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Background: MATE] (multidrug and toxin extruder 1) mediates renal organic cation secretion.

Results: Mammalian MATE1 has 13, not 12, transmembrane helices, but the 13™ TMH is not necessary for transport function.
Conclusion: A homology model of MATE1 can use the crystal structure of the prokaryotic MATE protein NorM (12 TMHs).
Significance: A MATE1 model is the basis for future structure/activity studies.

The x-ray structure of the prototypic MATE family member,
NorM from Vibrio cholerae, reveals a protein fold composed of
12 transmembrane helices (TMHs), confirming hydropathy
analyses of the majority of (prokaryotic and plant) MATE trans-
porters. However, the mammalian MATEs are generally pre-
dicted to have a 13" TMH and an extracellular C terminus. Here
we affirm this prediction, showing that the C termini of epitope-
tagged, full-length human, rabbit, and mouse MATE1 were
accessible to antibodies from the extracellular face of the mem-
brane. Truncation of these proteins at or near the predicted
junction between the 13" TMH and the long cytoplasmic loop
that precedes it resulted in proteins that (i) trafficked to the
membrane and (ii) interacted with antibodies only after permea-
bilization of the plasma membrane. CHO cells expressing
rbMatel truncated at residue Gly-545 supported levels of pH-
sensitive transport similar to that of cells expressing the full-
length protein. Although the high transport rate of the Gly-545
truncation mutant was associated with higher levels of mem-
brane expression (than full-length MATE1), suggesting the 13"
TMH may influence substrate translocation, the selectivity pro-
file of the mutant indicated that TMH13 has little impact on
ligand binding. We conclude that the functional core of MATE1
consists of 12 (not 13) TMHs. Therefore, we used the x-ray
structure of NorM to develop a homology model of the first 12
TMHs of MATEL. The model proved to be stable in molecular
dynamic simulations and agreed with topology evident from
preliminary cysteine scanning of intracellular versus extracellu-
lar loops.

The renal proximal tubule is the primary site of secretion of a
structurally diverse array of endogenous and xenobiotic com-
pounds that share in common a net positive charge at physio-
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logical pH (organic cations (OCs)).> Renal secretion of most
Type I OCs requires two sequential steps. The first step
involves OC uptake from the blood into renal proximal tubule
cells across the basolateral membrane via electrogenic facili-
tated diffusion (1), a process mediated by one or more of the
organic cation transporters (OCTs; in human, this process is
dominated by OCT2; i.e., SLC22A2) (1-3). The second step in
renal OC secretion; i.e., luminal exit into the tubular filtrate,
is the active and rate-limiting element in transepithelial
OC transport (4—6) and involves mediated electroneutral
exchange of cellular OC for luminal H*. The molecular identity
of the luminal OC/H" exchanger remained elusive until the
cloning in 2005 of the first mammalian members of the MATE
(multidrug and toxin extrusion) family (i.e., SLC47) (7). Since
then, substantial evidence has accumulated (e.g., Refs. 8 -11),
implicating MATE1, MATE2, and its kidney-specific homolog,
MATE2-K, as critical players in the luminal export of OCs from
renal proximal tubule cells in human kidney.

As a key element in the renal (and hepatic) secretion of cati-
onic drugs, the human MATEs are likely targets for unwanted
drug-drug interactions, as well as principal arbiters of the phar-
macodynamics and pharmacokinetics of many clinically
important agents. Thus, it is somewhat surprising that compar-
atively little attention has been given to determining the struc-
tural basis of substrate/inhibitor interaction with MATE trans-
porters. Indeed, until recently, little has been known about the
structure of any MATE family member. The structure of NorM,

2 The abbreviations used are: OC, organic cation; TMH, transmembrane helix;
MPP, 1-methyl-4-phenyl-pyridinium; NHS-biotin, sulfosuccinimidyl 2-(bi-
otinamido)-ethyl-1,3-dithiopropionate  (sulfo-NHS-SS-biotin; FRT, Flp
recombination target; MD, molecular dynamics; TEA, tetraethylammo-
nium; RMSD, root mean square deviation; PYR, pyrimethamine.

3 Given the structural diversity of organic cations, it is useful to refer to the
“Type |” and “Type II” classifications for different structural classes of
organic cations developed to describe OC secretion in the liver (56). In
general, Type | OCs are comparatively small (generally <400 Da) monova-
lent compounds, such as TEA, tributylmethylammonium, and procain-
amide ethobromide. Importantly, the majority of cationic drugs from a
wide array of clinical classes, including antihistamines, skeletal muscle
relaxants, antiarrhythmics, and B-adrenoceptor blocking agents, are ade-
quately described as being Type | OCs. Type Il OCs are usually bulkier (gen-
erally >500 Da) and frequently polyvalent, including p-tubocurarine, ver-
curonium, and hexafluorenium.
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aNa™/OC exchanger from Vibrio and a prototypic MATE fam-
ily transporter (12), was recently resolved to 3.65 A (13). The
structure revealed a protein fold consisting of 12 TMHs and
supported the view, based on hydropathy analyses of several
hundred prokaryotic and plant members of the MATE family,
that 12 TMHs make up the functional core of these proteins
(12, 14). However, hydropathy analysis of the mammalian
MATES consistently identifies 13 TMHs, arising from the pres-
ence in these proteins of a very hydrophobic series of residues at
the C-terminal end of what, in most other MATE family mem-
bers, is a long, hydrophilic, C-terminal strand (15). Interest-
ingly, mouse kidney expresses two functional forms of MATE1:
“full-length” MATE1 (mMatelb) and an insertion variant
(mMatel) that is missing the last 35 C-terminal amino acids (7,
15, 16). We previously showed that the rabbit ortholog of
MATET has a cytoplasmic N terminus and an extracellular C
terminus (17), consistent with an odd number (e.g, 13) of
TMHs. Elimination of the last 29 C-terminal amino acid resi-
dues of rbMatel results in a protein with a cytoplasmic C ter-
minus that retains modest transport function (17). It remains
unclear (2, 18), however, whether the typical topology of mam-
malian MATEs, particularly the human orthologs of these pro-
teins, includes a 13™ TMH or if, instead, the hydrophobic
C-terminal sequence of mammalian MATEs is cytoplasmic (10,
15), consistent with the core structure of 12 TMHs that appears
to typify MATE family members (19, 20). It is also not clear
whether the selectivity characteristics of MATE] are retained
in a protein lacking the 13™ TMH. In the present paper, we
show that the human ortholog of MATE], like its rabbit and
(full-length) mouse congeners, has an extracellular C terminus,
consistent with the presence of 13 TMHs. We compare the
functional characteristics of “short” and “long” forms of rabbit
MATEI and demonstrate that the 13** TMH is not necessary to
retain function and that a 12 TMH structure is sufficient to
support multiselective OC transport. These data indicate that
the functional “core structure” of mammalian MATEL1 consists
of the first 12 TMHs. Based on these observations, we introduce
here a homology model of hMATE] based on the x-ray struc-
ture of NorM that can serve as the basis of future structure/
function studies of this important class of human drug
transporters.

