demonstrated to be a substrate for the
rat H*/organic cation antiporter in the membrane vesicle
studies (8). In contrast, MATE1 did not transport cationic
compounds such as [PH]MPP, [**C]procainamide, [**C]creat-
inine and [**C)guanidine, the anionic compound [**C]PAH,
or the anionic cephalosporin cefazolin.
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Fig. 4. Tissue distribution of rat MATE]L. A Northern blot analysis of
MATE1 mRNA in rat tissues. Total RNA (30 pg) from the indicated
tissues was electrophoresed, blotted, and hybridized with a specific
probe for rat MATE] under high stringency conditions. B Real-time
PCR for MATE1 mRNA in rat tissues. RNA from various rat tissues
was reverse-transcribed, and rat MATE1 and GAPDH mRNA levels
were determined by real-time PCR using an ABI PRISM 7700
sequence detector. The mRNA expression level of rat MATEL is

" represented as a ratio of that of GAPDH in each tissue. Each column
represents the mean for two separate experiments.
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Fig. 5. Distribution of rat MATE1, OCT1 and OCT2 mRNAs along
the microdissected renal nephron segments. Each PCR was per-
formed using part of RT reaction derived from 10 glomeruli and
5 mm of renal tubules. The mRNA expression levels of rat MATE1,
OCT1 and OCT2 were determined by real-time PCR using an ABI
PRISM 7700 sequence detector. Each column represents the mean
for two separate experiments. Glm glomerulus, PCT proximal
convoluted tubule, PST proximal straight tubule, MAL medullary
thick ascending limb, CAL cortical thick ascending limb, CCD
cortical collecting duct, OMCD outer medullary collecting duct,
IMCD inner medullary collecting duct.

Finally, tissue distribution of rat MATE1 mRNA was
examined. High-stringency Northern blot analysis revealed
that a transcript (about 3.5 KB) of rat MATE1 was strongly
expressed in the kidney cortex and medulla, and faintly in the
spleen (Fig. 4A). No positive signal was detected in other
tissues, including the brain, small intestine and liver (Fig.
4A). The results of real-time PCR analyses using RNA from
various rat tissues were consistent with the results of the
Northern blot analysis. MATE1 mRNA was highly expressed
in the kidney and placenta, and slightly expressed in the
pancreas, spleen, bladder and lung (Fig. 4B). '

To determine the distribution of rat MATEl mRNA
along the nephron segments, real-time PCR analysis using
microdissected nephron segments was performed, as com-
paring with those of rat OCT1 and OCT2 mRNA. As shown
in Fig. 5, rat MATE1 mRNA was primarily expressed in the
proximal convoluted tubule (PCT) and proximal straight
tubule (PST). The expression of rat OCT1 mRNA was also
found in the PCT and PST. Rat OCT2 mRNA was highly
expressed in PST with about 10 fold higher expression level
as compared with that of rat MATE1 or OCT1 mRNA, and
significant expression was also detected in other segments
such as PCT, outer medullary collecting duct (OMCD) and
cortical collecting duct (CCD). Distribution of rat OCT1 and
OCT2 mRNA was corresponded to a previous report (20).

DISCUSSION

~ Using renal brush-border membrane vesicles, the trans-
port of TEA (7,22,23), aminocephalosporins (8), cimetidine
(9,24,25), NMN (26) and procainamide (27) was examined,

- and demonstrated to be actively driven by an outwardly

directed H* gradient via the H'/organic cation antiport
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system. By using a renal epithelial cell line LLC-PK;, the
apical transport of TEA (28,29) and procainamide (30) was
demonstrated to be mediated by the H*/organic cation
antiport system. In the present study, we found that most of
these organic compounds were transported by rat MATEL.
However, procainamide was not transported; although rat
OCT1 and OCT2 can transport procainamide (unpublished
data). As the transport of procainamide via the H*/organic
cation antiport system was demonstrated in rabbit renal
brush-border membrane vesicles (27) and porcine LLC-PK;
cells (30), a species difference may be responsible for this
discrepancy. Using human renal brush-border membrane
vesicles, Chun et al. (31) found that transport of guanidine
was stimulated by H* gradient, and that the mechanism
involved was distinct from that for the transport of TEA and
NMN. Although species differences should be taken into
consideration, the present findings that guanidine was not
transported by rat MATE1 may support the membrane
vesicle study (31). Taken together, these findings suggest
that other MATE isoforms reported in humans (6) may be
involved in the transport of procainamide and guanidine in
the renal brush-border membrane. Further studies are
needed to clarify the molecular mechanisms responsible for
the diversity of organic cation transport in the renal brush-
border membrane.

Otsuka et al. (6) reported that [“*C]TEA transport by
human MATE1 was inhibited by MPP, but not by NMN. In
the present study, rat MATE] was able to transport NMN,
but not MPP. These findings suggest that human and rat
MATE1 have different properties of substrate recognition
for these compounds. Experimental conditions such as
inhibition studies (6) and our uptake studies may also explain
the different findings.

Rat MATE1 mRNA is highly expressed in the kidney,
especially in the proximal tubules, and placenta, but not in
the liver. In contrast, human MATEL! is preferentially
expressed in the kidney and liver, but not in the placenta
(6), indicating a clear species difference in the distribution of
MATE1 mRNA between human and rat. Previous studies
using vesicles prepared from rat sinusoidal membranes (32)
and from human term placenta (33) revealed the presence of
a H*/organic cation antiport system in these tissues. Detailed
functional characterization suggested that the system in the
liver and placenta differs from the renal system (32,33), and
MATE1 mRNA expression in rat and human tissues supports
these assumptions. Other molecules than MATE1 may be
responsible for the H*/organic cation antiport in the rat liver
and human placenta.

The transport of organic cations such as TEA and ci-
metidine in the renal brush-border membrane was mediat-
ed by H'/organic cation antiport system energized by a
transmembrane H* gradient (1,2). Since the luminal pH is
more acidic than the intracellular pH in the proximal tubules
(34), due to an Na*/H* antiporter and/or ATP-driven H*
-pumbp, it is reasonable to assume that the inward H* gradient
(luminal pH<intracellular pH) can drive the secretion of
organic cations in vivo. Human MATE1 exhibited pH-
dependent transport of TEA in cellular uptake and efflux
studies (6), but these analyses are not enough to prove the
H*/TEA antiport mechanism. It is possible that pH-depen-
dent transport of TEA may be due to the modulation of

Terada et al.

transport activity caused by changes in extracellular pH. In
the present study, we found that intracellular acidification by
ammonium chloride pretreatment resulted in the marked
stimulation of ["“C]TEA uptake by MATE], suggesting that
outwardly directed H* gradient serves as a driving force for
MATE!1 (Fig. 2B).

In conclusion, rat MATE] is abundantly expressed in
the renal proximal tubules, and can accept various com-
pounds including organic cations and zwitterionic cephalo-
sporin as substrates. Changes in extra- and intracellular pH
suggested that an oppositely directed H* gradient works as a
driving force for MATEL. Although further studies are
needed to elucidate the physiological and pharmacokinetic
roles of this transporter, the present findings can provide
important information about the renal tubular secretion of
organic cations.
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