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ABSTRACT
Organic cations (OCs) make up ~40% of all prescribed drugs and renal secretion plays a major
role in clearing these (and other OCs), from the plasma. The active and rate-limiting step of renal
OC secretion is mediated by luminal OC/H+ exchange, the molecular basis of which is suspected
to involve two homologous transport proteins, Multidrug And Toxin Extruders 1 & 2-K (MATE1
and MATE2-K).

This study has two aims to resolve outstanding issues dealing with the

mechanism of MATE-mediated OC transport: (Aim 1) develop predictive models of ligand
interaction with hMATE1; (Aim 2) establish the kinetic mechanism(s) of ligand interaction with
MATE transporters and the extent to which inhibitory ligands serve as transported substrates of
MATE transporters.

Transport was measured using human MATE1 and MATE2-K stably

expressed in Chinese Hamster Ovary cells. Both MATEs had similar affinities for the prototypic
OC substrate, 1-methyl-4-phenylpyridinium (MPP), and had overlapping selectivity for most of
the test inhibitors. The IC50 values for 59 structurally diverse inhibitory ligands were used to
generate a common features (HIPHOP) pharmacophore and three quantitative pharmacophores
for hMATE1 (each displaying a significant correlation between predicted and measured IC50
values).

The models identified (i) structural features that influence ligand interaction with

hMATE1, including hydrophobic regions, H-bond donor and acceptor sites and an ionizable
feature; and (ii) novel high affinity inhibitors of MATE-mediated transport from 13 new drug
classes. Whereas metformin and creatinine were shown to be competitive inhibitors of MPP, the
inhibition of MATE1-mediated MPP transport produced by pyrimethamine (PYR) and related
analogs was not competitive but, instead, had a “linear, mixed-type” inhibitory profile suggestive
of a MATE binding surface rather than a singular binding site. “Competitive exchange diffusion”
showed that selected inhibitory ligands (including quinidine, caffeine, and the organic anion,
PAH) also serve as transported substrates for MATE1. In conclusion, these data are consistent
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with the presence of a MATE binding surface with multiple, non-overlapping binding sites that
can display different kinetic interactions with structurally distinct substrates. The creation of
hMATE1 pharmacophores offers insight into development and interpretation of predictive models
of drug-drug interaction in the kidney.
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CHAPTER 1
INTRODUCTION
1.1 Background
Humans are exposed to a vast array of toxins on a daily basis. Nevertheless, we survive
because the body is equipped with mechanisms to clear it of these dangerous threats. Exposure to
toxins can occur in one of two ways: (1) endogenous molecules can be broken down to form
toxic metabolites, or (2) humans can ingest toxins in their diets, or from pharmaceutical
compounds, or other environmental exposures. In some cases toxins taken in from the outside
world never cross the mucosa of the intestine and, therefore, are not a threat. However, toxins that
are absorbed into the bloodstream must be cleared from the body in order to minimize any
potential danger. The liver and kidney are highly specialized to protect humans from systemic
perturbations resulting from the intake of toxins. The liver metabolizes and excretes compounds
in the bile whereas the kidney filters, and/or secretes toxins into the urine. Transport proteins
exist in the liver and kidney that move toxins through the epithelial cells of these organs, for
subsequent secretion.

These proteins have evolved strategies that focus on key chemical

characteristics, the most general of which appears to be charge; there are ‘organic anion’
transporters and ‘organic cation’ transporters. This project focuses on organic cation (OC)
transport (the interested reader is referred to several recent reviews on organic anion transport
(13; 49; 52; 132), with an emphasis on the cellular and molecular strategies found in the kidney;
and a particular emphasis on a key family of transporters (Multidrug And Toxin Extruders;
‘MATE’) recently implicated in this process.
1.2 Organic Cations
OCs are endogenous or exogenous compounds that carry a net positive charge at
physiological pH. Endogenous OCs include selected neurotransmitters and hormones such as
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dopamine, epinephrine and norepinephrine, and metabolic precursor molecules such as choline
(used to make the neurotransmitter, acetylcholine) and phospholipids that comprise cellular
membranes. Exogenous OCs comprise a much more complex group of molecules which include
plant by-products and drugs; collectively, ‘xenobiotics.’ OCs have been categorized into two
classes based on their structural and physicochemical properties: Type I and Type II (93). Type I
OCs are small (MW<400 Da), comparatively hydrophilic, and usually monovalent, such as
tetraethylammonium (TEA) and 1-methyl-4-phenylpyridinium (MPP). Conversely, Type II OCs
are large (MW >500 Da), frequently polyvalent and comparatively hydrophobic (e.g.,
vercuronium and hexafluorenium). The majority of prescribed medications that are cationic at
physiological pH fall into the Type I category, and it is the renal handling of these compounds
that is the focus of my work.
Approximately 40% of all prescribed medications are OCs (3). Therefore, determining
how the kidney and liver handle and interact with OCs is crucial in learning how to protect
against toxic threats and also to prevent unwanted drug-drug interactions (DDIs). DDIs occur
when the availability, effectiveness or activity of a drug is altered by the presence of another drug
and can lead to: (1) decreased excretion or secretion of a drug; (2) decreased metabolism of a
drug; (3) high levels of a drug in the plasma; (4) decreased bioavailability of a drug; and (5)
toxicity from high levels in the plasma or within cells. For example, cimetidine (drug used for
treatment of peptic ulcers) reduces the renal clearance of procainamide (anti-arrhythmia drug),
ranitidine (anti-peptic ulcer drug), triamterene (diuretic), metformin (anti-diabetic drug),
flecainide (anti-arrhythmia drug) and the active metabolite N-acetylprocainamide.

It also

decreases the level of plasma concentrations of ketoconazole (antifungal), indomethacin (nonsteroidal anti-inflammatory drug, NSAID) and chlorpromazine (antipsychotic) by reducing their
absorption in the GI tract (128). These findings show that cimetidine not only has DDIs with
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several drugs but also that it may compete with other drugs at the absorption site (GI tract) and/or
excretion sites (kidney or liver). Another interesting DDI example involves the zwitterion,
fexofenadine (FEX), which is taken into the RPT cells by Organic Anion Transporter 3 (OAT3)
and secreted into the tubular lumen via MATE1 (91). Uptake of FEX is markedly inhibited on
the basolateral membrane of the RPT by 10 µM probenecid, whereas on the apical membrane
FEX secretion is decreased by 60% with exposure to 3 µM cimetidine (91). Both OAT3 and
MATE1 have been implicated as “having a role in clinical DDIs” by the International Transport
Consortium (ITC) and, therefore, these findings are of great clinical relevance (42). Furthermore,
this is an interesting example from a physiological perspective, in that drugs can have two
potential sites for DDIs in the renal proximal tubule (RPT).
1.3 Cellular Physiology of Renal OC Secretion
As previously mentioned, clearance and/or secretion of OCs occurs in the liver or kidney.
This work focuses on OC secretion in the kidney and more specifically on the role of this process
in RPT cells of the kidney. The liver expresses some of the same OC transporters as the kidney
and for a review of the postulated role of these transport proteins in hepatic OC secretion the
interested reader is referred to the following reviews (16; 37; 62; 102). Renal OC secretion was
discovered in the late 1940s when Rennick et al. showed that subjects injected with 200 mg of the
prototypic OC, TEA, rapidly cleared the majority of it via excretion in the urine in the first 15
minutes, with over 99% of it gone in 2 hours (118). Such high rates of excretion suggested that
glomerular filtration was not the sole process responsible and, therefore, Rennick hypothesized
that there must be a secretory process involved (118). Subsequently, studies with stop-flow and
micropuncture techniques showed that the OCs choline (1; 2; 154), N1-methylnicotinamide
(NMN; (55)), mecamylamine, mepiperphenidol (110), TEA (117) and dihydromorphine (59)
were secreted primarily by the mammalian RPT.
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The cellular model of OC secretion in the RPT was developed by Holohan and Ross in
the early 1980s. Using cortical membrane vesicles they showed that there were two separate
steps required for OC secretion in the RPT: a basolateral (peritubular) entry step and an apical
(luminal) efflux step (56; 57). Figure 1 provides an updated cellular model of OC secretion in the
RPT (revised from the American Physiological Society’s Comprehensive Physiology: Renal
Handbook (121)). The first step in this process begins with OCs coming in from the blood across
the basolateral membrane, via facilitated diffusion, driven by the inside negative membrane
potential of the cell. OCs can also come into the cell in exchange for intracellular OCs. Once
inside the cell OCs can exit the RPT cells across the luminal membrane into the tubular filtrate in
exchange for a proton (56; 57). Protons are freely available in the filtrate. However, the presence
of an apical Na/H Exchanger (NHE3; not shown in Figure 1) can affect OC/H+ exchange by
maintaining the inwardly directed electrochemical potential for H+.
It is now widely agreed that the peritubular entry step in the human kidney, via
electrogenic facilitated diffusion, involves Organic Cation Transporter 2 (OCT2; (100)). The
molecular basis of the luminal step, in which OCs are exchanged for a proton and subsequently
released into the lumen of the tubule, has been more elusive. But in recent years there has been a
growing consensus that the luminal step (the active and rate-limiting step in OC secretion in the
RPT (123)) is mediated by two members of the Multidrug And Toxin Extrusion (MATE) family:
MATE1 (SLC47A1) and MATE2-K (SLC47A2). This study focuses on the selectivity and
physiological mechanisms involved with the influence of MATE transporters on secretion of
Type I OCs in the RPT. But before detailing the current status of MATE transporters and their
role in renal OC secretion, I will briefly describe the current understanding of the OCTs.
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1.4 Basolateral OC Transport – the OCTs
In the RPT cells of the human kidney, OCT2 (SLC22A2) is expressed on the basolateral
membrane. OCT1 was thought to be expressed in the basolateral membrane of the human RPT,
until recent evidence showed that it is expressed, albeit at comparatively low levels, in the apical
membrane (144). In the liver, OCT1 is the major organic cation transporter on the sinusoidal
membranes of canilicular cells (95). The level of expression of each of these proteins in the
kidney (and elsewhere) is very different. Based on protein and mRNA, OCT2 is the predominant
OCT protein expressed in the human kidney, with hOCT1 making up less than 1% of that of
hOCT2 (100). Importantly, there are marked species differences in the expression of OCTs, and
in rat, mouse and rabbit kidneys both Oct1 and Oct2 play a functional role in OC secretion (160).
Oct1 (-/-) knockout mice and Oct2 (-/-) knockout mice showed that OC secretion remains largely
intact when one transporter is eliminated; it was not until a double knockout animal (Oct1 (-/-)
and Oct2 (-/-)) was made that TEA secretion was abolished, thereby showing that (i) Oct
homologs work in concert to secrete OCs in the mouse (ii) and these two processes (in the mouse)
are completely responsible for basolateral TEA secretion (64).
1.4.1 Molecular Characteristics of OCT1 and OCT2
Rat Oct1 was cloned in 1994 by Gründemann, D et al and was the first of the OCT
family, not only to be cloned, but also to be expressed in a heterologous expression system (46).
They named the 556 amino acid protein organic cation transport 1 (rOct1; Slc22a1) and showed
that when expressed in Xenopus oocytes, it had kinetic profiles for prototypical OCs (e.g., NMN)
that were similar to those observed in microperfused RPTs and membrane vesicles from rat
kidney (46; 145). Subsequently, others cloned homologs and orthologs of rOct1 in the human,
rabbit, and other species. In 1997, Koehler, MR et al (74) found the gene locations for hOCT1
and hOCT2 on chromosome 6 and then Gorboulev V et al (44) successfully cloned and
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characterized their basic function in Xenopus oocytes. These findings led to significant advances
in the field of basolateral OC uptake in the RPT cells. Below is a brief summary of key
characteristics of the OCTs:
i.