EXPERIMENTAL PROCEDURES

Chemicals—[*H]1-Methyl-4-phenyl-pyridinium ([*HJMPP™;
(80 Ci/mmol) was synthesized by the Synthetic Chemistry Core
of the Southwest Environmental Health Science Center. Sulfo-
succinimidyl 2-(biotinamido)-ethyl-1,3-dithiopropionate (NHS-
biotin) was obtained from Pierce. Platinum® high fidelity DNA
polymerase, Zeocin, hygromycin, Flp recombinase expression
plasmid (pOG44) and the mammalian expression vector
pcDNAS5/FRT/V5-His TOPO were obtained from Invitrogen.
Other chemicals were typically of the highest grade available
and, unless otherwise indicated, were purchased from Sigma.

Generation of MATEI Sequences—Cloning of the full-length
and truncated rbMatel sequences used in this study used meth-
ods described previously (21). The mMatelb and mMatel
sequences were cloned by RT-PCR with sequence-specific
primers and mouse RNA. Briefly, mouse kidney poly(A) ™ RNA
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was reverse transcribed using Moloney murine leukemia virus
RT H™ using a standard protocol (21). The RT reactions were
then amplified with sequence-specific primers for mMatelb
and mMatel and subcloned into the mammalian expression
vector pcDNAS5/FRT/V5-His (Invitrogen). The full-length
human MATE1 sequence used in this study was generously
provided by Dr. Kathleen Giacomini (University of California,
San Francisco) (22). The required sequences (contained in
pcDNAS3.1) were amplified using Platinum high fidelity DNA
polymerase and sequence-specific primers with the following
PCR conditions: 35 cycles of 94 °C for 1 min, 54 °C for 1 min,
and 72 °C for 3.5 min. A final elongation step of 7 min was
included after the last cycle. The PCR product was gel-purified
and cloned into the pcDNA5/FRT/V5-His TOPO mammalian
expression vector, resulting in addition of a C-terminal [V5]/
[poly-His] epitope tag (amino acid sequence, [GKPIPNPLL-
GLDST]RTG[HHHHHH]; nucleotide sequence GGT AAG
CCT ATC CCT AAC CCT CTC CTC GGT CTC GAT TCT
ACG CGT ACC GGT CAT CAT CAC CAT CAC CAT).
Human MATEI truncated at residues Leu-544 or Gly-547 were
created by PCR using sequence-specific primers based on the
site of truncation of mMatel, resulting in a deletion of the last
27 or 24 amino acids of full-length hMATEL, respectively. Rab-
bit Matel truncated at residue Gly-545 was created using the
same method resulting in a deletion of the last 23 amino acids of
full-length rbMatel. Plasmid DNA was purified using standard
methods (Genesee Scientific, San Diego, CA), and the
sequences were confirmed with an Applied Biosystems 3730x1
DNA analyzer at the University of Arizona sequencing facility.

Cell Culture and Expression of MATEI Constructs—CHO
cells containing a single integrated FRT site were acquired from
Invitrogen (CHO Flp-In) and were used for stable expression of
the MATELI constructs. Prior to transfection, CHO Flp-In cells
were grown in Ham’s F12 Kaighn’s modification medium
(Sigma) supplemented with 10% fetal calf serum and Zeocin
(100 ug/ml). Cultures were typically split every 3 days. The cells
(2 X 10°) were transfected by electroporation (BTX ECM 630,
San Diego, CA; 260 volts and time constant of ~25 ms) with
10 pg of salmon sperm, 18 pg of pOG44, and 2 ug of
pcDNAS5/FRT/V5-His TOPO containing the mutant con-
structs of MATEL. The cells were seeded in a T-75 flask follow-
ing transfection and maintained under selection pressure with
hygromycin (100 pg/ml). The cells were used for experiments
~21 days after electroporation (i.e., beginning with passages
4-6).

Measurement of Transport—Transport studies were con-
ducted on nominally confluent CHO cells in 24-well plates. The
cells were incubated at room temperature (~25 °C) in Way-
mouth buffer (135 mm NaCl; 13 mm HEPES-NaOH, pH 8.5; 28
mM D-glucose; 5 mm KCI; 1.2 mm MgCl,; 2.5 mm CaCl,; and 0.8
mMm MgSO,), to which labeled substrate and appropriate test
agents were added. Uptake was stopped by aspirating the trans-
port buffer and rinsing the cells three times with 1 ml of ice-cold
Waymouth buffer. The cells were then solubilized in 200 ul of
0.5 N NaOH with 1% (v/v) SDS, and the extract was subse-
quently neutralized with 100 ul of 1 N HCI. Accumulated radio-
activity was determined by liquid scintillation spectrometry.
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Uptake is expressed as mol/cm? of nominal cell surface of the
confluent monolayer (~0.04 mg of cell protein/cm?).

Immunocytochemistry—CHO cells were electroporated with
plasmid DNA containing a C-terminal V5 epitope-tagged
transporter and seeded onto coverslips. Immunocytochemistry
was generally performed on a confluent monolayer 24 h after
plating. The cells were fixed in ice-cold 100% methanol for 20
min (“permeabilized cells”), washed with PBS (137 mm NaCl;
2.7 mm KCJ; 8.0 mm Na,HPO,; and 1.5 mm KH,PO,, pH 7; all
washes were done in triplicate), and then incubated for 1 h with
anti-V5 antibody (Invitrogen) diluted 1:500 in PBS. For “non-
permeabilized cells,” the cells were incubated with antibody for
45 min at room temperature first, washed with PBS, fixed in
ice-cold 100% methanol for 20 min, and then washed in PBS.
The permeabilized and nonpermeabilized cells were then incu-
bated for 1 h in the dark with fluorescein isothiocyanate-con-
jugated goat anti-mouse antibody (Molecular Probes, Inc.)
diluted 1:1000 in PBS. To visualize the nuclei, the cells were
treated with propidium iodide (5 pg/ml) for 10 min. The cells were
washed again, and the coverslips were mounted onto microscope
slides using Dako fluorescent mounting medium (Dako Corpora-
tion, Carpenteria, CA). A confocal microscope (Nikon PCM 2000
scan head fitted to a Nikon E800 microscope) was used for detec-
tion of immunoreactivity in CHO cells.

