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In mammals, toxic electrolytes of endogenous and exogenous
origin are excreted through the urine and bile. Before excretion,
these compounds cross numerous cellular membranes in a trans-
porter-mediated manner. However, the protein transporters in-
volved in the final excretion step are poorly understood. Here, we
show that MATE1, a human and mouse orthologue of the multi-
drug and toxin extrusion family conferring multidrug resistance on
bacteria, is primarily expressed in the kidney and liver, where it is
localized to the luminal membranes of the urinary tubules and bile
canaliculi. When expressed in HEK293 cells, MATE1 mediates H*-
coupled electroneutral exchange of tetraethylammonium and
1-methyl-4-phenylpyridinium. Its substrate specificity is similar to
those of renal and hepatic H*-coupled organic cations (OCs) ex-
port. Thus, MATE1 appears to be the long searched for polyspecific
OC exporter that directly transports toxic OCs into urine and bile.

multidrug and toxin extrusion | multidrug export | urinary tubule |
bile canaliculi

Living organisms must deal with environmental toxins, met-
abolic waste products, and, primarily in humans, drugs with
extremely diverse structures to remain viable. In mammals, these
toxic organic compounds are mainly excreted through the kidney
and liver. Renal excretion involves glomerular filtration and/or
tubular secretion. Toxic organic compounds are taken up at the
basolateral membranes of tubule cells, followed by excretion out
of the cells at the brush-border membranes (1-7). Hepatocytes
also absorb toxic organic compounds at the sinusoidal mem-
branes and excrete them through the bile canaliculi (1-7).
Although it has been concluded from a large number of bio-
chemical and physiological studies that a transporter(s) is prin-
cipally responsible for the final step of excretion of organic
cations (OCs), its molecular identity remains unknown (5-7).
The putative OC exporter mediates electroneutral H*/OCs
exchange (5-7). Furthermore, it recognizes a wide variety of
OC:s including cationic drugs, some vitamins, and many endog-
enous compounds such as choline and dopamine and, thus,
should be regarded as a multidrug or polyspecific exporter (5-7).
Therefore, we hypothesized that mammalian orthologue(s) of
bacterial multidrug transporters, if any, are responsible for the
extrusion of OCs.

Bacterial multidrug transporters have been classified into
several groups, which include the major facilitator superfamily,
the small multidrug resistance family, the resistance nodulation
cell division family, the ATP binding cassette family, and the
multidrug and toxin extrusion (MATE) family (8-10). Of them,
the MATE family is the most recently classified multidrug
resistance-conferring protein family (8—10). Although the over-
all properties of the MATE family have not been elucidated,
some MATE-type proteins mediate H*- or Na*-coupled export
of cationic drugs in bacteria (8-10).

Here, we identify human and mouse MATE orthologues,
MATE1 and MATE2. We present evidence that MATEI is
predominantly expressed in kidney and liver and responsible for
the final step of excretion of OCs through exchange of protons.
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Fig. 1.
hMATE2.

Chromosomal localization and gene organization of hMATET and

Materials and Methods

cDNAs. cDNA of human MATE1 (hMATEI, GenBank accession
no. NP-060712) was cloned by RT-PCR from human brain RNA.
After synthesis, the cDNA solution was diluted X 10 and added
to the PCR buffer, which contained 0.6 mM total dNTPs (150
uM each dNTP), 25 pmol of each primer, and 1.5 units of
AmpliTaq Gold DNA polymerase (PerkinElmer). Amplification
was carried out with 35 temperature cycles consisting of dena-
turation at 94°C for 30 s, annealing at 56°C for 30 s, and extension
at 72°C for 1 min. The amplification products (1,804 bp) were
analyzed by agarose gel electrophoresis. The primers used were
based on database sequences (GenBank accession no.
AKO001709) 5'-GGCCGGTACCCGCGAGTCACATGGA-
AGCTC-3' (sense) and 5-CACTTCTAGACCTGTGAATT-
GTGTGTAAGC-3' (antisense). The DNA fragment was di-
gested with Kpnl and Xbal, and then cloned into
pBluescriptKS(+). The sequence of iMATE]I was confirmed to
be free of errors by comparing it with the human genome
sequence. cDNAs of human MATE2 (hMATE2, GenBank ac-
cession no. NP-690872), mouse MATEI (mMATEI, GenBank

Conflict of interest statement: No conflicts declared.
This paper was submitted directly (Track ) to the PNAS office.