OCTs are part of the Major Facilitator Superfamily (MFS) of transport proteins. They
have 550-560 amino acid residues with 12 transmembrane spanning domains (TMDs).

ii.

OCTs support electrogenic OC entry across the basolateral membrane or electroneutral
exchange of an OC for an OC (14). Changes in membrane potential affect OCT transport,
influencing both Kt and Jmax (14); however, changes in Na+ and H+ gradients exert no
effect on OCT transport (14).

iii.

The intracellular and extracellular binding regions of the OCTs can have markedly
different affinities for substrates and inhibitors. Experiments with rOct2 have shown that
the non-transported inhibitors, tetrabutylammonium (TBuA) and corticosterone, have a
differential affinity for either the extracellular or intracellular binding surface
(respectively; (43; 111; 155)).

iv.

Human OCT1 and OCT2 (and OCT3) are regulated by the calcium-calmodulin (CaM)
pathway, such that inhibition of this pathway results in decreased affinity of TEA in
hOCT1 and hOCT2-expressing human embryonic kidney (HEK) cells (15; 21; 88).

v.

The promoter for the gene encoding hOCT1 has two DNA response elements for the
hepatocyte nuclear factor, HNF-4α (122). Activation of hOCT1 transcription by HNF-4α
is inhibited by the bile acid, chenodeoxycholic acid (122).

vi.

Renal cortical slices taken from male rats show higher rates of TEA uptake than those of
female rats (12; 151). The presence of testosterone increases expression of rOct2 in the
female rat kidney, whereas expression of rOct2 decreases in the male rat kidney in the
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presence of estradiol (152). There are two androgen response elements in the promoter
region of the rOct2 gene (152).
vii.

Changes in the expression of the OCTs have been observed in pathological conditions.
In 5/6-nephrectomized rats (a model used to simulate renal failure) clearance of
cimetidine is decreased in conjunction with the expression of rOct2 with no changes in
the expression of rOct1, organic anion transporters (Oat) 1 and 3 or Na+/K+-ATPase (63).
Amongst other disease states, diabetes and hyperuricemia are also correlated with
decreases in the expression of the OCTs (47; 48; 139).

viii.

Single nucleotide polymorphisms (SNPs) of hOCT2 and hOCT1 not only influence
transport in heterologous expression systems have also have been linked to changes in
metformin pharmacokinetics in humans (18; 20; 72; 124; 156).

ix.

Crystal structures for E. coli’s lactose permease (LacY) and glycerol-3-phosphate (GlpT)
have given significant insight into the tertiary structures of members of the MFS. The
tertiary structures of these proteins were used to create in silico homology models for
rOct1 and hOCT2 ((111; 179) amongst others) and they confirmed previous findings
about amino acid placement and accessibility to the binding regions of OCTs. Briefly,
seven amino acids implicated in being in the putative binding region of rOct1 were
corroborated by the homology model of rOct1; as well as the accessibility of selected
cysteine residues in the aqueous cleft region, which contains the putative translocation
pathways of OCT1 (130) and OCT2 (109).

x.

In agreement with studies done using native renal preparations, researchers have shown
that OCTs are polyspecific, meaning they can interact with a structurally diverse array of
substrates and inhibitors. Studies that probed the multiselectivity of the OCTs showed
that inhibitors span multiple pharmacological classes. Consequently, rather than rely on
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general, structural class criteria when categorizing these compounds, efforts to establish
the specific molecular determinants of substrate/inhibitor interaction with OCTs have
used so-called molecular ‘descriptors,’ such as lipophilicty, size, charge, flexibility etc.,
as a means to quantify the basis of transporter-ligand binding. Computational analysis of
the molecular determinants of substrate/inhibitor interaction with OCT1 (3; 10) and
OCT2 (131; 181) has been used to generate ‘pharmacophores’, which are in silico models
that describe the molecular features of a drug or ligand, required for recognition and/or
interaction with a biological macromolecule. The OCT pharmacophores have identified
several features necessary (or at least important) for the binding interaction between the
transporters and their ligands, including issues such as placement of hydrophobic mass
relative to a basic nitrogen-containing moiety, in conjunction with the unique shape and
size of the ligand.
In short, studies focusing on the secondary and tertiary structures of the OCTs, their
multispecificity, short and long-term regulation, genetic variations and the molecular
determinants necessary for a compound to interact with the OCTs, have contributed to a
growing body of information about OC secretion. Moreover, these studies have generated
ideas for studying the apical step in this process and how basolateral and apical transport
processes might work together to achieve transcellular secretion of OCs.
1.5 Apical OC Transport – the MATEs
Many studies using native tissues (i.e. isolated renal tubules, tissues, or membrane vesicles)
were able to provide insight on the functional characteristics of the OC/H+ exchanger long before
there was a clear idea of the identity of the protein. A brief outline of the physiological features
of the OC/H+ exchanger developed from these studies is outlined below.
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i.

OC/H+ exchange is present in both the apical membrane RPT cells in the kidney and in
the canalicular membranes of heptocytes in the liver(107).

ii.

In renal brush border membrane vesicles (BBMV), extravesicular H+competively inhibits
OC uptake (cis-inhibition) and intravesicular H+ trans-stimulates OC uptake by
increasing the turnover rate (J max; (163)). Together these findings supported Holohan and
Ross’ initial theories about the OC/H+ Exchanger.

iii.

The OC/H+ exchanger is an obligatory exchanger with a 1:1 stoichiometry for its
substrates, which consequently makes each transport cycle electroneutral (162).

iv.

Whereas the basolateral rate of OC uptake along the length of an isolated rabbit RPT is
relatively constant, the apical efflux step is greatest in early proximal tubule and
decreases along its length (98; 123). Furthermore, the maximal rate of OC transport is
greater in BBMV taken from the outer renal cortex than in those taken from the inner
medulla (while the affinity of both populations of vesicles for OC is similar) (97). These
findings support the contention that the apical step in OC secretion in the RPT is the ratelimiting as well as active step (159).

v.

The apical OC/H+ exchanger interacts with a multitude of OCs and its multispecificity is
comparable to that of OCT2 (146).
This‘physiological fingerprint’ of OC/H+ exchange, which includes (i) expression in the

kidney (and liver); (ii) localization in the apical membrane of RPT cells (and hepatocytes); (iii)
support of OC/H+ exchange; and (iv) broad selectivity for cationic substrates, established the
conditions that had to be met by any transport process(es) suggested to mediate apical OC
transport. Three proteins have been set forth because they fulfilled some of the ‘fingerprint’
requirements. The 'novel organic cation transporters' (OCTNs) 1 and 2 were the first proposed as
OC/H+ exchanger candidates, because of their ability to transport TEA (albeit, with low affinity)
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and their expression in the apical membrane of RPTs (134; 168; 171). Furthermore, Xenopus
oocytes injected with mRNA for OCTN1 showed a transient increase in TEA uptake in the
presence of an initial outwardly directed proton gradient (168; 171). However, OCTN1, though
found in many tissues, is not expressed in the liver (134), and more recent studies showed that
OCTN1 supports a preferential transport of ergothioneine that is stimulated by extracellular
sodium, a functional characteristic completely absent in renal (and hepatic) OC/H+ exchange.
Thus, OCTN1 fails to meet two of the hallmark features of the OC/H+ exchanger. Likewise,
OCTN2 showed some characteristics of the OC/H+ exchanger (expression in the apical membrane
of RPT cells; modest transport of TEA). However, upon further inspection it was discovered that
it is expressed ubiquitously throughout the body and that it too is a Na+-dependent (40; 77; 133;
169) cotransporter, showing a marked selectivity for the zwitterion, carnitine. Consequently, both
OCTN1 and OCTN2 have been dismissed as candidates for the apical OC/H+ exchanger.
The other major candidate protein suggested as being the elusive OC/H+ Exchanger was
Multidrug Resistance Transporter 1 (MDR1) or P-glycoprotein (P-gP). However, its proposed
role in renal OC secretion largely reflected its expression in the apical membrane of RPTs. MDR1
selectivity is strikingly different from that of OC/H+ exchange; it does not interact with most
prototypical Type I OCs (e.g., TEA) and it is currently thought that its main role is in secreting
Type II OCs (Figure 1; (159)).
1.5.1 Molecular Characteristics of MATEs
In 2005, Otsuka et al. proposed that the MATE proteins could be the long sought OC/H+
Exchanger (107). MATEs belong to a family that includes over 800 xenobiotic/sodium or
xenobiotic/proton exchangers expressed in Archaea, Eubacteria and Eukarya (principally plants
and fungi), (106; 107). Otsuka et al., used Vibrio parahaemolyticus’ NorM, a Na+/multidrug
antiporter (the first described member of the MATE family; (107)), as a reference sequence for
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a BLAST search and found mRNA in human liver, kidney, skeletal muscle (and weakly in the
brain and heart), which they named hMATE1 (SLC47A1; (107)). They tested the functional
characteristics of this novel MATE protein and found that HEK cells transfected with hMATE1
supported H+-sensitive electroneutral OC exchange (107). In addition to the discovery of
MATE1, a homologous protein, MATE2 (SLC47A2), was found in the kidney (89). Following
this discovery, Masuda et al, reported a kidney-specific splice variant of MATE2 they called
MATE2-K ('K' referring to the fact that it was only found in the kidney) and a brain-specific
isoform, MATE2-B (‘B’ for brain; (89)). MATE2-K shares 94% sequence homology with
hMATE2 (lacking 108 base pairs in exon 7, resulting in the elimination of 36 amino acids in the
putative cytoplasmic loop between helices 2 and 3; (89)). Functional MATE2-K homologs have
been found in the rabbit kidney (177), and sequence analysis showed the existence of MATE2-K
splice variants in other species as well (81). Rats and mice lack a kidney specific MATE2, and
mice express only Mate1 in the kidney. Mouse Mate2 is restricted to the testis and does not
appear to be an ortholog of rbMate2 or hMATE1 (175). In fact there is phylogenetic evidence
that suggests that “mMate2” should actually be referred to as mMate3 (175).
The MATE1/2-K orthologs that have been cloned in the human, rabbit, rat and mouse all
display the ‘physiological fingerprint’ of the OC/H+ Exchanger. The following is a brief outline
of the general characteristics of MATE1 (and MATE2-K).
i.