Cell Surface Biotinylation of MATEI—The method
described here is a minor modification of that described by Pelis
etal. (23). All of the solutions were kept ice-cold throughout the
procedure, and long incubations were conducted on ice with
gentle shaking. The cells plated to confluence in a 12-well plate
were initially washed three times with 2 ml of PBS solution
containing calcium and magnesium (PBS/CM; 137 mm NaCl,
2.7 mm KCl, 8 mm Na,HPO,, 1.5 mm KH,PO,, 0.1 mm CaCl,,
and 1 mm MgCl,, pH 7.0, with HCIl). The cells were then
exposed for 30 min to NHS-biotin or MTS-biotin (0.5 ug/ml),
diluted in PBS/CM. After biotinylation, the cells were rinsed
three times briefly with 3 ml of PBS/CM (the NHS-biotin rinse
also contained 100 mm glycine). In some cases, the plasma
membranes were permeabilized prior to exposure to the bioti-
nylation reagent by treating cells for 2 min with 0.05% saponin
(in PBS/CM). The cells were lysed on ice for 1 h with gentle
shaking in 1 ml of lysis buffer (150 mm NaCl, 10 mm Tris-HCl,
1% Triton X-100, 1% sodium deoxycholate, and 0.1% SDS, pH
7.4) containing protease inhibitors (200 uMm 4-(2-aminoethyl)-
bezenesulfonyl-fluoride, 0.16 um aprotinin, 4 um leupeptin, 8
M bestatin, 3 uM pepstatin A, 2.8 um E-64; Sigma), after which
50 ul of streptavidin-agarose beads (Pierce) were added to the
lysates and incubated overnight at 4 °C with constant mixing.
After extensive washing with the above lysis buffer, 50 ul of
Laemmli sample buffer was added, and the proteins were eluted
from the beads at 100 °C for 5 min. The proteins were separated
on 10% SDS-PAGE gels, transferred to PVDF membranes, and
immunoreactivity corresponding to the V5-tagged MATEI1
construct was visualized as previously described (17).

Homology Modeling—The homology model of hAMATE1 was
generated by threading the homologous regions of MATE1
onto the outward facing apo-structure of NorM from Vibrio
cholerae (NorM-VC; Protein Data Bank code 3MKT) (13). The
MATE1 and NorM-VC protein sequence were aligned by
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ClustalW (24) (supplemental Fig. S1). The coordinates of resi-
dues in NorM-VC that did not have a correspondence in
MATE] were removed. Residues in hMATEL1 that did not have a
correspondence in NorM-VC sequence (the first 30 and last 94)
were not included in the model. The homologous sequence of
hMATE1 was threaded onto NorM-VC apo-structure, using the
Swiss PDB Viewer (25). The stereochemical geometry of the
hMATE1 model was then energetically minimized using CNS v1.2
(26).

Molecular Dynamics Simulation—The initial structure of
NorM was Protein Data Bank entry 3SMKT. The protein (NorM
or hMATE1) was aligned to the z axis using VMD Orient plugin
(27), and protonation states for amino acid side chains were
determined using the PDB2PQR/PROPKA webserver (28, 29).
Based on pK, calculations, for NorM, Glu-237 (pK, = 10.88)
and Glu-255 (pK,, = 7.67) are protonated, and Lys-449 (pK, =
6.58) is deprotonated. For h(MATE1 Asp-97 (pK, = 7.12), Glu-
273 (pK, = 8.09), Glu-389 (pK, = 7.16), and His-65 (pK, =
7.09) were chosen to be protonated. An initial solvation step
was carried out using the program SOLVATE. The protein
(NorM or hMATEL1) was then placed into a 1-palmitoyl-2-ole-
oyl-phosphatidylethanolamine membrane bilayer, and waters
overlapping the membrane region were removed. The 1-palmi-
toyl-2-oleoyl-phosphatidylethanolamine bilayer was a pre-
equilibrated pure lipid bilayer obtained from the CHARMM-
GUI website (30) that consisted of 256 lipid molecules. Lipid
molecules within 0.5 A of the protein were removed, and addi-
tional solvation of the regions above and below the bilayer was
carried out using the VMD Solvate plugin, with no water mol-
ecule placed closer than 2.4 A to the protein. The addition of 0.1
M NaCl was done to bring the system to electrostatic neutrality
using the VMD Autoionize plugin. The resulting systems con-
sisted of 64,383 (71,260) atoms and had dimensions of ~ 100 X
100 X 90 A% (100 X 100 X 100 A®) for NorM (hnMATE1).

Minimization, heating, equilibration, and ensuing 50-ns sim-
ulations of NorM and hMATE1 were all performed using
NAMD version 2.7b1 (31) with the CHARMM27 force field
including CMARP corrections (32). Heating and equilibration
were carried out in the NP_T ensemble, with the surface ten-
sion set to 30 dyn/cm in the x-y plane and with constraint forces
on the system gradually relaxed. During heating, the tempera-
ture of the system was gradually increased from 50 to 310 K. A
2-fs integration time step was used for the 50-ns simulations;
nonbonded interactions were calculated every 2fs, and a full
electrostatic calculation was made every 4 fs. Full electrostatics
in the periodic system were calculated using the particle mesh
Ewald (PME) method (33). A constant pressure of 1 atm along the
z direction, and a constant temperature of 310 K was maintained
using the Nose-Hoover Langevin piston method (34, 35) and Lan-
gevin dynamics in NAMD for the 50-ns simulations. Hydrogen
bonds were kept rigid, which is consistent with the 2-fs integration
time step. Secondary structure content was obtained using the
STRIDE (36) algorithm implemented in VMD.