Abbreviations: OC, organic cation; MATE, multidrug and toxin extrusion; hMATE, human
mate; TEA, tetraethylammonium.

*To whom correspondence should be addressed: E-mail: moriyama@pheasant.pharm.
okayama-u.ac.jp.

© 2005 by The National Academy of Sciences of the USA

PNAS | December 13,2005 | vol. 102 | no.50 | 17923-17928

>
=
=4
i
=
frr}
-
1%
=)
@



SINPAS

A

. . *

MEAPEEPAPVRGGPEATLEVRGSRCLRLSAFREELRALEVEAG PARLVOLMVFL I SFTSSVFCEHL CKLELDAVTLATAVINVTGVEVER

hMATE1L 30
hMATE2  MDSLODTVALDHGGCCPALSR- - - - LVPRGFGTEMWILFALSCELFLEQVLTFMIYIVETVFCCHL CHKVELASUTLAVARVRVOGVSVEY a6
NorM oo MHRYKEEASSLIRLATEVLIASVAQTEMEFVDTUMAGCVSATOMARVEVASSINLEE - TLFET 62
— S . - o  we ww o — « x s
hMaTEL  EEEEREDTLISOTYGSSONLKHVGYILORS AVELIC R P CRAL FENTORT LELFROD PDVSRL T TRV T P FALPATFLYMLAVE Y LLN 180
hMATEZ  GLESACDTLMSQSFGSPNKKHVGVILORGALVLLLCCLPCWALFLNTOHILLLERODPDVSRLTODYVMIFIPGLEVIFLYRLLAKYLON 176
NorhM GLLMALVPVVACLNGSARREKI PFEIQCGUVLALLI ST BT IGVLLOTOR I LOLMDVEAVMAGK TVCY IHAVI FAVEAFLLFOTLRSFTDG 152
* * . * i W e
BMATEL  QG--------=-----=-----—-——————— - TVLEOIVTGUARNEVHALANYLELH - - - - OLHLGVIGSALANLISO¥TLALL 230
hMATEZ  QGWLKGQEEESPFQTRGLSILHPSHSHLSRASFHLFQKI TRPQVLSGVVGHCVN - - - VL4 YANTISQFAQTVF 262
NorM MBS == s mm e LTKPAMVIGFIGLLLNIFLNWIFVYGKFGAPELGGVGCEVATTIVYWVMFAL 206
Rl . * * - * . w
hMaTEl  EEEETEC- - KKLHOATWGOWSLECLODWAS FLR AT BENEN LR A EVEEFLSETEEN e Lo ao s TINEERIT VIV ERGFETRAEY 215
hMATEZ2 L:.LYI\I'L-—:{Ku{staswsSQt:waﬁP?Fsmv?smlmnmsFWLLSW‘DLSRQRVIYEU}\TWYNIPLGLSIW 350
NorM LLAYUMTSSRLKS INVFGEYHKPQWRAQVRLFKLGE PVAARLEFEVTLFAVVALLVE PLGET TVARHOVATNFSSLVFNL BMEVGARVET 295
v ww " * Wiw . . . wew
HuMATEL RVGNALGAGDMEQARKSSTHSLEITVEFAVARSVIEESE oHvey I FTTDRD NIV B T YAV HEFEALRCTEEEV IR ccnoslE 408
HUMATEZ RVGMALGAADTVQAKRSAVEGVLSIVEISLVLETLISIL NOLCHI FTNDEDVIALVESOVLEVYSVFHVFEATCOUYCEVLRCTCKOARE 440
HorM RVGHRLGEENVDGARVAS RNGIMUGLALATITAT ITVLEREL IAELY THN PEVISLAMOLLLFARVYOCTDAVOVI ARGALRGY KOMRAT 386
o wEw ow —_— —
hMATEL  |[BEVSTIGHVGLEIGIALY - - - - FATTLGUNGINSGIIICTVFOAVCFLGETT QLNWKKACQORQVEAN - LKVNNVPRSGNSALPODPL 493
hMATEZ  [AAVNAITY¥IIGLELGILLT - - - - FVVRMRIMGLWLGMLACVFLATAAFVAYTARLDWKLAAEEAKKHSGROQOORAESTATRPGPEKAY 526
NorM ENRTFIAYWILGLETEYILERTOWI VEPMGAQEFNLERTIG- - - LTARALMEGYR LRWMHROEPDVQLNFSLO- == === == === o= === = 456
hMATE1 HPGCPENLEGILTNDVGKTGEPQSDQOMROEEPLPEHPODGAKLERKQLVLERGLLLLGVFLILLVGILVRFYVRIQ 570
hMATEZ  LSSVATGSSPGITLTTYSRSECHVD- FFRTPEEAHALSAPTSRLSVKQLVIRRGAALGARSATLMVGLTVRILATRHE 602
HOEM o mm s s o s s e oo 456
B Extracellular space
LT LS
KL : ¥ G A M i
cRle o T a 1]
ki L L T
H D 8 ¢ HOL W E s £ 8 g
vrCB [ Avr [T (LRI Yvrg [ oft [[tevig]] caMv [] Wve [| o€ []! 1Moy ] atM [] YMaL
sFISS|| Alay|| TaH! || Fip || LanY || Sacs [[rLsel] LAy || wib | [Aavve| [piG! | | Wsa;
yEL! Nyt || LFLN]| ALp yNA | INL1 sg] | yEVGS] | Vimy AFS | ' Yave| | vaL ler
LvaLM| | GVgy || powe ATE || anNL || YTLa Pag LEAY | IHLFEa] | gy¥YY VFaa
AGPAF (| GFgy || | cCF [| Lywy || 76Y [| LLip | MLMLC] | FSva || TV | LAcTg| |wnT! | | VCFL
aLLVL|| Ssg [|arviLf| Loy ||eat V|| LYiL ||LaIPS| | Asy wsLL | | Gavp | | vaAl GF|
L R K Q
Y E L2 GsaN® TN oy
HBW L
E
E Q G A G [+] K I
11 “ - ARAR
R
Br SanL a E a g v |
L Gysl E
(7] WS v
Ge 3 E A
Cytoplasm g g
g 8k ¥
SRR
§Eg°
% L &
" EH