Antibodies specific for hMATE1 showed that it is expressed in the kidney and liver
(107); particularly in the apical membranes of RPT cells and in the canilicular
membranes of hepatocytes.

Immunohistochemical studies have also shown that

hMATE2 and hMATE2-K are localized in the RPT (75; 107).
ii. Terada et al, cloned rat MATE1 and found that it shares 79% homology with hMATE1
and that it shares the same functional characteristics as hMATE1 (138). Evidence in this
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study suggested that TEA uptake was decreased as a result of intracellular alkalization,
whereas using nigericin to acidify the intracellular compartments of the cell stimulated
TEA uptake (138). Experiments involving rMATE1 and H+-gradients revealed that an
outwardly directed proton gradient ([H]inside > [H]outside) achieved through
intracellular acidification, stimulated extracellular TEA uptake (141). Lastly, membrane
vesicles from MATE1 expressing cells support concentrative TEA uptake in the presence
of an outwardly-directly proton-gradient, providing critical proof that MATEs support
OC/H+ exchange (141).
iii. Other studies have examined hMATE1’s and hMATE2-K's functional characteristics and
found that HEK cells expressing hMATE1 or hMATE2-K also exhibited the H+ gradient–
dependent antiport of TEA, MPP, cimetidine, metformin, creatinine, guanidine,
procainamide, and topotecan (89), supporting the ‘multiselectivity’ of MATE
transporters.
iv. A recent study from our lab of hMATE1-mediated MPP transport used an efflux protocol
to show that the kinetic interaction of H+ with the extracellular and cytoplasmic faces of
the exchanger is symmetrical (22).
v. A mMate1 knockout mouse created in 2010 showed that metformin clearance was
decreased by 85% in comparison to the wild-type mouse, thus solidifying the significance
of the MATEs in OC secretion in the RPT (140).
1.5.2 MATE Protein Structure & Function
The data accumulated since the 2005 discovery of the MATE proteins in mammals has not
only shown that they match the ‘physiological fingerprint’ of OC/H+ exchange but also that
without them secretion of OC is severely decreased. The field now widely accepts that, in the
human kidney, some combination of MATE1 and MATE2/2-K plays a quantitatively significant
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role in secretion of Type I OCs. However, despite this evidence comparatively little work has
been directed toward understanding the molecular basis of MATE interaction with a broad suite
of clinically important compounds. Such information requires knowledge of the structure of
MATE transporters and the kinetic basis of their interaction with substrates and inhibitors.
Following is a brief summary of the current limited understanding of MATE protein structurefunction relationships.

i.

Members of the MATE family typically have 12 TMDs; however mammalian MATEs
appear, by hydropathy analysis, to have 13 TMDs (Figure 2). This reflects the presence
at the C-terminal end of mammalian MATEs of ~20 hydrophobic amino acids not found
in typical MATE proteins. Zhang X et al provided experimental evidence, using epitope
tagging, site-directed mutagenesis and a thiol-reactive reagent, that rbMate1 has 13
TMDs (179). They confirmed that, as predicted, the N-terminus is in the cytoplasm, but
also showed that the C-terminus of the full length protein is exposed to the extracellular
face of the membrane. Moreover, truncation of the C-terminal hydrophobic sequence
results in a protein with a cytoplasmic C-terminus that retains transport function. Further
studies by Zhang, X et al have shown the same for human and mouse MATE1
(unpublished observation).

ii.

An x-ray crystal structure of a bacterial MATE family member, NorM, was reported in
2010 (53). The NorM crystal structure showed 12 TMDs and was used as a template for
the development of a 3-dimensional homology model of the mammalian MATE1 (Figure
3; (121)).

iii.

Thus far, two conserved cysteine residues (C63, C127) of MATE1 homologs have been
found (refer to Figure 2 orange residues; Figure 3 yellow residues) to influence transport.
C63 and C127 site-directed mutants (of human and rat MATE1) were created and shown
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to support TEA transport, albeit at a markedly reduced rate (in comparison to the wildtype (6)).
iv.

Histidine residues were also examined and while there are 7 conserved across species,
only one appears to be essential, His-385 ((6); refer to Figure 2, blue residues; Figure 3,
purple residues). Experiments with the histidine reactive reagent, diethylpyrocarbonate
(DEPC), showed that TEA transport was inhibited in the wild-type hMATE1 (6).
DEPC’s inhibition of TEA transport could not be reversed in the presence of saturating
concentrations of TEA, which led to the hypothesis that histidines are not within the
substrate-binding site(s) but rather are proton detectors, therefore monitoring the protondriving force (and allowing for the exchange of OC; (6)).

v.

In 2007, Matsumoto et al studied the role of glutamate residues in substrate recognition
by MATE1 and found that four glutamate residues played a critical role in TEA uptake,
E273, E389, E278 and E300 (Figure 2, green residues; Figure 3, red residues (90)). The
authors came to the latter conclusion by making glutamate-to-aspartic acid mutants (thus
retaining glutamate's negative charge but moving the location of the carboxyl group)
(90). Matsumoto el al, also made glutamate-to-alanine mutants and showed that E278A,
E300A and E389A, had no uptake, 48% and 16% of WT uptake, respectively (90). They
showed that glutamate mutants (both aspartic acid and alanine) had different pH profiles,
therefore suggesting that glutamate residues play a critical role in substrate and proton
binding (90).

1.6 Kinetics & Selectivity of MATE Transporters

The data outlined above show that MATEs play a crucial role in the secretion of OCs in the
kidney. Understanding the apical OC exit-step is critical because OCs entering the cell via OCT2
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may be trapped without an OC transporter on the apical membrane of RPT cells, resulting in
cellular accumulation of a compound that could be nephrotoxic. An example of this was outlined
in a recent study that showed that cisplatin, a platinum based cancer therapy drug, accumulates in
the rat kidney causing nephrotoxicity (173), whereas, oxaliplatin, another related platinum based
cancer therapy drug does not show any nephrotoxic effects (173). Interestingly, both platinum
based drugs are transported by OCT2 but only oxaliplatin interacts with MATE1 and MATE2,
suggesting differential selectivities based on substrate structure (173). This is a phenomenon that
has many implications, not only for cisplatin, but for other DDIs and the impact of differing
specificities between OCT2 and MATEs.
Few studies have examined either the kinetics or selectivity of substrate interaction with
human MATE1, and even fewer have looked at hMATE2-K. Furthermore, of the studies that
have focused on human MATE-mediated transport, few have generated kinetic parameter values,
such as Jmax, Kt or IC50 (the concentration of inhibitor that blocks half of the mediated transport,
which the field typically uses to determine a test ligand’s affinity for the processes with which it
interacts). In Tables 1 A-B I compiled all kinetic data for transport, to date, for hMATE1- and
hMATE2-K-mediated OC transport (respectively), listing the values for J max (pmol/min/mg
protein) and Kt (µM). Tables 1C and 1D list the IC50 values that have been determined for
inhibitor interaction with hMATE1 and hMATE2-K. These data prompt a discussion of issues
relevant to the observations I report in this dissertation.
i.

First is simply how few kinetic measurements have been made.

In fact, kinetic

parameters for transport (Tables 1A and 1B) have only been reported for 11 ‘organic
cations,’ and, with the exception of TEA and MPP, all those represent single reports.
Similarly, the kinetics of inhibition of human MATE transporters (Tables 1C and 1D)
have only been determined for a few compounds, and many of the studies that generated
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these data focused on structurally restricted classes of compounds (e.g., the quinolone or
cephalosporin antibiotics). This paucity of data makes it difficult (as noted below) to
draw the broad comparisons required to interpret MATE transport activity within a
physiological, or mechanistic, context.
ii.

The second issue involves the several different conditions used in the experiments that
generated these data. For example, whereas some measurements were conducted at 37ºC,
others used room temperature, thereby making it difficult to compare rates of transport.
Of greater significance, however, is the range of pH conditions used in different studies.
Hydrogen ion is a substrate for the MATE transporters, and both the apparent affinity and
the rate of transport are sensitive to the external and internal H+ concentration and to the
direction of H+ gradients across the membrane (22; 164). Studies of MATE-mediated
transport (uptake) frequently maximize the rate of transport by acidifying the cytoplasm,
typically by using the standard ‘ammonia pulse’ method (e.g., (136)). Others maximize
transport by decreasing extracellular H+ concentration (thereby reducing the cis-inhibition
produced by competitive interaction of H+ with the transported test substrate; (22)). Both
approaches ‘suffer’ from the fact that neither reflects the normal physiological condition.
However, it must be noted that the normal physiological mode of MATE transport
activity is the mediation of OC efflux; all the kinetic values reported in Tables 1A and 1B
reflect the results of measurements of substrate uptake. The point to emphasize here is
that Kt values (and IC50 values reported in Tables 1C and 1D for hMATE1 and hMATE2K, respectively) are particularly sensitive to the extracellular pH; apparent affinities
measured at elevated pH will be higher (i.e., Kt/IC50 values will be lower), compared to
those measured at physiological pH (i.e., ~7.4). I will discuss this issue again when I
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outline the experimental conditions I used, and interpretation of the results gained, in my
studies.

1.7 Role of MATEs in Renal OC Secretion - Specific Aims

There is, currently, a minimal understanding of the structure of mammalian MATE proteins
and, therefore, no basis to predict the extent to which putative substrates or inhibitors will
interact. Owing to the growing consensus of the critical role played by MATE proteins in
mediating renal secretion of cationic drugs, there is a substantial need to understand the molecular
basis of ligand interaction with MATE transporters. The goals of this project are to establish the
selectivities of hMATE1 and hMATE2-K as critical elements for developing predictive models
for ligand interactions. The removal of potentially toxic OCs is critical to maintaining overall
health and therefore an understanding of the processes that allow the kidneys to do so will
enhance the physiological understanding of DDIs and the development of nephrotoxicity. In this
dissertation I address two specific aims regarding the cellular and molecular physiology of human
MATE transporters:

1.

Develop predictive models of ligand interactions for hMATE1 and hMATE2-K,
to facilitate future modeling of the pharmacokinetics of drug secretion and
prediction of unwanted DDIs.