RESULTS

Membrane Expression Profiles of Full-length and Truncated
MATE] Orthologs—Fig. 1 shows sequence alignments for the
rabbit, human, and mouse orthologs of MATE1 on which are
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| I I | | | | \ I
mmatelb MERTEESAPGPGGADAASERR-GLRCLLLPGFLEELRALLVLAGPAFLAQLMMFLISFISSVFCGHLGKLELDAVTLAIAVINVTGISVG
mMATEL MERTEESAPGPGGADAASERR-GLRCLLLPGFLEELRALLVLAGPAFLAQLMMFLISFISSVFCGHLGKLELDAVTLAIAVINVTGISVG
rbMATE1 MEAPVELGP--GGRQASPERRHWLRCLVLSDFREELRALLVLACPAFLAQLMVFLISFVSSVFCGHLSKLELNAVTLAIAVINVMGVSVG
hmatel MEAPEEPAPVRGGPEATLEVR-GSRCLRLSAFREELRALLVLAGPAFLVQLMVFLISFISSVFCGHLGKLELDAVTLAIAVINVTGVSVG
100 110 120 130 140 150 160 170 180
| I I I I I I \ I
mmatelb HGLSSACDTLISQTYGSONLKHVGVILQRGTLILLLCCFPCWALFINTEQILLLFRQDPDVSRLTQTYVMIFIPALPAAFLYTLQVKYLL
mMATEL HGLSSACDTLISQTYGSQNLKHVGVILQRGTLILLLCCFPCWALFINTEQILLLFRQDPDVSRLTQTYVMIFIPALPAAFLYTLQVKYLL
rbMATE1 FGLSSACDTLISQTYGSRNLKHVGVILQRGSLILLLCCLPCWALFLNTQHILLLFRQDPAVSRLTQTYVTIFIPALPATFLYTLQVKYLL
hmatel FGLSSACDTLISQTYGSQNLKHVGVILQRSALVLLLCCFPCWALFLNTQHILLLFRQDPDVSRLTQTYVTIFIPALPATFLYMLQVKYLL
190 200 210 220 230 240 250 260 270
| I I I I I I \ |
mmatelb NQGIVLPQIMTGIAANLVNALANYVFLYHLHLGVMGSALANTISQFALAIFLFLY ILWRRLHQATWGGWSWECLQDWASFLRLAIPSMLM
mMATEL NQGIVLPQIMTGIAANLVNALANYVFLYHLHLGVMGSALANTISQFALAIFLFLY ILWRRLHQATWGGWSWECLQDWASFLRLAIPSMLM
rbMATE1 NQGIVLPQVVTGVAANLVNALANYLFVYQLHLGVMGSALANTVAQFTLALLLFLY ILRSKVYQATWGGWSLECLQDWASFFRLAIPSMLM
hmatel NQGIVLPQIVTGVAANLVNALANYLFLHQLHLGVIGSALANLISQYTLALLLFLY ILGKKLHQATWGGWSLECLQDWASFLRLAIPSMLM
280 290 300 310 320 330 340 350 360
I I I I I I I [ I
mmatelb LCIEWWAYEVGSFLSGILGMVELGAQSITYELAIIVYMIPSGFSVAANVRVGNALGAGNIDQAKKSSAISLIVTELFAVTFCVLLLGCKD
mMATEL LCIEWWAYEVGSFLSGILGMVELGAQSITYELAIIVYMIPSGFSVAANVRVGNALGAGNIDQAKKSSAISLIVTELFAVTFCVLLLGCKD
rbMATE1 LCMEWWAYEIGSFLSGILGMVELGAQSVTYELAVIVYMIPMGLSVAVNVRVGNALGAGNIEQAKKSSAVALLVTELIAVVEFCVMLLSCKD
hmatel LCMEWWAYEVGSFLSGILGMVELGAQSIVYELAIIVYMVLAGFSVAASVRVGNALGAGDMEQARKSSTVSLLITVLFAVAFSVLLLSCKD
370 380 390 400 410 420 430 440 450
I I I I I I I \ I
mmatelb LVGYIFTTDRDIVALVAQVIPIYAVSHLFEGLACTCGGILRGTGNQKVGAIVNAIGYYVIGLPIGIALMFAAKLGVIGLWSGIIICTTCQ
mMATEL LVGYIFTTDRDIVALVAQVIPIYAVSHLFEGLACTCGGILRGTGNQKVGAIVNAIGYYVIGLPIGIALMFAAKLGVIGLWSGIIICTTCQ
rbMATE1 LVGYIFTSDRDIIALVAQVTPIYAVSHLFESLAGTSGGILRGSGNQKFGAIVNAIGYYVVGLPIGIALMFAAKLGVIGLWLGIVVCAVSQ
hmatel HVGYIFTTDRDIINLVAQVVPIYAVSHLFEALACTSGGVLRGSGNQKVGAIVNTIGYYVVGLPIGIALMFATTLGVMGLWSGIIICTVFEQ
460 470 480 490 500 510 520 530 540
I I I I I I I [ I
mmatelb TTCFLAFIARLNWKRACQQAQVHANLKVN---VALNSAVSHEPAHPVCPESHGEIMMTDLEKKDETQLDQPMNQQQALPIRPKDSNKLSG
mMATEL TTCFLAFIARLNWKRACQQAQVHANLKVN---VALNSAVSHEPAHPVCPESHGEIMMTDLEKKRRDSVGPADEPATSFAYPSK-—-—-—--- G
rbMATEL AVCFLGFIARLNWTKACQQARVHANLTVN-TASNGNSAVLPDQPHPVGPDSHGGIVLRDADRKEGAELNEQVHPELPLPVRPEDSAHLSG
hmatel AVCFLGFIIQLNWKKACQQAQVHANLKVNNVPRSGNSALPQDPLHPGCPENLEGILTNDVGKTGEPQSDQOMRQEEPLPEHPQDGAKLSR
550 560 570
I I I
mmatelb KQLALRRGLLLLGVVLVLVGGILVRVYIRIE (567aa)
mMATEL QQ-=—=—mmmm e (532aa)
rbMATEL KQZ&LRR LLLGVILVLLAGILVKVYVRTQ (568aa)
hmatel VykR GVFLILLVGILVRFYVRIQ (570aa)
L540 / 547

FIGURE 1. Sequence alignment (ClustalW) of the open reading frames of mMate1 (GenBank™" accession number AAH31436), mMate1b (GenBank™
accession number NP_080459), rbMate1 (GenBank™ accession number NP_001103289), and hMATE1 (GenBank™ accession number AAH10661).
Red letters indicate sequence regions of identity; green letters indicate strong similarity; blue letters indicate weak similarity. Yellow highlighting indicates regions
predicted to comprise a transmembrane helix (as predicted by TMHMM version 2.0). In all cases the N terminus was predicted to be intracellular. The sites of
truncation of the rabbit and human orthologs are indicated and labeled at the site of truncation.

indicated the several sites used to generate the truncated versus
full-length forms of MATEL used in the subsequent experi-
ments. The sites selected for truncation of the rabbit and
human orthologs of MATE1 were based on the length of the
truncated transcript naturally expressed in the mouse (i.e.,
mMatel). The truncated and full-length forms of the mouse
MATE] ortholog reflect sequences described already in the lit-
erature for the naturally occurring transcripts. The initial char-
acterization of mouse MATE1L (16) used the truncated
sequence (mMatel), which was the first transcript cloned from
mouse kidney (7). A subsequent study (15) reported the cloning
of the full-length transcript (mMatelb) and revealed that the
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truncated protein was the consequence of the insertion of a
single nucleotide (adenine) in exon 18 of mMatel that results in
a frameshift and introduction of an early stop codon. The over-
all result is a protein of 532 amino acid residues, 35 shorter than
the full-length protein, in which amino acids after Lys-509
through position 532 differ from those in the full-length protein
(reflecting the frameshift; Fig. 1).