Fig. 2.

Amino acid sequences of hMATE1 and hMATE2. (A) The amino acid sequences of the proteins are aligned with that of NorM (14). Identical sequences

are indicated by asterisks. Predicted transmembrane regions are shaded. (B) Putative secondary structure of hAMATE 1. A glutamate residue (E273) that is essential

for the transport activity is shown in red (16).

accession no. AAH31436) and mouse MATE2 (nMATE?2, Gen-
Bank accession no. XP_354611) were also cloned as above.

Mutagenesis. Point mutation E273Q was introduced into the wild-
type AtMATEI by means of the overlap extension method employing
the 5'-GGCCCACCACTGCATGCACAGCATGAGC-3" oligo-
nucleotide according to the published procedure (11).

Northern Blot Analysis. Human and mouse multiple-tissue North-
ern blots were purchased from Clontech. For Northern analysis,
nucleotide fragments encoding the N-terminal region of
hMATE]I (nucleotides 10-601; 592 bp), the C-terminal region of
hMATE? (nucleotides 1412-1712; 301 bp), the C-terminal region
of mMATEI (nucleotides 1336-1599; 264 bp), and the C-
terminal region of mMATE?2 (nucleotides 1087-1648; 562 bp)
generated by PCR and labeled with 3?P-dCTP by using DNA
labeling kit (Roche Molecular Biochemicals) were used as
hybridization probes. Hybridization was performed at 68°C for
1 hin Express Hyb hydridization buffer (Clontech), with washing
under high-stringency conditions at 50°C.

Antibodies. Site-specific rabbit (JW) polyclonal antibodies against
hMATE1 and mMATE1 were prepared by repeated injections

17924 | www.pnas.org/cgi/doi/10.1073/pnas.0506483102

of GST-fusion polypeptides encoding amino acid residues N461—
R5460fhMATE1 (NWKKACQQAQVHANLKVNNVPRSGN-
SALPQDPLHPGCPENLEGILTNDVGKTGEPQSDQQM-
RQEEPLPEHPQDGAKLSRKQLVLRR) and amino acid
residues P495-Q532 of mMATE1 (PESHGEIMMTDLEKK-
RRDSVGPADEPATSFAYPSKGQQ).