2.

Establish the kinetic mechanism(s) of ligand interaction with MATE
transporters; and the extent to which inhibitory ligands also serve as
transported substrates of MATE transporters.

Pharamcophore development will be used to address Specific Aim 1. A brief history of
pharmacophores and their applications is outlined in the following section (1.8). A modified
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version of the competitive exchange diffusion (CED) method will be used to address aspects of
Specific Aim 2. An outline of the CED method and its applications is presented in section 1.9.
1.8 Predictive Models: Use of Pharmacophores
The development of a pharmacophore model of ligand interactions requires compiling a
large data set of numbers that have a sufficient degree of ‘internal consistency’ to justify
quantitative correlations/comparison to be made. Therefore, the values in the literature cannot be
used; not only because they lack internal consistency but also because so few values exist. It is
just such analyses that will be required to develop predictive models of ligand interaction of the
type that can be derived from generation of pharmacophores, as described below. Researchers
have long tried to find correlations between molecular descriptors such as charge, size,
hydrophobicity etc., and biological activity with a given protein or enzyme. Some studies have
been successful in finding such correlations. In fact in a study done with microperfused intact
tubules Ulrich K et al, observed a strong correlation between ‘biological activity’ (Ki) and pKa
values for a set of OCs (145). Unfortunately, this approach has not always been useful or reliable
for complex experimental systems that express multiple transporters or for proteins that interact
with structurally diverse group of compounds. In Ullrich’s work, for example, we now know that
the results he reported involved interactions with at least two basolateral OC transporters (OCT1
and OCT2); and the marked correlation between Ki and pKa was probably influenced by the
structurally restricted range of compounds included in the study. The renal secretory pathway for
OCs interacts with compounds that have a multitude of relevant molecular descriptors and
therefore an approach that focuses on single descriptors is likely to be undependable. Recently, a
method that utilizes the multitude of molecular descriptors available, in conjunction with
empirically generated affinity values, has been created. Computer-driven computational methods
seek correlations between a functional parameter (e.g., Km, Ki, or IC50 values) and a vast array of
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'steric and electronic features' to generate an in silico predictive model, a ‘pharmacophore,’ for
interaction of ligands with a given protein, receptor, enzyme or anything else with a binding site
or surface. The International Union of Pure and Applied Chemistry (IUPAC) defines a
pharmacophore as “an ensemble of steric and electronic features that is necessary to ensure the
optimal supramolecular interactions with a specific biological target and to trigger (or block) its
biological response” (158). Pharmacophores are now used to screen large drug databases and
predict interactions and identify novel substrates or inhibitors. Below, I have highlighted some
relevant pharmacophore findings for proteins and transcriptional factors involved in the handling
of xenobiotics and drugs in the human, as an entree to the type of approach my own work has
used.

i.

Cytochrome P-450 enzymes have been popular targets for pharmacophore analysis. One
of the first dates back to 1998, when Ekins S et al, used 3-Dimensional Quantitative
Structure Activity Relationships (3D-QSAR) to study the cytochrome P-459 2B6 enzyme
(CYP2B6; (29)). In this study they found for the first time robust and reliable predictions
about the molecular basis of ligand interaction with CYP2B6 (29). They determined that
the size, positive electrostatic potential, hydrogen bonding acceptor capacity and
hydrophobicity of putative ligands were the most relevant descriptors of effective
interaction with 2B6 (29).

ii.

The same group also studied cytochrome P-450 3A4 (CYP3A4) and the relationship
between a suite of molecular descriptors and experimentally observed K i values for a
‘training set’ of test inhibitors. The resulting quantitative pharmacophore (28) produced
calculated Ki values with a correlation (r value) of 0.91, providing a powerful validation
of the method (28).
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iii.

Using the CYP3A4 pharmacophore Ekins S et al also identified, for the first time, novel
hydrophobic compounds that interacted with CYP3A4‘s active sites to stimulate its
metabolic sites, thus stimulating metabolism (30).

iv.

Pharmacophores have also been created for transcriptional factors such as Pregnane X
Receptor (PXR), which regulates expression of xenobiotic metabolism and transporter
genes. PXR was theorized to be stimulated by azoles binding to its activation site and
therefore a series of imadazoles, steroids and other experimental compounds were used to
generate a pharmacophore (31). The pharmacophore generated for PXR was used to
identify a novel steroidal agonist binding site and found several PXR agonist and
antagonist binding sites (31). Indeed, it is the ability of a pharmacophore to interrogate
external databases of structural information and identify novel ligands that has proven to
be one of the great advantages of this analytical approach to understanding ‘selectivity.’

v.

Many projects have focused on predicting interaction with the Multidrug Resistance
transporter, MDR1 (or ‘P-gp’, for P glycoprotein), due to its promiscuous interactions
with many clinically relevant compounds. However, finding correlations or methods to
predict interactions was difficult. Using data available in the literature, in addition to new
in vitro data, computational methods predicted that verapamil, vinblastine and digoxin
have overlapping binding sites on P-gp (34). Verification of this prediction used four
different modeling approaches and three different cell lines (e.g. epithelial colorectal
adenocarcinoma (CaCo-2) cells and Lilly Laboratories Cell-Porcine Kidney (LLC-PK1)
to show that the original findings were valid and not an artifact of the specific cell lines
and/or methods used (33), an observation that supports the utility of heterologous
expression systems in the study of ligand-protein integration.
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vi.

Zolk and collegues, recently developed a pharmacophore for human OCT2 using 25 high
affinity inhibitors of [3H] MPP (181). They did show a significant correlation between a
single descriptor, topological polar surface area (TPSA), and IC50 values (r=0.71,
p<0.0001), suggesting a relationship between the hydrophobicity of a compound and its
affinity for hOCT2 (181).

More importantly, the multiple descriptor-based hOCT2

pharmacophore they developed led to the discovery of two key structural features
(separated by 5 Å): (1) an ionizable feature and (2) a hydrophobic aromatic site (181).

In summary, pharmacophores have a host of different applications and are powerful tools
for identifying novel ligands and predicting interactions with binding sites/surfaces. More
relevant to this study, however, is determining which molecular descriptors are important for
interactions with transport proteins that mediate OC secretion.

1.9 Competitive Exchange Diffusion
To address the Second Aim of this dissertation (establish the kinetic mechanism(s) of
ligand interaction with MATE transporters; and the extent to which ligands serve as transported
substrates of MATE transporters), I elected to use the ‘competitive exchange diffusion’ (CED)
protocol outlined by Lacko and Burger in the 1960’s (78). CED can be used to indirectly
determine what compounds are substrates and which compounds are simply inhibitors of the
MATEs using the following steps:
i.

Incubate cells with a substrate of choice (i.e. [3H]MPP; which can be called
“X*”) known for interaction with the membrane protein of interest, until steadystate accumulation is achieved (i.e. intracellular capacity is at its maximum).
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ii.

Remove the labeled compound (X*) and add solution with an equal
concentration of compound X* and an unlabeled test compound (Y; i.e. another
OC, such as metformin) and allow the new buffer to incubate.

iii.

Finally, measure how much compound X* is left inside the cells to determine if
compound Y trans-stimulates efflux of intracellular compound X*; a decrease in
X* content indicates that it was exchanged for compound Y, which consequently
shows that compound Y is a substrate. If, however the cellular content of
compound X remains the same as that of control (buffer with compound X*
only) then it can be assumed that compound Y either does not interact with the
membrane protein or that its interaction with the transporter is restricted to
inhibition.

Ideally, one determines which compounds are substrates versus inhibitors by using a
radiolabeled form of a compound to directly measure transport, but unfortunately comparatively
few OCs are available in their radiolabeled form and some of the ones that are, are extremely
costly; thus the CED method allows for the measurement of trans-stimulation such that a
compound can be confirmed as either ‘transported’ or ‘not transported’.
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ORGANIZATION OF UPCOMING CHAPTERS
Chapter 2 describes materials and methods used to complete this dissertation. Chapters 3-5 are
data chapters each containing background, results and discussion sections. Chapters 3 focuses on
pharmacophore development and addresses Specific Aim 1. It also presents the work included in
the manuscript Molecular Characterization and Quantitative Structure Activity Relationships for
Inhibition of human MATE1 and MATE-2K, by Bethzaida Astorga, Sean Ekins, Mark Morales
and Stephen H Wright (in submission). Chapter 4 describes my assessment of the complex
binding surface of hMATE1 and addresses portions of Specific Aim 2. Chapter 5 presents
experiments done with hMATE2-K and the CED technique, describing a method to test if
inhibitors of MATE can also serve as transported substrates. This chapter also addresses portions
of Specific Aim 2. The last Chapter (6) provides an integrated discussion of conclusions and
future directions given the findings presented in this dissertation.
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CHAPTER 2
MATERIALS AND METHODS

2.1 Chemicals
Platinum® High Fidelity DNA polymerase, Zeocin, Hygromycin, Flprecombinase
expression plasmid (pOG44), Chinese hamster ovary cells containing a single integrated Flp
Recombination Target (FRT) site (CHO Flp-In), and the mammalian expression vector
pcDNA5/FRT/V5-His TOPO were obtained from Invitrogen Corporation (Carlsbad, CA). Ham’s
F12 Kaign’s modification cell culture medium was obtained from Sigma Chemical (St. Louis,
MO), as were the test inhibitors of MATE transport activity. [ 3H]1-Methyl-4-phenylpyridinium
([3H]MPP; 80 Ci/mmol) was synthesized by the Department of Chemistry and Biochemistry,
University of Arizona, [14C]Metformin was purchased from Moravak Biochemicals (Brea, CA)
and [14C]Mannitol (58.8 mCi/mmol) was purchased from PerkinElmer. All drugs and other
chemicals were purchased from Sigma (St. Louis, MI) and were of the highest quality available.
2.2 Cell Culture and Stable Expression of hMATE1 & hMATE2-K
Chinese Hamster Ovary cells (CHO) containing the Flp recombination target site were
grown in Ham’s F12 Kaighn's modification medium supplemented with 10% fetal calf serum and
100 µg/ml Zeocin.

Cultures were split every 3 days.