Hydropathy analysis of the full-length sequences of all three
MATE1 orthologs predicts the presence of 13 TMHs (Fig. 1),
including a C terminus that is exposed to the extracellular solu-
tion, whereas the elimination of the last 27-29 amino acid res-
idues results in proteins predicted to have 12 TMHs and cyto-
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FIGURE 2. Immunocytochemical identification of V5 epitope-tagged
MATE1 constructs in nonpermeabilized (non-perm) and permeabilized
(perm) CHO cells. The cells were stably transfected with the indicated MATE1
construct. A, mouse MATE1. B, human MATE?1; C, rabbit MATE1. Nonperme-
abilized cells were exposed to PBS containing the V5 antibody for 60 min prior
to washing and fixation in 100% methanol. The permeabilized cells were fixed
in methanol for 20 min before exposure to the V5 antibody (see text for a
discussion of each truncation mutant). The red fluorescence reflects pro-
pidium iodide staining of nuclei; the green fluorescence reflects staining of
the V5-tagged MATE1 constructs.

plasmic C termini. We tested these predictions by placinga V-5
epitope tag at the C terminus of each protein and then assessing
its accessibility to V-5 antibody added to the extracellular solu-
tion bathing CHO cells that stably expressed these constructs.
The accessibility profiles, as determined using immunocyto-
chemistry, of the two naturally occurring mouse MATEL1 pro-
teins were particularly revealing. Whereas the V-5 tag of the
full-length mMatelb protein was fully accessible to extracellu-
lar antibody, the V-5 tag at the C terminus of mMatel (the
truncated insertion variant) was not accessible to extracellular
V-5 antibody unless the plasma membrane was first rendered
permeable to the antibody (Fig. 24). A similar profile was
observed for the rabbit ortholog of MATE]. Fig. 2B shows that
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the C terminus of full-length rbMatel was accessible from the
external face of the plasma membrane, confirming our earlier
observation (17). That previous report also addressed the pos-
sibility that the addition of the hydrophilic V-5 epitope to the
C-terminal end of rbMatel was itself a causative factor in exter-
nalizing the C terminus by showing that (in the absence of the
epitope) the addition of a single cysteine residue to what was
otherwise an effectively cysteineless, functional full-length
rbMatel construct rendered the protein accessible to mem-
brane-impermeant thiol reactive reagents (17). That report also
showed that truncating rbMatel at position Leu-540 results in
a protein that reaches the plasma membrane but is accessible to
extracellular V5 antibody only after permeabilization of the
plasma membrane. However, despite being “functional,” the
L540 truncation mutant supported markedly reduced levels of
transport. Here we show that truncation at Gly-545 also results
in a protein with an intracellular C terminus (Fig. 2B) and, as
noted below, much higher levels of transport.

Fig. 2 also shows that, in common with mouse and rabbit
MATE], the C terminus of the full-length human ortholog of
MATEL is extracellular (Fig. 2C) and that truncation of the
hydrophobic sequence (at position Leu-544) renders the C ter-
minus accessible to the extracellular antibody only after per-
meabilization of the plasma membrane. A similar immunocy-
tochemistry profile, revealing a cytoplasmic C terminus, was
observed for a second truncation mutant of hMATE1 (Gly-547)
as well (data not shown). Importantly, we previously showed
that the N terminus of rbMatel is within the cytoplasm (17), so
the extracellular location of the C termini of the full-length
sequences of the human, rabbit and mouse MATEL1 orthologs
argues for an odd number of TMHs and so is consistent with the
presence of 13, rather than 12, TMHs. As noted earlier, hydrop-
athy analyses of the mammalian MATE1 and MATE2-K
homologs routinely predict the presence of 13 TMHs (2, 21),
the consequence of the terminal hydrophobic sequence of these
proteins. Therefore, the present data support the contention
that the presence of 13 TMHs, including an extracellular C
terminus, is a routine characteristic of the mammalian MATEs.

Transport Characteristics of Truncated (12 TMH) MATEI—
NorM mediates OC/Na™ exchange (37) and does so with a protein
fold comprised of 12 TMHs (13). Indeed, the vast majority of
MATE family members have sequences consistent with the pres-
ence of 12 TMHs (19) and what is likely a highly conserved topol-
ogy. Thus, it was of interest to assess the impact of eliminating
TMH 13 on OC/H* exchange activity of a mammalian MATE. It
has already been noted in the literature that the naturally occurring
short (12 TMH) form of mouse MATE1 (16) retains transport
function similar to that of the long (13 TMH) form (15). Fig. 34
compares the rate of 13 nm [*’H]MPP transport into CHO cells
stably expressing either the full-length sequence of h(MATEL or
the Leu-544 truncation mutant. Although the mutant protein sup-
ported mediated transport, the level was substantially below that
observed in cells expressing the full-length protein. However, that
reduced level of transport was associated with substantially less
protein in the plasma membrane, as shown in the Western blot of
biotinylated protein below the bars in Fig. 3A. Fig. 3B compares the
rates of transport supported by cells expressing either the full-
length sequence of rbMatel or one of the truncated (i.e., 12 TMH)
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length and truncated sequences of the human (A) and the rabbit and
mouse orthologs (B) of MATE1. The bar graphs show 10-min uptakes of 13
nm [HIMPP in CHO cells stably expressing the indicated sequence of MATE1.
The height of each bar indicates the mean (+ S.E.) of transport, measured in
the presence and absence of 1 mm unlabeled MPP, in seven (A) or three
(B) separate experiments. Below each bar graph, Western blots of biotiny-
lated protein show plasma membrane expression of the indicated human,
rabbit, and mouse MATE1 sequences. Each lane contained 15 ul of the pro-
tein-containing solution obtained following biotinylation reaction in a single
well from a 12-well plate. The experiment was performed two (A) or three (B)
times with similar results.
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FIGURE 4. Kinetic characteristics of transport into CHO cells that stably
expressed full-length rbMate1 (A) or rbMate1 (B) truncated at Gly-545.
2-min (rbMate1) or 5-min (Gly-545) uptakes of [?HIMPP (~13 nm) were meas-
ured in the presence of increasing concentrations of unlabeled MPP. Each
pointis the mean (= S.E.) of uptakes measured in three separate experiments
(each performed in triplicate).

sequences: rbMatel (Gly-545) or the naturally occurring mMatel.
In three experiments, mMatel and the Gly-545 mutant of
rbMatel both supported substantial levels of transport, ~50 — 60%
of that displayed by cells expressing rbMatel. However, these rates
of transport were associated with higher levels of plasma mem-
brane expression for both truncated proteins (Western blots
below the bars of Fig. 3B), suggesting that the truncated (12 TMH)
sequences of rabbit and mouse MATE1 had lower turnover num-
bers that those of the full-length (13 TMH) proteins. Collectively,
these observations show that although the 13" TMH may influ-
ence the conformational changes associated with the translocation
process, the 13" TMH is not necessary for MATE1 transport
function.