Western Blot Analysis. Human tissue samples were obtained from
CosmoBio. Total membrane fractions of mouse (ddY) tissues
(=1 g wet weight each) were isolated, suspended in 20 mM
Mops-Tris, pH. 7.0, 0.3 M sucrose, 5 mM EDTA, and protease
inhibitors (pepstatin A, leupeptin, antipain, and chymostatin
at 10 ug/ml each), and then homogenized. The postnuclear
supernatant was centrifuged at 100,000 X g for 1 h, and the
pellet was suspended in the same buffer and used as a protein
sample after denaturation with buffer containing 1% SDS and
10% 2-mercaptoethanol. Samples (100 ug of protein for
human and 200 pg of protein for mouse) were subjected to
electrophoresis; Western blotting was performed subsequently
as described (12).

Immunohistochemistry. Human paraffin tissue sections were ob-
tained from Biochain. Immunohistochemical analysis was per-
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Fig.3. Expression of (MATET and hMATE2 in humans. Northern blot analysis
revealed that the expression of hMATET (Top) was predominantly in the
kidney, liver, and skeletal muscle, and that of A(MATE2 (Middle) was primarily
in kidney. Expression of G3PDH was also shown as a loading control (Bottom).

formed by the HRP-DAB method or indirect immunofluores-
cence microscopy as described (12). The primary antibody
treatment was performed at a concentration of 1 pg/ml or
diluted x1,000 in PBS containing 0.5% BSA for 1 h at room
temperature. Specimens were then examined under either an
Olympus BX60 microscope or an Olympus FV300 confocal laser
microscope.

Immunoelectron Microscopy. The preembedding silver enhance-
ment immunogold method was used as described (12). Mice
(ddY) were anesthetized with ether and then perfused intrac-
ardially with saline, followed by 4% paraformaldehyde in 0.1 M
phosphate buffer, pH 7.4. The kidneys were isolated and washed
with PBS. The organs were successively infiltrated with 30%
sucrose in PBS, embedded in OTC compound (Sakura FineTek),
sectioned at 6 um thickness, and then mounted on silanized
slides. The sections were incubated in 0.1 M sodium phosphate
buffer (pH 7.4) containing 0.25% saponin and 5% BSA for 30
min and then in a blocking solution composed of 0.005%
saponin, 10% BSA, 10% goat serum, and 0.1% cold water fish
gelatin (Sigma) for 30 min. The sections were incubated with
rabbit anti-mMATEI antiserum diluted X1,000 with the block-
ing solution overnight at 4°C. After extensively washing the
sections with the buffer containing 0.005% saponin, the sections
were incubated in the blocking solution containing goat anti-
rabbit IgG gold conjugate (gold particle diameter, 1.4 nm) for
2 h, washed six times with the buffer, and then fixed with 1%
glutaraldehyde for 10 min. After washing again, the gold labeling
was intensified by using a silver enhancement kit (HQ silver
Nanoprobes) for 5 min at room temperature. The sections were
postfixed with 0.5% OsO4 for 90 min. Ultrathin sections were
made and doubly stained with uranyl acetate and lead citrate,
and were examined under a Hitachi H-7100 electron microscope.

Transport Assay. cDNA encoding hAMATE] was subcloned into
the expression vector pcDNA3.1(+) (Invitrogen); this plasmid,
pcDNA/hMATE]1, was used to transfect HEK293 cells by the
lipofection using TransIT reagent (Mirus). HEK293 cells were
grown in DMEM containing 10% FCS, penicillin, and strepto-
mycin at 37°C under 5% CO, as described (13). Twenty-four
hours later, 10 ug of pcDNA3.1/hMATE1 or the vector
pcDNA3.1 were used per transfection (1.5 X 10° cells on a 10-cm
dish). The cells were grown for 2 days, harvested, and suspended
in transport assay medium containing 125 mM NaCl, 4.8 mM
KCl, 5.6 mM D-glucose, 1.2 mM CaCl,, 1.2 mM KH,PO4, 1.2 mM
MgSO,, and 25 mM Tricine (pH 8.0). Cells were incubated at
37°C for 5 min; the transport assay was initiated by adding 50 uM

Otsuka et al.