5 x 106 cells were transfected by

electroporation (BTX ECM 630, San Diego; 260 volts and time constant of ~25 ms) with 10 μg
of salmon sperm, 18 μg of pOG44, and 2 μg of pcDNA5/FRT/V5-His TOPO containing either a
hMATE1 or hMATE-2K construct. Cells were seeded in a T-75 flask following transfection and
maintained under selection pressure with hygromycin (100 µg/ml) for at least 3 weeks before use
in transport studies.
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2.3 Transport by hMATE1- & hMATE2-K Expressing CHO Cells
CHO cells expressing hMATE1 or hMATE2-K were grown to confluence in multi-well
(typically 24-well) plates. The general transport protocol was as follows (modifications of this
procedure used in specific studies are described with the presentation of those results). Prior to
transport experiments, the media was aspirated and the cells rinsed twice with room temperature
Waymouth buffer (WB) containing in mM: 135 NaCl, 28 D-glucose, 5 KCl, 1.2 MgCl2, 2.5
CaCl2, 0.8 MgSO4, and 13 HEPES-NaOH, pH 7.4. Transport was measured at room temperature
(~23-25oC) and was initiated by adding transport solution containing WB with (typically) 1
Ci/ml of radiolabeled compound (e.g., [3H]MPP). Since initial experiments showed that uptake
of [3H]MPP was linear for ~15 min, 5 min uptakes were used to approximate the initial rate of
transport of that substrate. After the transport period, the solution was aspirated and the wells
were rinsed three times with 1 ml of ice-cold WB. The cells were solubilized in 0.2 ml of 0.5N
NaOH with 1% SDS (v/v), and the resulting lysate was neutralized with 0.1 ml of 1N HCl.
Accumulated radioactivity was determined by liquid scintillation spectrometry (Beckman model
LS3801).

Individual transport observations were typically performed in duplicate for each

experiment, and observations were usually confirmed, at least three times, in separate
experiments using cells of a different passage.
2.4 Real-Time Quantitative-PCR
Total RNA was isolated from human cortical tissue (obtained from cadavers via the
International Institute For The Advancement of Medicine) using RNA later (Ambion) according
to the manufacturer's protocol and reverse transcribed using the general procedure we employed
in previous studies (QuantiTect Reverse Transcription, QIAGEN; (67; 85; 178)). The extracted
RNA was dissolved in diethylpyrocarbonate-treated water and then quantified by measuring the
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absorbance at 260 nm. RNA (5 µg) was resolved on 1.5% formaldehyde-agarose gel to assess
RNA integrity. Real-time quantitative PCR on the resulting cDNA was carried out using an ABI
7300 Real-Time PCR System and TaqMan gene expression primers and probes (Applied
Biosystems).

Standard curves were created using linearized purified plasmid DNA for the

candidate transporters. DNA concentrations were measured using the BioPhotometer 6131, and
dilutions of purified plasmid DNA from 10-2 to 10-8 were used in triplicate PCR reactions using
the same mix and cycling procedures as with the RT product, producing a standard curve for each
transporter. The Rotor Gene Analysis Software V6.0 was used to analyze the PCR results.
2.5 Immunohistochemistry
Surgically removed kidney specimens were immediately put on ice and fixed overnight
by immersion in 2-4% paraformaldehyde at 4º C. The samples were rinsed in PBS for 2-3
minutes and dehydrated in ethanol (in series 50%, 70%, 80%, 95% and 100%) for 30 minutes.
The specimen blocks were then immersed in SPURR resin diluted in ethanol (1:1) for 24 hours at
room temperature. The following day the samples were immersed in 100% SPURR for 48 hours
at 4 C. Lastly, the kidney blocks were embedded in SPURR (100%) overnight in an oven at 60
C. Serial sections from plastic embedded blocks, cut by the University of Arizona's histology lab,
were used to determine expression of hMATE1 and hMATE2-K.

Specimens were washed with

PBS for 2 minutes at room temperature and then blocked with 10% goat serum for 30 minutes at
room temperature in a humidified chamber. Primary antibodies for hMATE1 (diluted 1:200 in
10% goat serum; generously donated by Yosinori Moriyama Okayama University Dentistry &
Pharmaceutical Sciences Graduate School of Medicine Okayama-shi, Japan) or hMATE2-K
(diluted 1:100 in 10% goat serum; generously donated by Ken-ichi Inui Kyoto University
Hospital Department of Pharmacy, Kyoto, Japan) were applied and left overnight at 4°C, in a
humidified chamber. The slides were gently shaken, ensuring that the reagents did not come off
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the slides. The following day each slide was washed 3 times for 5 minutes at room temperature
to remove any residual primary antibody. The fluorescently labeled secondary antibody (e.g.
Donkey anti-rabbit labeled with FITC) at a 1:500 dilution (diluted in 10% goat serum) were then
applied for 1 hour at room temperature, while shaking (in the dark). The secondary antibody was
removed and the slide was subsequently washed with PBS 3 times for 5 minutes each. The
nuclear stain, TO-PRO3 was applied for 5 minutes and followed by 3 washes for 5 minutes
each. The slides were then mounted with a cover slip with DAKO mounting medium.
2.6 Computational Modeling
A common features pharmacophore was developed using Accelrys Discovery Studio vers
2.5.5. (San Diego, CA) following the approach taken previously with other transporters (25; 26).
Template molecule structures were downloaded from ChemSpider (www.chemspider.com), and
conformer generation was carried out using the CAESAR algorithm applied to the selected
template molecules (maximum of 255 conformations per molecule and maximum energy of 20
kcal/mol).
2.6.1 3D-QSAR Development Using the Hypogen Method in Discovery Studio
hMATE1 IC50 values were used as the measure of biological activity. In the HypoGen
approach (10; 34) ten hypotheses were generated using hydrophobic, hydrogen bond acceptor,
hydrogen bond donor, and the positive and negative ionizable features, and the CAESAR
conformer generation method was used. After assessing all generated hypotheses, the hypothesis
with lowest energy cost was selected for further analysis, as this model possessed features
representative of all the hypotheses and had the lowest total cost. The total energy cost of the
generated pharmacophore was calculated from the deviation between the estimated activity and
the observed activity, combined with the complexity of the hypothesis (i.e. the number of
pharmacophore features).

A null hypothesis, which presumes that there is no relationship
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between chemical features and biological activities are normally distributed about their mean,
was also calculated. Therefore, the greater the difference between the energy cost of the generated
and null hypotheses, the less likely the generated hypothesis reflects a chance correlation. Also,
the quality of the structure-activity correlation between the predicted and observed activity values
was estimated via correlation coefficient.
2.6.2 Quantitative Model Update With Variable Weights and Tolerances
Hydrogen bond acceptor, hydrogen bond donor, hydrophobic, positive ionizable and
negative ionizable features were selected for model building (again using CAESAR for
conformation generation). Variable weights and tolerances were employed and a maximum of 10
pharmacophores were selected. The pharmacophore with the best correlation (lowest RMS error)
was used for further analysis.
2.7 Statistics
Data were analyzed using Prism (GraphPad Software). Statistical tools such as paired ttest or unpaired t-test were applied according to the nature of each data set.
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CHAPTER 3
MOLECULAR CHARACTERIZATION & QUANTITATIVE STRUCTURE ACTIVITY
RELATIONSHIPS FOR INHIBITION OF HUMAN MATE1 & MATE-2Ka

3.1 Background
One of the main physiological functions of the kidneys is to clear the body of a multitude
of structurally diverse organic compounds, the majority of which are xenobiotic, i.e., of
exogenous origin.

These include plant-derived compounds found in typical diets and,

increasingly, synthetic pharmaceuticals of substantial clinical relevance.

So-called ‘organic

cations’ (OCs), i.e., molecules that carry a net positive charge at physiological pH, are a
particularly significant subset of this group of compounds as they make up about 40% of all
prescribed drugs (e.g., cimetidine, procainamide, pindolol and metformin) (103). Classic studies
dating back to 1981 outlined what remains the basic cellular model of renal OC secretion: the
sequential activity of (i) an electrogenic organic cation transporter on the basolateral membrane
and (ii) an electroneutral OC/H+ exchanger on the luminal membrane of renal proximal tubule
(RPT) cells (57). Over the next 15-20 years, data gathered using in vivo stopped-flow tubular
microperfusion, isolated single RPTs, cultured renal epithelial cells, and isolated membrane
vesicles, characterized the activity of these two functionally distinct processes (112; 113).
Identification of the molecular basis of the basolateral “entry” step followed the cloning of
organic cation transporter 1 (OCT1) in 1994 (46), and there is now a broad consensus that, in the

Contents of this chapter were submitted for publication as ‘Bethzaida Astorga, Sean Ekins, Mark
Morales and Stephen H Wright. Molecular Characterization and Quantitative Structure Activity
Relationships for Inhibition of human MATE1 and MATE-2K. Am. J. Physiol. Renal Physiol.,
during preparation of this dissertation.
a
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human kidney, basolateral OC transport is dominated by activity of organic cation transporter 2,
(OCT2; (100; 160)).
The molecular basis of the apical element in renal OC secretion, i.e., OC/H+ exchange,
proved to be more elusive. Until recently, there were no viable candidates for the molecular
identity of the apical OC/H+ exchanger, despite the fact that it is recognized as being both the
active and rate-limiting step in renal OC secretion (98; 123; 161). Then, in 2005, Otsuka et al
performed a BLAST search of the human and mouse genomes using the sequence of NorM (a
Na+/multidrug antiporter from Vibrio parahaemolyticus), a member of the newly described
Multidrug And Toxin Extrusion, or MATE, family of transport proteins (107). They identified
two novel sequences, which they called MATE1 and MATE2. Functional characterization of
hMATE1 led to the suggestion that it could be a component of the long sought OC/H + exchange
activity of the luminal membrane of RPT cells and hepatocytes (107). Masuda et al (89)
subsequently found a kidney-specific splice variant of MATE2 they called MATE2-K that
displayed the same “physiological fingerprint” of apical OC transport, as that of MATE1; both (i)
were highly expressed in the kidney; (ii) were localized to the apical membrane of RPT cells; (iii)
supported OC/H+ exchange; and (iv) mediated transport of several prototypic OC substrates.
Tanihara et al (136) extended the latter observation, showing that MATE1 and MATE2-K both
support mediated uptake of at least 12 structurally diverse radiolabeled OCs. The quantitative
link between MATE activity and renal OC secretion became evident in the observation that
elimination of Mate1 significantly reduced renal clearance of metformin (143) and cephalexin
(157) in mice.
Despite increasing evidence that MATEs represent the rate-limiting step in OC secretion,
virtually nothing is known about key parameters that may assist in the prediction of unwanted
drug-drug interactions DDIs. Indeed, the quantitative profiles of selectivity for neither MATE
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transporter have not been established, nor have the molecular determinants that define the basis of
interaction of potential substrates and/or inhibitors of the MATEs been determined to date.
Nevertheless, there is interest in understanding the role of OC transporters, including MATEs, in
(DDIs; (36)). For example, therapeutic doses of cimetidine retard the renal elimination of
procainamide (126; 127) and metformin