We used the Gly-545 truncation mutant of rbMatel to assess
the influence of eliminating TMH 13 on the qualitative and
quantitative characteristics of MATE] transport activity. As
shown in Fig. 4, the kinetics of MPP transport into CHO cells
that stably expressed either full-length rbMatel (Fig. 44) or the
Gly-545 mutant protein (Fig. 4B) were described by the
Michaelis-Menten equation for competitive interaction of
labeled and unlabeled substrate (38),
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where J* is the rate of transport of the radiolabeled substrate (in
this case, [’H]MPP) from a concentration of the labeled sub-
strate equal to [S*]; /..., is the maximal rate of mediated sub-
strate transport; K, is the apparent Michaelis constant of the
transported substrate; [S] is the concentration of unlabeled
substrate; and D, is a rate constant that describes the nonsatu-
rable component of labeled substrate accumulation (reflecting
the combined influence of diffusion, nonspecific binding, and
incomplete rinsing of [*’H]MPP from the cell culture well). In
three separate experiments, the K,,,, for MPP uptake in cells
that expressed the Gly-545 truncation mutant was increased
slightly (~2-fold) but significantly (p < 0.005) compared with
the K, in cells expressing full-length rbMatel (6.7 = 0.42 um
versus 3.5 * 0.34 um). In contrast, the /. values for MPP
uptake in the two cell lines did not differ significantly (1.78 =
0.34 pmol cm™ > min~ " versus 2.1 = 0.22 pmol cm™ > min™*, for
full-length rbMATE1 and the Gly-545 truncation mutant,
respectively). However, the robust transport capacity sup-
ported by cells expressing the Gly-545 mutant must be viewed
in the context of its higher level of plasma membrane expres-
sion, compared with that of cells expressing the full-length
protein.

We also assessed the influence of TMH13 on ligand binding.
As noted above, truncation of rbMatel at Gly-545 resulted in a
slight (~2-fold) increase in the K, for MPP transport. As an
OC/H* exchanger, H* is also a MATEL1 ligand, and Fig. 5
shows the effect of extracellular pH on uptake of [’H]MPP into
CHO cells that stably expressed either full-length rbMatel or
the Gly-545 truncation mutant. For both transporters, increas-
ing extracellular pH beyond pH 7.0 resulted in an increase in
the rate of [?’H]MPP uptake, as expected in light of the compet-
itive effect extracellular H* has on activity of OC/H™ exchange
(39, 40). However, the full-length transporter was substantially
more sensitive to extracellular [H*], displaying an apparent pK,
for the inhibition of transport of H* of >8.0, whereas the pK, for
inhibition of transport by the Gly-545 mutant was on the order of
7.7. This difference in sensitivity to H had the interesting result of
allowing the truncated mutant to support twice the transport
activity of the full-length mutant at pH 7.5 (Fig. 5).
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Another hallmark of MATE1 is its multiselectivity (41). Fig. 6
compares the effect on transport activity of full-length rbMatel
and the Gly-545 truncation mutant of a structurally diverse
array of organic cations. Each of the test inhibitors (ata concen-
tration of 1 mwm, except for pyrimethamine, which was present
at a concentration of 10 um) significantly blocked uptake of
[PH]MPP mediated by both the full-length and truncated forms
of rbMatel. Moreover, the qualitative profile of inhibitory
effectiveness was the same for both transporters; whereas MPP,
atropine, and PYR reduced transport activity of both transport-
ers by >75%, 1 mm concentrations of creatinine and midodrine
blocked <50% of their transport activity.

The kinetics of inhibitor interaction with full-length and
truncated rbMatel were assessed in more detail for “high,”
“intermediate,” and “low” affinity” inhibitors (PYR, TEA, and
creatinine, respectively). The inhibitors each reduced the
uptake of labeled MPP in a concentration-dependent manner
for both the full-length and truncated proteins (Fig. 7) that was
adequately described by the following relationship,
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FIGURE 6. Effect of inhibitory ligands on uptake of [’ HIMPP into CHO cells
that stably expressed either full-length rbMate1 (black bars) of the Gly-
545 truncation mutant of rbMate1 (gray bars). Ligands were present at a
concentration of T mm (except for PYR, which was 10 um). The height of each
bar represents the mean (= S.E.) of 10-min uptakes determined in three sep-
arate experiments (each performed in triplicate). The uptakes were normal-
ized to the rate for each transporter measured in the absence of inhibitor
(open bar).

Functional Structure of MATE1
where ], is defined as (IC5y/K,p)/max [1] is the concentration
of the test inhibitor (e.g., PYR), and IC,, is concentration of
inhibitor that blocked 50% of mediated substrate transport.
Consistent with the modest (2-fold) increase in K, for MPP
transport observed for the Gly-545 truncation mutant (Fig. 4),
the IC,, values for inhibition of [’H]MPP uptake by truncated
rbMatel produced by TEA and creatinine were modestly (but
significantly; p < 0.05) increased by 2.6- and 1.6-fold, respec-
tively, compared with those for inhibition of the full-length pro-
tein. On the other hand, the IC,, value for PYR inhibition of
Gly-545-mediated transport was 50% lower than for inhibition
of the full-length protein. Overall, these data suggest that elim-
ination of the 13™ TMH had comparatively little effect on
ligand interaction with the binding surface of roMATE1.

hMATE1 Homology Model—The data presented above sup-
port the following conclusions: (i) the 13" TMH is not neces-
sary for bMATEI1 function; (ii) the 13" TMH may influence
transporter turnover; and (iii) the first 12 TMHs of mammalian
MATE1 support comparatively normal ligand binding. There is
awidely held view that structural homology is highly conserved
within a phylogenetically linked protein family, as shown by the
highly conserved fold evident in the five MES structures deter-
mined to date (42), and the similar fold evident in sarcoplasmic/
endoplasmic reticulum Ca®"-ATPase and the Na,K-ATPase
(43). Thus, it is likely that the first 12 TMHs in all mammalian
MATESs make up the functional core structure that shares the
protein-fold evident in the x-ray structure of NorM. Moreover,
the binding of ligands (substrates and inhibitors) is largely con-
trolled by the fold comprised by first 12 TMH. Consequently,
we elected to construct homology models of hMATE1 and
rbMate based on the 12 TMH x-ray structure of NorM (Fig. 84)
and its fold (Fig. 8B). Fig. 8 (C and D) shows the model for
hMATE1. The model, which is missing the first 30 (long cyto-
plasmic N-terminal sequence) and last 94 (the 13™ TMH and a
portion of the long C-terminal cytoplasmic element) amino
acids of hMATE], shares the overall structural features of
NorM-VC, including the same transmembrane helical fold, and
spans ~50 A in the plane of the lipid bilayer. Twelve transmem-
brane helices are arranged as two bundles of six transmem-
brane helices (TMH1-TMH6 in the N-terminal half and
TMH7-TMH12 in the C-terminal half) forming an internal
cavity ~4000 A® (Fig. 8, C and D) open to the extracellular
space. The two halves are related by an intramolecular 2-fold
symmetry shared by all members of the MATE family. A rela-
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FIGURE 7. The effect of three representative inhibitory ligands (PYR, TEA, or creatinine) on the rate of [*HIMPP uptake into CHO cells that stably
expressed either full-length rbMate1 (solid circles) or the Gly-545 truncation mutant of rbMate1 (open circles). Each point represents the mean value
(determined in three separate experiments) of either 2 min (rbMate1) or 5 min (Gly-545) uptake of [?HIMPP (~13 nm) measured in the presence of increasing
concentration of test inhibitor; uptakes were normalized to a 1-min uptake measured in the absence of inhibitor.
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FIGURE 8. X-ray structure of NorM and hMATE1 homology model with the molecular surface of the translocation cleft. A and B, view of the cytoplasmic
face of NorM (A) and a schematic representation (B) of its helical organization. Cand D, stereo views of the side (C) and the extracellular face (D) of the hMATE1
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of transmembranes 1, 5, 6,8, 9, and 10 (E) and the other side comprising transmembranes 2, 3, 4,7, 11, and 12 (F). Positively charged areas are shaded in deep
blue, negatively charged areas are shown in red, and neutral areas are colored light gray. Stereo images and electrostatics representation were generated by