Fig. 4. MATE1 is a membrane protein localized to the apical membrane of
renal tubule cells and bile canaliculi. (A) Western blot analysis of AMATE1. The
antibodies recognized hMATE1 expressed in transfected HEK293 cells and
identified an immunological counterpart in human kidney tissue. The preab-
sorption test was performed by incubating the antibody with hMATE1
polypeptides (N461-R546) (20 ug/ml). Proteins from HEK293 cells transfected
with pcDNA3.1 vector alone were used as the mock control. (B and C) Immu-
nohistochemical detection of h(MATE1 in kidney (B) and liver (C). Sections of
human samples were immunostained by the HRP method and counterstained
with hematoxylin. (Insets) Background staining with preimmune serum. PCT,
proximal convoluted tubule; DCT, distal convoluted tubule. (Scale bars,
100 pm.)

radiolabeled tetracthylammonium (TEA) (5 KBq per assay)
(PerkinElmer Life Science) as described (13). At appropriate
times, aliquots of the mixture (200 ul) were filtered through
0.45-um HA membrane filters (Millipore). Each filter was
washed with ice-cold medium, and the radioactivity remaining
on the filter was counted.

Results and Discussion

Gene Organization and Expression of Human MATEs. We scarched for
mammalian orthologues of bacterial MATE-type multidrug
transporters in genomic databases. Upon screening the entire
working draft of the human genome database, we found two
genes encoding orthologues of bacterial MATE family. The
genes are located in tandem on chromosome 17, and the gene
products are designated htMATE1 (GenBank accession no. NP-
060712) and hkMATE?2 (GenBank accession no. NP-690872) (Fig.
1). The deduced amino acid sequences of hMATEl and
hMATE2 exhibit 19.8% and 18.6% identity to that of the NorM

PNAS | December 13,2005 | vol. 102 | no.50 | 17925
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Fig. 5. Expression and localization of mMMATE1 and mMATE2. (A) Northern
blotting revealed that the expression of mMMATET was predominantly in the
kidney and liver (Left) and that of mMMATEZ in testis (Right). kb, kilobases. (B)
Western blot analysis indicated that the site-specific antibody recognized the
MMATE1 polypeptide in kidney and liver of mice (arrow). Little immunoreac-
tivity was observed in testis, and no mMATE1 was observed in membrane
fractions prepared from other organs. (C) HRP-DAB immunostaining revealed
that mMATE1 was localized to the renal cortex (a) and medulla (b). GL,
glomerulus; PCT, proximal convoluted tubule; DCT, distal convoluted tubule;
CCD, cortical collecting duct. (Scale bars, 100 um.) (D) In immunoelectron
micrographs, mMMATE1 was observed in the apical membrane of renal proxi-
mal tubules. BBM, brush border membrane; BM, basal membrane; M, mito-
chondrion; L, lumen. (Scale bar, 1 um.) (E and F) In liver, nNMATE1 (green) was
localized to the canalicular membrane (E) and the apical membrane of the bile
duct (F), as revealed by indirect immunofluorescent microscopy. BD, interlob-
ular bile duct; HPV, hepatic portal vein. Pictures merged with Nomarskiimages
are shown. (Scale bars, 10 um.)
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Fig. 6. MATE1 mediates electroneutral H*/TEA exchange. (A) Presence of
wild-type and E273Q mutated hMATE1 in HEK293 cells, as revealed by indirect
immunofluorescence microscopy. No immunoreactivity was observed in a
mock control, which was from HEK293 cells transfected with pcDNA3.1 vector
alone. (B) Time course of TEA (50 uM) uptake at pH 8.0 by HEK293 cells
expressing hMATE1, the E273Q mutant, or a mock control. (C) Dose depen-
dence of TEA uptake at pH 8.0. The values obtained at the indicated concen-
trations from the mock control cells were subtracted from the corresponding
values obtained from cells expressing wild-type hMATE1. (D) pH dependence
of TEA uptake. HEK293 cells expressing wild-type hMATE or a mock control
were incubated at the indicated pH, and TEA uptake was then measured. (E)
The effect of Na* on TEA uptake was examined in buffer containing 65 mM
KCl and 65 mM NacCl (control) or in buffer containing 130 mM KCl (Na* free).
The requirement of a membrane potential or pH gradient for TEA uptake was
also examined at pH 8.0 in the absence or presence of 10 mM ammonium
chloride, 5 uM nigericin, 10 uM SF6847, or 5 uM valinomycin in buffer
containing 65 mM KCl and 65 mM NacCl (control). (F) pH-dependent extrusion
of TEA. hMATE1-expressing cells were incubated with 50 uM radiolabeled TEA
as in Fig. 2B for 10 min. Then, the cells were transferred to buffer with the
indicated pH (time 0) and incubated for a further 10 min and the remaining
radioactivity then assayed. Error bars are the standard deviation of three
samples.