(128). In addition fexofenadine (antihistamine drug),

which is taken into the RPT cell via Organic Anion Transporter 3 (OAT3) and secreted into the
tubular lumen by MATE1, is significantly inhibited by probenecid at the entry step (OAT3) and
by cimetidine at the exit step (MATE1); showing that there are multiple potential sites for DDIs
in the RPT (91). Moreover, the clinical cost of DDIs is substantial and responsible for about 1%
of hospital admissions (almost 5% in elderly populations; (8)). Thus, understanding the transport
mechanisms that underlie the processes of renal and hepatic OC clearance is particularly relevant
to efforts to predict and pre-empt the unwanted outcomes of drug exposure.
Previously, combining in vitro data with computational modeling of transporters
including OCT1 and OCT2 enabled the development of pharmacophore and quantitative structure
activity relationships (QSARs) which facilitated an understanding of the likely structure activity
relationships for each transporter (10; 131). More recently computational models of transporters
have been used for searching a subset of FDA approved drugs to suggest additional compounds
for testing to discover novel inhibitors for hPEPT1 (32; 79), P-gp (17), OCTN2 (25; 26) and
ASBT (180). These methods included pharmacophores and Bayesian approaches and generally
had good levels of predictability. In the current study we have taken the approach of using
multiple sequential rounds of pharmacophore development and searching of a more
comprehensive set of FDA drugs in order to (i) characterize the relative selectivity of MATE1
and MATE2-K toward a set of clinically important OCs; (ii) develop initial predictive models of
their selectivity; and (iii) identify novel inhibitors of these MATE1 and MATE-2K processes.
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3.2 The Kinetics of MPP and H+ Interaction With hMATE1 & hMATE2-K
The kinetics of MATE1- and MATE2-K-mediated MPP transport (Fig. 4A, 4B) were
described by the Michaelis-Menten equation for competitive interaction of labeled and unlabeled
substrate (87).

J* 

Jmax [S*]
 Dns [S*]
K tapp  [S*]  [S]

eq. 1

where J* is the rate of transport of the radiolabeled substrate (in this case, [ 3H]MPP) from a
concentration of the labeled substrate equal to [S*]; Jmax is the maximal rate of mediated substrate
transport; Ktapp is the apparent Michaelis constant of the transported substrate; [S] is the
concentration of unlabeled substrate; and Dns is a rate constant that describes the nonsaturable
component of labeled substrate accumulation (reflecting the combined influence of diffusion,
nonspecific binding, and incomplete rinsing of [3H]MPP from the cell culture well). In four
separate experiments Kt for MATE1 and MATE2-K were 4.70 ± 0.55 µM and 3.30 ± 0.19 µM,
respectively; with Jmax values of 2.14 ± 0.12 and 1.86 ± 0.65 pmol/(cm-2 x min), respectively.
Expressed per mg of membrane proteins, these J max values become 21.4 and 18.6 pmol mg-1 min-1
for MATE1 and MATE2-K, respectively.
There are very few values for the J max and Kt of MPP transport in MATE1 and MATE2K-expressing cells in the literature. In comparison to data reported by others, our K t values fall
within range (refer to Table 1); however our Jmax differ by a factor of ~35. Taking a wider look at
the literature reveals, some interesti,ng comparisons. Tanihara et al for instance, studied hMATE1
expressed in HEK 293 cells, and they reported a Jmax values of 740 pmol mg-1 min-1 (compared to
our value of approx. 20 pmol mg-1 min-1; (136)). Similarly, reported Kt values for hMATE2-K-
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mediated MPP transport are between 94-110 µM, with a J max of 575 pmol mg-1 min-1 (89; 136),
compared to our hMATE2-K values of ~4 μM and ~20 pmol mg-1 min-1. Interpreting the basis
for the differences in kinetic values reported here and those reported in previous studies is
complicated by the fact that our experiments and those of other studies typically used rather
different experimental conditions, including a different cell expression system (HEK 293 versus
CHO), different incubation temperatures (37oC versus room temperature), and an external pH of
7.4 under ‘ammonia pulse’ conditions of intracellular acidification (versus our use of an external
pH of 8.5). The 20- to 30-fold differences in J max most likely represents the combined influence
of (i) different temperatures; (ii) the large intracellular acidification employed in the other studies
noted above; and (iii) the different cell lines used to perform the measurements. By this, we do
not mean CHO cells verses HEK 293 cells as the expression system; we have compared the
kinetics of MPP transport and the inhibitory profiles of selected test agents in both CHO cells and
HEK 293 cells that express hMATE1 and found both Kt and Jmax values to be comparable
(unpublished observations). Rather, we are referring to our use of the Flp-recombinase system of
stable transfection that results in insertion of a single copy of the MATE DNA sequence, into the
cell genome. Studies by Otsuka and Tanihara (and others) typically have used the highest
expressing cells arising from selection for antibiotic-resistance following traditional transient
transfection, a method that can result in stable expression of multiple copies of the selected
transporter.

Thus the difference in J max between our studies and those in previous studies

probably is due to differences in MATE expression level. K t values, on the other hand, ought to
be independent of expression level and, therefore, there is a reasonable expectation that K t values
measured by different groups should be reasonably comparable. But, as noted the sample size for
comparison is small. In one study (136), the Kt for hMATE1-mediated MPP transport was 100
µM, much larger than ours, whereas in another study, the reported value was 16 µM (89), which
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is quite comparable to ours (once difference in external pH is taken into account). We will have
more opportunity during our discussion of the kinetics of MATE inhibition to draw comparisons
with other reports in the literature.
Of course, it is also important to note that MATEs are sensitive to the intra-and
extracellular concentration of protons and therefore we characterized the kinetics of H + inhibition
of [3H]MPP uptake. We previously showed that elevated concentrations of H+ in the extracellular
solution inhibit transport mediated by hMATE1 (22). Figure 4C,D compares the pH sensitivity of
MPP transport mediated by hMATE1 and hMATE2-K. As anticipated, transport activity of both
proteins was inhibited by increasing concentrations of H+ in the extracellular solution, and was
described by the following relationship:

J* 

Japp [S*]
IC50  [H ]o

 Dns [S*]

eq. 2

where Japp is the product of the maximum rate of S* (i.e., [3H]MPP) uptake (Jmax) and the ratio of
the Ki of H+ and Kt for MPP transport; and IC50 is the concentration of [H+]o that reduced
mediated (i.e., blockable) [3H]MPP transport by 50%. In 3 experiments, the IC50 for H+-inhibited
hMATE1-mediated MPP uptake was 19.6 ± 0.71 nM (pH 7.7, n = 3), similar to the value of 12.4
nM reported previously (22).

MATE2-K proved to be substantially more sensitive to H+,

displaying an IC50 value of 3.5 ± 0.55 nM (pH 8.5, n=3).
The physiological profile of luminal OC transport in native RPT cells H+ has long been
known to include a functional interaction with H+. In renal brush border membrane vesicles,
external (cis) H+ acts as a competitive inhibitor of OC interaction with the external face of the
exchanger (163), consistent with the results in Figure 4C,D, and with the previous observation
(22) that inhibition of MATE1-mediated MPP transport produced by external H+ is largely
competitive in nature. Similarly, the hallmark of luminal OC transport in RPT is the stimulatory
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effect on OC transport of an oppositely-oriented H+ gradient (70), an effect shown in work with
renal BBMV to reflect an increase in the turnover number of the OC/H+ exchanger produced by
trans H+ gradients (165). Acknowledging that changes in both intra and extracellular pH exert
direct and marked effects on the kinetics of MATE-mediated OC/H+ exchange introduces the
issue of how best to probe the mechanism of ligand interaction with MATE transporters. Because
rates of MATE-mediated uptake are comparatively low when the extracellular pH is 7.5 or less
(Figure 4B; (107; 142; 177)), many studies have employed the ‘ammonia-pulse’ method to
acidify the cytoplasm, thereby creating an outwardly-directed pH gradient and a stimulation of
OC uptake (68; 89; 105; 107; 136; 172). However, the acidification of the cytoplasm following
an ammonia pulse is generally short-lived and constantly changing (22) during the several minute
time courses used to measure the rate of MATE-mediated transport, and these ill-defined
conditions complicate the interpretation of kinetic measurements. Consequently, we elected to
maximize control rates of MATE-mediate transport by running all transport experiments at an
external pH of 8.5.

Importantly, we previously showed that cytoplasmic pH is effectively

constant (at a pH of 7.5-7.6) during exposure to an external pH of 8.5 (22), so transmembrane H+
gradients are both (i) outwardly-directed) and (ii) unchanging during transport measurements.
Furthermore, the interaction of H+ with MATE transport activity appears to be effectively
restricted to that of a competitive ligand (22). We suggest that the rank-order of ligand selectivity
at pH 8.5 and 7.4 is similar, if not identical, for the two transporters, as supported by the similar
rank order of uptake ratios for transport of a structurally diverse set of organic cations into
hMATE1 and hMATE2-K at these two pH values (136). However, given the apparent pKa values
for the two MATE transporters the absolute IC50 values for inhibition of MATE1 and MATE2-K
activity measured at pH 8.5 can be expected to underestimate the values anticipated at pH 7.4, by
approximately 3- to 6-fold, respectively.
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3.3 Inhibitory Selectivity of hMATE1 and hMATE2-K: Test Set Selection
The test compounds were selected to represent a structurally diverse collection of drug
and drug-like compounds, the intention being to interrogate the complex chemical space expected
to influence interaction with the binding regions of multiselective organic cation transporters, i.e.,
MATE1 and MATE2-K. Predominating the profile of test compounds were weak bases and
cations; neutral compounds or those having a net negative charge at physiological pH were
largely excluded. This ‘bias’ toward cations reflected the existing database from the early
literature on transport in isolated renal membranes (56; 57) and in intact renal tubules (23; 92),
and from more recent work with MATE transporters (136), showing that cationic charge is a key
criterion of ligand interaction with these processes (a conclusion supported by the present study,
as documented below).

Indeed, it was a specific goal of this study to identify molecular

determinants of interaction of organic cations with MATE1 and MATE2-K. The final battery of
compounds included 23 from the list of compounds generated by Ahlin et al. (3), in their study of
selectivity of OCT1; 13 compounds selected because of previous evidence of their interaction
with OC/H+ exchange activity in either native renal membranes, intact tubules, BBMV or
heterologous expression systems expressing MATE1 or MATE2-K (45; 61; 73; 99; 115; 116;
174); and 23 compounds selected from lists of target ‘hits’ from databases of compounds that
were interrogated by the pharmacophore model(s) developed during the course of this study. The
final collection of test inhibitors included 59 compounds (Table 2 for hMATE1 and hMAT2-K).
Figure 5 shows the range of inhibition of MATE-mediated transport activity produced by
our battery of 59 test compounds. At 10 M, MPP transport was reduced by ≥50% by 20
(MATE1; 5A) or 14 (MATE2-K; 5B) of these compounds. Figure 6 shows inhibitory profiles
against transport activity of MATE 1 and MATE2-K produced by four compounds (quinidine,
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agmatine, nialamide and allopurinol) selected to emphasize the spectrum of inhibitory
effectiveness of our battery of test agents, with IC50 values (determined using equation 2) that
ranged from micromolar (e.g., quinidine), through micromolar (e.g., nialamide), to no effective
interaction at all (e.g., allopurinol). Table 2 lists the IC50 values (as measured at pH 8.5, and as
calculated for pH 7.4) for all 59 compounds used to inhibit transport activity of one or both
MATE transporters.
The current database on selectivity of human MATEs is sufficiently sparse that it is
difficult to compare our observations with those in the literature.