PyMOL.

tively short cytoplasmic loop (residues 238-250) between
TMH6 and TMH7 connects the two halves and is consistent
with the hydropathy plots and protein sequence alignment
between hMATE1 and NorM-VC. The alignment between
NorM and MATEL] was particularly weak in the region of TMH
12, resulting in the presence in the hMATEI model of nine
residues not present in the NorM sequence (supplemental Fig.
S1). Consequently, our confidence in the positional informa-
tion of residues in this TMH is lower. However, in our model,
TMH 12 is peripheral (Fig. 8B) and does not appear to be a
major element in the proposed translocation pathway.

To provide a preliminary test of the topology predicted by the
MATE1 homology model, we used the substituted cysteine
accessibility method (44) with a version of rbMatel, mentioned
earlier, from which 13 native cysteine residues were replaced
with alanine residues (17). The resulting protein (A13C) is both
functional and refractory to interaction with thiol-reactive
reagents (17). Substituted cysteine accessibility method analy-
sis was conducted on A13C constructs in which single residues
in one of the first two intracellular (intracellular loops 1 and 2)
and extracellular loops (extracellular loops 1 and 2) of rbMatel
were replaced by a cysteine residue and the accessibility of the
resulting free thiol group to an impermeant thiol-reactive rea-
gent (MTS-biotin) was determined before or after permeabili-
zation (with saponin) of the plasma membrane. Fig. 9 shows
that all four “single-cysteine” mutants were expressed at the
plasma membrane, as shown by the accessibility of each to the
impermeant lysine-reactive reagent, NHS-biotin (first lane of
the Western blots in Fig. 9). Of the four single-Cys proteins,
only the two containing cysteine residues in the predicted
extracellular loops (Leu-70 in extracellular loop 1 and Leu-142
in extracellular loop 2) showed substantial interaction with
MTS-biotin prior to permeabilization of the plasma membrane
(second lane of the blots in Fig. 9). Interaction of the other two
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FIGURE 9. Substituted cysteine accessibility method profiles for selected
rbMate1 residues (single-Cys replacement in the A13C mutant). A, West-
ern blots of the accessibility profiles for selected MATE1 residues. Each three-
lane “triplet” displays immunoreactive rbMate1 pulled down through reac-
tion with (from left to right) NHS-biotin (NB), MTS-biotin (MB), or MTS-biotin
following permeabilization with saponin (MB/Perm; see text for discussion).
Accessibility profiles mapped on the homology model for roMate1. Blue resi-
dues were accessible to MTS-biotin from the extracellular solution; orange
residues were accessible to MTS-biotin only after permeabilization of the
plasma membrane.

residues (Ser-105 in intracellular loop 1 and Leu-178 in intra-
cellular loop 2) with MTS-biotin required that the membrane
first be permeabilized by exposure to 0.05% saponin for 2 min
(third lane of Fig. 9). This profile of residue accessibility is con-
sistent with the location of each residue within the MATE1
homology model (Fig. 9).

Computational Assessment of the Stability of the MATE]
Homology Model Using Molecular Dynamics (MD) Simulation—
Combining homology modeling with MD simulation can be used
to derive (plausible) homology models (35). Root mean square
deviation (RMSD) has been shown to be an indicator of protein
stability (45). The RMSDs were calculated for the transmembrane
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FIGURE 10. Snapshots from the MD simulation (50 ns after the start of the
simulation) of hMATE1 (panels b, d, and f) and views of the original
homology model (panels a, ¢, and e). Coloring is from the N terminus (blue)
to the C terminus (red). Panels a and b show views from the cytoplasmic side
of the membrane, panels c and d show views from the extracellular side, and
panels e and f show a side view.

portions of the 12 helices in each protein, excluding the more flex-
ible loop regions from the calculation. Protein structures were rel-
atively stable over the course of the simulation with ~3.5 A RMSD
(supplemental Fig. S2). Conformational stability, measured in
terms of Cae RMSDs and conservation of helical content of the core
fold, can be used to discriminate models (35). In our simulations,
those values are very similar between the hMATE1 homology
model and the NorM x-ray structure, indication of a stable struc-
ture and feasible model for hAMATEL] (46).

Secondary structure was well conserved in the hMATE1
homology model (Fig. 10) because the a-helical content
remained 78% over the course of the 50-ns simulation. In com-
parison, the a-helical content in the NorM x-ray structure
started at 70% and increased to 78% at the end of the simulation
(data not shown).

DISCUSSION

The core structure of the prokaryotic and plant members of
the MATE family of transport proteins is generally considered
to involve 12 transmembrane helices (19, 20), a view supported
by the recent solution of the x-ray structure of NorM, the pro-
totypic prokaryotic MATE transporter, which revealed a pro-
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tein fold composed of 12 TMHs (13). The results presented
here support the contention that the structure of mammalian
members of the MATE family includes a C-terminal 13" TMH.
The reasoning is as follows. The C termini of the human, rabbit,
and (full-length) mouse orthologs of MATEL] are extracellular
(Fig. 2). That result, when combined with the previous obser-
vation that the N terminus (of rbMatel) (17) is intracellular,
argues that mammalian MATEs have an odd (i.e., 13 TMHs)
rather than an even (12 TMHs) number of TMHs. Further-
more, elimination of the terminal hydrophobic sequence of
MATE], either through truncation as in the present case with
the human and rabbit transporters (Fig. 2, B and C) or as in the
naturally occurring, short mouse MATEL variant (Fig. 24),
results in proteins with cytoplasmic C termini, effectively mim-
icking the prototypic MATE family structure. Taken together,
these observations support the view that, whereas proteins of
the MATE family generally have 12 TMHs, the mammalian
MATESs deviate from this norm.

The core structure of 12 TMHs, which clearly supports
transport function in NorM (37) (and presumably in other pro-
karyotic MATE family members), was also sufficient to support
transport in truncated mammalian MATEs. The naturally
occurring truncated mouse sequence (mMatel) supports rates
of TEA transport similar to that supported by the full-length
sequence (mMatelb) (15, 16). Here, we show that truncation
mutants of both the rabbit and human orthologs of MATE1
also support transport (Fig. 3). Indeed, the Gly-545 truncation
mutant of rbMatel supported robust pH-sensitive transport
(Figs. 4 and 5) and a profile of selectivity that closely parallels
that of the full-length protein (Figs. 6 and 7).