Na*/multidrug antiporter in Vibrio parahaemolyticus, a proto-
type of the MATE family (14) (Fig. 24). A hydropathy plot of
hMATE]1 predicts 12 transmembrane domains (Fig. 2B). North-
ern blot analysis of human tissues revealed that the gene
encoding hMATE] is primarily expressed in kidney, liver, and
skeletal muscle as a 4.1-kb transcript. The expression in the other
organs examined was below the detection limit (Fig. 3). In
contrast, the gene encoding hMATE? is expressed as a 3.2-kb
transcript in kidney but not in liver (Fig. 3).

Renal and Hepatic Localization of hMATE1. We attempted to deter-
mine the expression and localization of hMATEL as a candidate
H*-coupled OC exporter at the protein level. In Western blot
analysis, site-specific polyclonal antibodies against the C-
terminal region of hMATE]1 revealed the broad immunoreactive
protein band of the expected size (=62 kDa) in human kidney
membranes (Fig. 44). The preabsorbed antibodies did not yield

Otsuka et al.
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Table 1. Cis-inhibition of TEA transport by hMATE1

Compound mM Transport, % of control
Mock control 18.6 = 1.2
No addition (Control) 100.0 = 1.9
Cimetidine 0.01 55.1 = 7.4**
0.1 26.4 + 8.7**
Quinidine 0.01 47.0 = 2.1**
0.05 22.8 + 8.9%*
0.1 10.2 £ 4.2**
Procainamide 0.1 69.5 = 0.8**
Verapamil 0.1 24.7 = 7.4%*
Guanidine 0.5 946 =+ 7.6
Carnitine 5 103.4 = 6.4
TEA 5 19.0 = 1.8**
MPP 0.1 73.4 + 8.4*
5 11.2 = 0.3**
Nicotine 0.1 70.4 = 5.0*
5 23.1 £ 4.3**
Serotonin 0.1 83.5 = 8.0*
Rhodamine123 0.01 225 + 6.4%*
NMN 1 947 1.9
Choline 5 69.6 = 4.1**
Corticosterone 0.1 26.6 = 6.7**
Lactate 10 103.1 = 8.8
Succinate 10 106.6 = 4.2
Salicylate 10 98.2 +438
PAH 5 108.4 + 2.7
Probenecid 1 106.9 = 7.9
Urate 1 102.4 = 2.7

Cis-inhibition of TEA uptake revealed the substrate specificity of MATE1.
The uptake of 50 uM radiolabeled TEA by hMATE1-expressing HEK293 cells at
pH 8.0 was determined after 20 min in the presence or absence of the listed
compounds at the indicated concentrations. The values were expressed as
percentages of radiolabeled TEA uptake under control conditions (no test
substance added). NMN, N-methyl nicotinamide; PAH, p-aminohippurate.
Data are means * SEM, n = 3-9. *, P < 0.05; **, P < 0.001, compared with the
uptake in the absence of the compound (control).

the immunoreactivity (Fig. 44). Horseradish peroxidase—
diaminobenzidine (HRP-DAB) staining of human tissues
showed that the antibodies predominantly immunostained the
apical regions of the proximal and distal convoluted tubules of
the kidney (Fig. 4B) and bile canaliculi (Fig. 4C, arrows).

Expression and Localization of mMATE1. Because of the limited
availability and quality of human samples for studies on the
subcellular localization of MATE1, we investigated mouse ho-
mologues. Genes encoding mouse homologues are located in
tandem on chromosome 11 and the gene products are designated
mMATE]1 (GenBank accession no. AAH31436) and mMATE2
(GenBank accession no. XP_354611) (Fig. 8, which is published
as supporting information on the PNAS web site). Their deduced
amino acid sequences are 78.1 and 38.1% identical to that of
their human counterparts, respectively (Fig. 9, which is published
as supporting information on the PNAS web site). Northern blot
analysis showed that gene encoding mMATE1 was predomi-
nantly expressed in kidney, liver, and heart as a 3.8-kb transcript,
whereas that of mMATE2 was specifically expressed in testis as
a 3.3-kb transcript (Fig. 54). In Western blot analysis, site-
specific polyclonal antibodies for mMATE]1 recognized a single
polypeptide of ~53 kDa in the membranes of the kidney and
liver, but the levels were low or below the detection limit in the
other organs examined (Fig. 5B). The HRP-DAB staining of a
mouse kidney specimen revealed strong immunoreactivity in the
apical region of cortical collecting ducts, proximal convoluted
tubules (Fig. 5Ca), and thin limb of Henle’s loop (Fig. 5Cb).
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Fig.7. MATE1 is a polyspecific OC exporter at the final step of OC excretion.
In liver, hepatocytes take up OCs at the sinusoidal membrane through an
organic cation transporter 1 (OCT1), and then extrude them across the bile
canaliculi by a combination of MATE1 and a multidrug resistance protein 1
(MDR1). In kidney, OCs are taken up by the renal tubular cells mainly through
an organic cation transporter 2 (OCT2) located in the basolateral membrane
and secreted by different transporters including MATE1, MDR1, and OCTN2
(OCT isoform).