Nevertheless, a few

comparisons are noteworthy for their rather close agreement with the observations reported here.
The antimalarial drug, pyrimethamine (PYR), the highest affinity inhibitor in the present study
(Table 2), was reported to have an IC50 of 93 nM against hMATE1-mediated metformin transport
(76), very similar to the IC50 value we predicted for inhibition at pH 7.4 (IC50pH7.4) of MATE1mediated MPP. Also, both hMATE1 and hMATE2-K support transport of the antidiabetic drug,
metformin, with Kt values of 238 μM (94) and 1.1 mM (89), respectively, not unlike the
calculated IC50pH7.4 we measured here (123 µM and 581 µM). But not all the comparisons of the
present observations correspond so closely to those observed in previous studies. Tacrine for
example has IC50s of 0.6 µM and 1.1 µM in hMATE1 and hMATE2-K expressing CHO cells
(respectively); however, literature values for tacrine inhibition of 4-4-dimethlamino-styryl)-Nmethyl-pyridinium (ASP) are 1.1 µM and >100 µM (respectively; (73)). The experimental
conditions used in the aforementioned study varied from those employed here (i.e. HEK-293 cells
at pH 7.4) and could account for some of the difference. However, it is more plausible that these
differences are due to the use of MPP versus ASP (73). Tacrine inhibition of MPP may utilize a
different transport pathway from tacrine inhibition of ASP and, therefore, result in the observed
100-fold difference in affinity for hMATE2-K expressing cells.

The MATEs may display
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‘mixed-type inhibition’ (for either MPP or ASP), where tacrine inhibits MPP or ASP transport in
a non-competitive manner, via binding of tacrine at a different site from MPP or ASP resulting in
the marked difference. ASP or MPP could be binding at different sites and, therefore, tacrine
may elicit a distinctive pathway of transport. Furthermore, these data suggest that there could be
multiple binding sites or a ‘binding surface’ for the wide-array of chemical structures that interact
with MATEs. Evidence and a discussion for this topic are presented in further detail in later
sections of this manuscript.
As shown from the results presented in Figures 4 through 6, there was substantial overlap
in the interaction of the test compounds with MATE1 and MATE2-K. The extent of this overlap
is evident in the comparison of the MATE1 and MATE2-K IC50 values for the 59 test compounds
used to probe both transporters (Figure7A); 69% of these agents had IC50 values for the two
transporters that differed by less than a factor of 3 at pH 8.5 (78% of the compounds, based on the
calculated IC50pH

7.4

). The two proteins did markedly discriminate between a few of the

compounds in this study.

For example, as shown in Figure 7B, the apparent affinities of

hMATE1 for atropine (IC50 of 5.90 µM) and amantadine (7.50 µM) were ~10-times greater than
those displayed by MATE2-K (52.8 µM and 88.9 µM, for atropine and amantadine, respectively;
whereas the apparent affinity of hMATE2-K for azidoprocainamide (APMI; IC50 of 0.50M) was
~10 times greater than that displayed by hMATE1 (6.2 M; Figure 7B).

Despite these

differences, the data support the view that MATE1 and MATE2-K show far more similarities in
selectivity, than differences.
3.4 Expression of MATE1 and MATE2/2-K in Human Kidney
Unlike the mouse and rat kidneys, which do not express Mate2/2-K (54; 81), the human
kidney expresses both homologs. In one previous study (89), comparable levels of mRNA for
MATE1 and MATE2/2-K were found to be expressed in a commercial sample of mRNA from
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human kidney.

Figure 8 shows our assessment of mRNA levels for several xenobiotic

transporters in samples collected from outer cortex, inner cortex and medulla from two human
kidneys. In both kidneys (i) mRNA for all the transport proteins was much higher in the outer
and inner cortex (which generally showed similar levels of expression) than in the medulla; and
(ii) MATE2/2-K expression was 8-10 fold higher than that of MATE1. In the original report of
the cloning of MATE2-K, the level of MATE2-K protein expression in Western blots of human
renal BBMV appeared to be at least as large as that of MATE1. Figure 9A-B shows the
immunohistochemical localization of MATE1 (Fig. 9A) and MATE2/2-K (Figure9B) in human
renal cortex at 40X magnification (insert at 10X magnification). As reported previously (89;
107), both proteins were clearly localized to the brush border membrane of proximal tubules.
Although these data do not permit firm conclusions to be drawn concerning the possible coexpression of the two transporters within RPT cells, the extensive expression of each protein in
outer cortex is consistent with the general expression of both transporters in RPTs. These data,
along with the observations of marked overlap of selectivity of the two MATEs suggest that it is
likely that each plays a quantitatively significant role in renal OC secretion (though each may
play unique roles in the secretion of compounds for which they display uniquely high affinity).
3.5 Modeling of MATE Selectivity
Previous studies of inhibition of OC/H+ exchange activity in isolated renal brush border
membrane vesicles (165-167) and intact microperfused renal proximal tubules (24; 129; 145; 146;
149) sought to correlate inhibitor effectiveness with selected, single physicochemical
characteristics of the test agents included in these studies, such as logP (hydrophobicity) and pKa
(basicity). More recently, a marked correlation between total polar surface area (TPSA) and
inhibition of OCT2 activity was reported (181). Using these molecular descriptors, we graphed
IC50s of hMATE1 as a function of logP, pKa and TPSA. There was a significant, albeit weak
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correlation between hMATE1 IC50 values and logP (r value of 0.332, p < 0.05; Figure10A). This
correlation was even more evident when the complicating influence of steric differences was
minimized by limiting the comparison to a set of structural congeners; Figure10B shows the
significant correlation between LogP values for a set of n-tetraalkylammonium compounds and
their measured IC50 values for inhibition of MATE1-mediated MPP transport (r = 0.97 for TEA
through TPeA). Similalry, the IC50 for inhibition of OC/H+ exchange activity in rabbit renal
BBMV showed a marked correlation with LogP (145; 149), although the inhibitors studied were
rather structurally constrained, and steric differences (and other physicochemical parameters)
appear to mask this simplistic comparison. Indeed, there was no correlation between hMATE1
values and TPSA (r value of 0.045, p > 0.05; Figure10C). For pKa there was a weak, but
significant, correlation with hMATE1 IC50 values (r value of 0.423, p < 0.01; Figure10C).
We were not surprised that single molecular discriptors failed to be particularly effective
predictors of inhibitory interaction with the MATEs. Given the broad structural diversity of
compounds that interact effectively with the MATEs, it is likely that binding is a more complex
process requiring multiple molecular interactions and, therefore, that single physicochemical
properties alone can provide only a partial description.
3.5.1 Computational Analysis of hMATE1 Inhibition
The value of the approach offered by computational assessment of structure/activity
relationships (SARs) is that it may enable more insight with regard to the molecular basis of
ligand interaction than can a focus on individual physicochemical parameters alone. The results
presented here focus primarily on model development with hMATE1, in large part because initial
modeling efforts with hMATE2-K did not produce stable and reliable models.
Following our previous in silico modeling efforts on drug transporters, (26; 39) we
extended our in vitro-in silico (IVIS) strategy in this study by using multiple iterations of model
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development. Normally researchers tend to produce a large amount of high throughput screening
data against a target of interest and then generate a computational analysis (perhaps looking for
correlations with simple physicochemical properties, from which some rules may be inferred).
The IVIS approach is different in that we started with a small amount of in vitro data and used it
for initial models that were then used to screen a database of additional potential compounds for
testing. The model retrieved compounds of interest from which we selected a new test set, and the
data from the next round of testing then fed into a further round of model building and database
searching, and so on. The advantage of such an approach is the model is co-developed with the
data, and is validated and tuned with each additional set of test compounds. The approach does
not require a large library of compounds to be tested and can save reagents and money (associated
with testing many inactive compounds). This pharmacophore approach may suggest non-intuitive
compounds as inhibitors because they include one or more of the initially mapped features but
prove to be low affinity ligands (owing to the absence of what proves to be a missing critical
feature). This in particular may be another potential valuable side effect of the approach,
enabling us to find novel compounds that may have a similar shape to known inhibitors but
different mapping of pharmacophore features.
3.5.2 Initial Round: hMATE1 Common Features Pharmacophore
There were 26 compounds in the initial round of inhibitors studied (Table 2, subset “a”),
from which five were selected to generate a common features pharmacophore: two high affinity
compounds, pyrimethamine (IC50 of 0.04 µM) and quinidine (IC50 of 1.57 µM) and three low
affinity compounds, histamine (IC50 of 761 µM), caffeine (IC50 of 1096 µM) and
chloramphenicol (IC50 of 1115 µM; Figure 11A). Common molecular and chemical features of
the high affinity substrates were included in the pharmacophore, whereas the molecular features
of the low affinity substrates were excluded from the pharmacophore. Figure 11B shows the
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resulting ‘common features pharmacophore’, which included 2 hydrophobic regions (cyan), 1 Hbond donor (magenta), and 1 H-bond acceptor (green). The pharmacophore is depicted with
(Figure11B) the highest affinity substrate.
3.5.3 hMATE1 Common Features Pharmacophore Testing
The common features pharmacophore, including the van der Waals surface of
pyrimethamine to provide a shape restriction, was used to search a 3D database of 2690 FDA
approved compounds (www.collaborativedrug.com), and identified 126 molecules as potential
inhibitors (Table 2). Of these, 15 commercially available compounds were selected and tested as
inhibitors (Table 2, subset “b”) of MATE1 (and MATE2-K), and the resulting IC50 values are
presented in Table 2. Nine compounds in this test set proved to be comparatively high affinity
inhibitors of MATE1 (IC50 values of 0.9-25 µM), whereas four displayed modest affinity (IC50
values of 26-300 µM), two had weak interactions (<60% inhibition at 1000 M) and one exerted
no inhibition (NI) of either transporter at a concentration of 1 mM.
The inhibitory profiles produced by two of the 15 compounds in this ‘test set,’
cinchonidine and ethohexadiol (Figure 12A, B), provided insight into the molecular determinants
associated with ligand interaction with MATE1. Although both molecules were good fits for the
common features pharmacophore (Figure12C,D; fit values of 3.1 and 2.7, respectively, data not
shown), cinchonidine was an effective, high affinity inhibitor of hMATE1 (IC50 = 0.93 µM; 12A)
whereas ethohexadiol (Figure 12B) had a weak interaction, with approximately 20% inhibition of
transport at a concentration of 1 mM. Thus, the presence in ethohexadiol of the common
structural features of the pharmacophore, i.e., the 2 hydrophobic regions, 1 H-bond donor site and
1 H-bond acceptor site), was not sufficient for an effective inhibitory interaction with MATE1. It
is noteworthy that ethohexadiol is not an organic cation; its presence in the 'hit list' reflected the
fact that the common features pharmacophore lacked a cationic (positive ionizable) feature,
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because all three of the ‘weak inhibitors’ of MATE1 activity (Figure11A) included such a feature.
Consequently, whereas a cationic feature is not itself sufficient to insure a strong interaction with
MATE1, these data argue that charge exerts a strong influence on the binding interaction.
3.5.4 First Iteration: Quantitative Pharmacophore Development for hMATE1
We generated a quantitative pharmacophore model in parallel to the common features
hMATE1 pharmacophore, taking advantage of the broad range of activities (IC50 values from 40
nM to >5 mM) displayed by the initial round of inhibitors. 24 of the initial 26 compounds (H+,
due to its small chemical shape, and verapamil because it was a racemic mixture, were not
included) were used in an analysis that resulted in a model containing two hydrophobic features
(cyan), one hydrogen-bond donor (magenta), and, unlike the common features pharmacophore,
one positive ionizable feature (red: Figure 13A). The model had a small cost difference as total
cost =125.97 and null cost = 137.57, suggesting a modest quality model. Nevertheless, unlike the
modeling efforts based on single physical descriptors (Figure 10), the correlation between
observed and predicted IC50 values resulted in r = 0.68 (p < 0.0001; Figure 13B).
3.5.5 Second Iteration: Quantitative Pharmacophore Development for hMATE1
Of the 43 compounds (the initial 24 plus the “test set” of 15 compounds and two other
compounds, derived from the database searching, that probed the common features model) used
to generate and validate the two pharmacophores, the most potent inhibitor of hMATE1 was
pyrimethamine (PYR). Consequently, we chose to probe two structural analogs of PYR (5-(4chlorophenyl)-6-ethyl-2,4-pyrimidinediamine):1-(2-chlorophenyl)-6,6-dimethyl-1,6-dihydro1,3,5-triazine-2,4-diamine (PYR-2); and 1-(3-chlorophenyl)-6,6-dimethyl-1,6-dihydro-1,3,5triazine-2,4-diamine (PYR-3). The IC50 values of 0.04, 0.30, and 0.32 µM for PYR, PYR-2 and
PYR-3, respectively (Table 2), showed that the modest differences in structure between these
three compounds had comparatively little impact on their inhibitory interactions with MATE1,
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and suggested that the structural features of this suite of compounds provide insight into
molecular characteristics that optimize ligand interactions with the protein’s binding site/surface
transport. A second quantitative pharmacophore model for hMATE1 reflecting these data was
generated (Figure 14A), and also included 2 hydrophobes (cyan), 2 hydrogen-bond acceptors
(green), and an ionizable feature (red). However, this model represented only a modest increase,
over the first iteration QSAR, in its ability to effectively predict affinity. The observed and
predicted data resulted in an r value of 0.71 (p < 0.0001; Figure 14B), therefore we tested more
compounds in an attempt to increase the model’s predictive power.
3.5.6 Final Iteration: Quantitative Pharmacophore Development for hMATE1
We ultimately screened 59 compounds, adding several novel structural groups including
the n-tetraalkylammonium series mentioned earlier. For the final quantitative pharmacophore we
chose to remove all compounds that had a pKa value below 8.0, the rationale for doing so being
to eliminate any interpretational issues associated with compounds that were not ionized at the
experimental pH of 8.5.