Although these observations show that the 13" TMH is not
necessary to support transport activity markedly similar to that
of full-length MATE], the results also suggest that elimination
of the terminal helix can influence quantitative characteristics of
transport. The robust rates of transport into cells expressing
truncated rabbit and mouse MATE1 sequences appear to
reflect higher levels of plasma membrane expression than those
of full-length MATEL] (Fig. 3B). This observation is consistent
with a previous result (17) that the modest transport (90%
reduction of /.. for MPP uptake) supported by a different
truncation mutant of rbMatel (at Leu-540, rather than Gly-
545) was nevertheless associated with a much higher level of
plasma membrane expression, compared with that of full-
length rbMatel. The most likely explanation for reduced rates
of transport in the presence of more transport protein (assum-
ing that protein in the plasma membrane reflects functional
transporters) is a reduction in catalytic efficiency (k.,,) of pro-
teins lacking the 13" TMH.

rbMatel(G545) also displayed a modest (but significant) dif-
ference in apparent affinity for MPP (Fig. 4) and for several
inhibitory ligands (Fig. 5). However, these differences did not
reflect a consistent pattern; i.e., whereas the truncated trans-
porter displayed 2—3-fold decreases in apparent affinity for
TEA and creatinine, the apparent affinity for PYR was 50%
greater. Of perhaps greater relevance was the observation that
the overall profile of ligand interaction was quite consistent
between the truncated and full-length sequences, suggesting
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FIGURE 11. Key residues identified in previous studies (57), mapped in the proposed three-dimensional structure of h(MATE1. Purple, His; yellow, Cys;
dark red, Glu. The side view is canted slightly to emphasize the position of these residues. N and C indicate the position of the N and C termini of the model,
respectively. Note that the cytoplasmic location of the C terminus reflects the absence of the 13™" TMH in this homology model.

that the presence of the 13™ TMH has little impact on the
structure of the substrate-binding pocket of MATEL.

With this latter idea in mind, we used the x-ray structure of
NorM as a template to develop homology models of AMATE1
and rbMatel. There is ~21% identity and 60% sequence simi-
larity between NorM and mammalian MATE1 (supplemental
Fig. S1), which is substantially greater than the degree of “iden-
tity/similarity” generally observed between MFS members that
have been shown to be structurally homologous (42). The
human MATE1 homology model inherited the overall fold of
NorM and represents an outward-facing conformation
arranged as two bundles of six transmembrane helices (TMH1-
TMH6 and TMH7-TMH12) forming a large internal cavity
open to the extracellular space (Fig. 8).

Analysis of the MD simulations (RMSD, secondary structure
content, helical tilt angle) of hAMATE1 and NorM provided evi-
dence that the hAMATE1 homology model is at least as stable as
the NorM x-ray structure from which it is derived. In particular,
it is interesting to note that helical tilt angles for several helices
(for example, H6 and H9) changed in opposite directions for
NorM and hMATEL (supplemental Fig. S3), demonstrating
that the x-ray structure and homology model can possess dif-
ferent dynamics from one another over 50 ns of simulation
time. These changes in the helix orientations of hAMATE1 led to
partial closure of the internal cavity, which was originally open
to the extracellular space, as demonstrated by calculations of
the channel profile using the program HOLE (47) (supplemen-
tal Fig. S4).

Previous studies identified several amino acid residues in
MATEL that influence transport activity, and the current struc-
tural model of MATE1 provides insight into the possible bases
of these effects. The glutamate residues that reside at positions
273, 278, 300, and 389 in hMATE]1 are conserved as acidic
amino acid residues at homologous loci in all mammalian
MATEs. Replacement of these residues in hMATE1 with aspar-
tate residues exerts large effects on substrate affinity, leading to
the suggestion that they “form a part of the substrate binding
site” (48). In the current model of MATE1 structure, each of
these residues is, in fact, exposed to the hydrophilic cleft that
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forms the presumptive translocation pathway (Fig. 11). Inter-
estingly, two of these residues (Glu-273 and Glu-389) are
broadly conserved in prokaryotic MATE family members, and
the homologous sites in NorM-VC (Glu-255 and Asp-371)
form part of the cavity that stabilizes the interaction of this
Na™/OC exchanger with monovalent metal cations (13). The
surface of the cleft exposed to the external solution is charac-
terized by large regions dominated by the presence of anionic or
cationic residues (red and blue surfaces, respectively, in Fig. 8, C
and D). Interestingly, the cleft also contains relatively large
regions dominated by hydrophobic residues (gray surfaces in
Fig. 8, Cand D), which is consistent with the long standing view
that hydrophobicity is a significant determinant of substrate/
inhibitor interaction with renal OC/H™ exchange (49 -52).
Substantial interest has also been directed toward the influ-
ence of H™-titratable histidine residues on the activity of
MATEL. In fact, the histidine-specific reagent, diethyl pyrocar-
bonate (DEPC) inhibited activity of the OC/H™ exchanger of
rat renal brush border membrane vesicles (53), although the
presence of TEA in excess did not protect the transporter from
DEPC inhibition. Asaka et al. (54) individually replaced each of
the seven conserved histidine residues in rMatel with gluta-
mine residues and found that only the H385Q mutation
resulted in a change (50% decrease) in TEA transport. They also
found that DEPC inhibition of rMatel-mediated TEA trans-
port is not eliminated by coexposure of DEPC with excess TEA,
leading to the suggestion that His-385 is not part of the TEA
binding site but, instead, may be part of the H" interaction site
(54). Mutations of Cys-62 and Cys-126 in rMatel also resulted
in substantial decreases in TEA transport, resulting in the sug-
gestion that these residues have a role in substrate recognition
(54). Whereas Cys-63 (the human homolog of Cys-62 in rat
MATE1) lies within TMH1, which forms a portion of the trans-
location pathway, Cys-127 is in TMH3 and its position, well
away from the hydrophilic cleft (Fig. 11), makes it an unlikely
candidate for direct substrate interaction. Nevertheless, the
clear influence of this residue on transport activity (54) empha-
sizes the “long range influence” that amino acid residues can
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have on the selectivity of membrane transporters (for example,
Ref. 55).

In summary, the present study confirmed that the full-length
sequence of mammalian MATEL1 consists of 13 TMHs, i.e., one
more than the typical structure of MATE protein family mem-
bers. However, transport activity of human, rabbit, and mouse
MATEI1 does not require the presence of the terminal, 13"
TMH, supporting the contention that the functional core struc-
ture of MATE proteins, including the mammalian MATEs, is
comprised of 12 TMHs (see also Ref. 19). Whereas the 13
TMH may influence turnover activity of the transporter, ligand
binding of truncated (12 TMH) proteins is essentially normal. A
homology model of hAMATE], based upon the 12 TMH struc-
ture of NorM, displayed a structural stability in MD simulations
comparable with that of NorM, consistent with the conclusion
that the MATE1 model can serve as a useful basis for the design
and interpretation of future studies on ligand (substrate/inhib-
itor) interactions with this key element in renal and hepatic
drug secretion.
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