Lower but distinct immunoreactivity was also observed in the
distal convoluted tubules and glomerulus (Fig. 5Ca). The local-
ization of mMMATE] in the brush border membrane of proximal
tubules was demonstrated by immunoelectron microscopy (Fig.
5D). In the liver, nMATE] is localized to the bile canaliculi (Fig.
SE) and the apical region of the bile duct (Fig. 5F). Together,
these results demonstrated that MATE] is predominantly found
in the kidney and liver and is localized to the renal brush-border
membrane and bile canaliculi, which agrees with that of H"/OC
exchange activity (5-7).

MATE1 Mediates a H*-Coupled Electroneutral OC Exchange. To an-
swer the question whether MATE! exhibits H"-coupled OC
transport, we measured the pH-dependent translocation of OCs
across the plasma membranes of hMATE1-expressing HEK293
cells. This approach allowed us to study the luminal efflux of OCs
as a classical cellular uptake (13). Upon expression of A(MATE],
the protein predominantly localized at the plasma membrane
region (Fig. 64). Some immunoractivity was also observed in the
internal organelles. The hMATE!1-expressing cells exhibited
time-dependent transport activity toward TEA, a typical sub-
strate for the H*-coupled OC exporter (2, 15), whereas MOCK
control cells did not (Fig. 6B). Mutated hMATE1 with the amino
acid replacement E273Q (Glu-273 to Gln), the counterpart of an
essential amino acid residue found in the bacterial NorM protein
(16), also predominantly localized at the plasma membrane
region but lacked detectable MATE1-dependent TEA transport
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activity (Fig. 6 A and B). The transport activity of the wild type
was saturable, with a Ky, value for TEA of 220 uM (Fig. 6C). The
transport also showed pH dependence: the transport activity was
lower at pH 6.0, increased at higher extracellular pH, and
became maximal at around pH 8.0-8.5 (Fig. 6D). Na™ was not
required for transport activity (Fig. 6E). The addition of 5 uM
valinomycin in the presence of 65 mM KCI, which causes
membrane depolarization, did not affect the TEA uptake,
whereas 10 mM ammonium chloride inhibited the uptake by
60%. In addition, 10 uM SF6847, a proton conductor, and 5 uM
nigericin in the presence of KCIl, which dissipates the pH
gradient, decreased the uptake to the level of MOCK control
(Fig. 6F). Furthermore, TEA taken up by the cells was released
upon an acute decrease in extracellular pH to 6.0 by means of
acid pulse (Fig. 6F). Together, these results indicated that
hMATE1 mediated electroneutral H*/TEA exchange. The
pharmacology of the cis-inhibition of TEA transport was similar
to that of renal H*-coupled OC export (1-7): it is strongly
inhibited by cimetidine, quinidine, or verapamil, less so by
nicotine or choline, but not at all by organic anions such as
p-aminohippurate (PAH) and uric acid (Table 1). Similar pH-
dependent transport was observed for 1-methyl-4-phenylpyri-
dinium (MPP), another well known substrate of the H*-coupled
OC export (5); the K and Vimax measured were 16 uM and 170
pmol/min per mg of protein, respectively. Thus, MATE1 exhib-
ited properties equivalent to those of the putative renal H*-
coupled OC exporter.

MATE1 as an OC Exporter at the Final Step of Excretion. Based on this
information, we conclude that MATEL is the long searched for
H"-coupled OC exporter that mediates the final step of excre-
tion of OCs in kidney and liver (Fig. 7). Our findings contribute
to the understanding of the transporters underlying the excretion
of toxic OCs from the body: OCs are taken up by organic cation
transporter 1 (OCT1) or OCT2 in the renal tubule cells and
hepatocytes (4-7), and then excreted out of the cells through a
cooperation between MATE]1 and P-glycoprotein (Fig. 7). The
H*-coupled electroneutral transport should be important for
permeation of OCs against potential difference across the

—_

. Pritchard, J. B. & Miller, D. S. (1993) Physiol. Rev. 73, 765-796.

. Ullrich, K. J. (1994) Biochim. Biophys. Acta 1197, 45-62.

. Oude Elferink, R. P., Meijer, D. K., Kuipers, F., Jansen, P. L., Groen, A. K. &

Groothuis, G. M. (1995) Biochim. Biophys. Acta 1241, 215-268.

. Koepsell, H. (1998) Annu. Rev. Physiol. 60, 243-266.

. Inui, K. I, Masuda, S. & Saito, H. (2000) Kidney Int. 58, 944-958.

. Wright, S. H. & Dantzler, W. H. (2004) Physiol. Rev. 84, 987-1049.

. Koepsell, H. (2004) Trends Pharmacol. Sci. 25, 375-381.

. Brown, M. H,, Paulsen, I. T. & Skurray, R. A. (1999) Mol. Microbiol. 31, 394-395.

. Putman, M., van Veen, H. W. & Konings, W. N. (2000) Microbiol. Mol. Biol.

Rev. 64, 672-693.

10. Hvorup, R. N., Winnen, B., Chang, A. B., Jiang, Y., Zhou, X. F. & Saier, M. H.,
Jr. (2003) Eur. J. Biochem. 270, 799-813.

11. Tto, W., Ishiguro, H. & Kurosawa, Y. (1991) Gene 102, 67-70.

12. Morimoto, R., Hayashi, M., Yatsushiro, S., Otsuka, M., Yamamoto, A. &
Moriyama, Y. (2003) J. Neurochem. 84, 382-391.

13. Tamai, I., Yabuuchi, H., Nezu, J., Sai, Y., Oku, A., Shimane, M. & Tsuji, A.
(1997) FEBS Lett. 419, 107-111.

14. Morita, Y., Kodama, K., Shiota, S., Mine, T., Kataoka, A., Mizushima, T. &

Tsuchiya, T. (1998) Antimicrob. Agents Chemother. 42, 1778-1782.

[SSIN S

oo BEN I NN I

17928 | www.pnas.org/cgi/doi/10.1073/pnas.0506483102

plasma membrane. The cis-inhibition experiment suggested that
MATEL recognized various kinds of physiological metabolites,
such as corticosterone, as transport substrates (Table 1). Because
MATELl and MATE2 were expressed in organs other than
kidney and liver (Figs. 3 and 54), the function of mammalian
MATE-type transporters may not be limited to the excretion of
OCs, but may also act as molecular devices that allow homeosta-
sis of electrolytes through efficient and regulated transportation
of physiological metabolites of various sizes, structures, and
hydrophobicity.

It is noteworthy that the MATE genes are among the ~80
genes located in the commonly deleted region in Smith—
Magenis syndrome, a genomic disorder of chromosome
17p11.2 involving multiple congenital anomalies and mild
mental retardation (17, 18). Most of the abnormalities in this
syndrome are ascribed to hemizygosity for the retinoic acid-
induced 1 gene (RAIL). The absence of short stature and
visceral abnormalities in patients with point mutations in this
gene suggest that hemizygosity for one or more other genes in
this region explain these two features of the deletion syndrome
(19, 20). Whether hemizygosity for hMATE1 (and also
hMATE?2) has any physiological significance or contributes to
some of the features of this disorder remain to be determined.
Nonetheless, the discovery of MATE1 provides a molecular
target for studies on the interactions between exogenous
toxins, drugs, and endogenous metabolites that could have a
relationship to developmental and metabolic abnormalities.

Our results demonstrated the conservative nature of the
MATE superfamily as a polyspecific OC exporter. It is quite
likely that the resistance to drugs and endogenous toxic metab-
olites observed in plants can be attributed to their MATE
homologues (21-23). The MATE family is one of the funda-
mental OC exporters in nature and has a wide variety of roles
through the excretion or sequestration of OCs and related
compounds.
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