Of the 59 compounds screened we removed 13 to generate the

pharmacophore depicted in Figure 15A (named the N46 model). The N46 model had several
features in common with the previous iteration models, in that it included two hydrophobes
(cyan), a hydrogen bond-acceptor (magenta), and an ionizable feature (red), though the spatial
distribution of these elements differed somewhat from the previous model. Figure 15B displays
the relationship between measured and predicted IC50 values based on the N46 model (r value of
0.73, p < 0.0001).
3.6 Discussion & Conclusions
The present observations support several conclusions concerning the molecular basis of
selectivity of the mammalian MATEs.

First, it supports the hypothesis that no single

physicochemical parameter of ligand structure is likely to provide an adequate predictor of
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interaction with MATE1 or MATE2-K. Second, we identified several structural features that
provide insight into the basis of ligand interaction with the MATEs, i.e., multiple hydrophobes
(logP); hydrogen donors; ionizable (i.e., cationic) feature. With respect to these two latter points,
a recent study by Kido et al (73) that screened some 900+ compounds for inhibitory interaction
with hOCT2 noted that inhibitory effectiveness was particularly influenced by (i) ligand
liphophilicity and (ii) average charge, as well as (iii) molecular volume, (iv) TPSA, and (v) the
number of hydrogen bond donors and acceptors. Third, the several iterations of pharmacophore
development led to the identification of 11 new clinical classes of compounds as likely MATE
ligands.
Finally, there is valuable insight concerning the molecular basis of ligand interaction with
the MATEs in the relatively modest quantitative predictive power of the final pharmacophore
(Figure 15A). While it scored many unique ‘hits,’ it also scored some important ‘misses’
(including MPP and TEA). There is, we suggest, important information in this observation.
Pharmacophore analysis makes the tacit assumption that there is a ‘most effective structure’ for
interaction with a binding ‘site,’ with the pharmacophore representing a statistical average of all
the chemical features important for interaction with that site. The physiological role of MATE
transporters, however, is to interact effectively with a multitude of very structurally diverse
compounds. The structure of the P-glycoprotein (119; 120), the archetype multidrug transporter,
provided insight into the molecular basis of interaction with a structurally diverse population of
ligands by revealing a large binding surface with multiple binding sites. It is not difficult to
imagine that ligand binding to the mammalian MATE transporters also involves interaction with
a ‘surface’ containing multiple, overlapping sites, as mentioned previously.

An interesting

example to support this theory comes from the study by Kido et al (73) where they screened a
series of OCs for inhibition of transport of the fluorescent OC, ASP, in HEK cells expressing
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hMATE1 or hMATE2-K.

We used the seven IC50 values from Kido et al to generate a

quantitative pharmacophore, which resulted in a fundamentally different structure from that of the
pharmacophores we generated with [3H]MPP inhibition. The Kido quantitative pharmacophore
had 3 hydrophobes (cyan), 2 hydrogen bond acceptors (green) and 3 excluded volumes (grey;
Figure 16). Importantly, spatial configurations of these features differed substantially from those
generated with our data. This is not only suggestive of the binding surface (vs. binding site)
theory but also of the mixed-type inhibition theory. To that end, it is relevant to note that,
whereas tacrine was a comparable inhibitor of MATE1-mediated transport of MPP (in our study;
IC50 of 0.6 µM) and ASP (Kido et al, IC50 of 1.1 µM), tacrine was an extremely weak inhibitor of
MATE2-K-mediated ASP transport (IC50>100 µM), while being a potent inhibitor of MATE2-Kmediated MPP transport (IC50 of 1.5 µM). This is similar to what has been seen with CYP3A4,
where multiple substrate probes are needed to fully understand whether a compound is an
inhibitor or not (39; 71). It is possible that the current probes are only revealing some of the
potential inhibitory effects of compounds such that if a structurally different probe was used it
might show a failed inhibitor of one probe was in fact an inhibitor of the second probe. This may
be the case with many transporters in that compounds could show ‘probe-dependent inhibition.’
In conclusion, we generated the first database of considerable size for ligand interactions
of hMATE1 and hMATE2-K. Applying these data over the course of several computational
modeling iterations using the IVIS approach resulted in a series of pharmacophores for hMATE1.
The hMATE1 pharmacophores indentified key structural features strongly correlated with ligand
binding to hMATE1. The observations also supported the view that inhibitory profiles derived
from the use of structurally distinct transported substrates can result in distinct pharmacophores,
consistent with the contention that hMATE1 may have a complex binding surface for ligand
interaction, rather than a single binding site.
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CHAPTER 4

ASSESSMENT OF THE COMPLEX BINDING SURFACE OF HUMAN MATE1
4.1 Background
Organic cations (OCs) are cleared from the body via the liver and/or the kidney.
However, the main site of OC secretion is the renal proximal tubule (RPT; (1; 2; 55; 59; 110;
117; 154)). At the cellular level OC secretion occurs via two main steps: uptake into the cell
across the basolateral or peritubular membrane and efflux out of the cell across the luminal or
apical membrane and into the tubule filtrate for subsequent excretion (56; 57). It is widely agreed
that in the human kidney OCs enter the cell across the peritubular membrane, via facilitated
diffusion using Organic Cation Transporter 2 (OCT2; (100)). For exit from the RPT cell, OCs are
exchanged for a proton and are released into the lumen of the tubule (56; 57). In recent years
there has been a growing consensus that the luminal step (the active and rate-limiting step in OC
secretion in the RPT (123)) is mediated by two members of the Multidrug And Toxin Extrusion
(MATE) family: MATE1 (SLC47A1) and MATE2-K (SLC47A2). Humans consume OCs on a
daily basis, as plant products (xenobiotics) and/or prescribed drugs. In fact, approximately 40%
of all prescribed medications are OCs (103) such as the anti-diabetic drug metformin or
cimetidine (histamine receptor antagonist used to treat peptic ulcers). Therefore, the pathway of
OC secretion in the RPT, and subsequent excretion, plays a significant role in homeostasis and
human physiology.
In the preceding chapter I described my work toward development of a predictive model
of ligand interaction with hMATE1 and hMATE2-K.

Although that work succeeded in

identifying novel drug classes (highlighted in bold in Table 2) of ligands that interact with
hMATE1 and structural components of those ligands important for interaction (i.e. hydrophobic
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regions, H-bond acceptor and donor sites etc.), the results could also be interpreted as indicating
that ligand interaction with MATE proteins may not involve a ‘classical’ interaction with a single,
common binding site. In this Chapter I examine in more detail the kinetic basis of ligand
interaction with hMATE1. I found that, whereas some ligands do display a pure competitive
profile of inhibitory interaction, others, including molecules sharing the structural features of the
high affinity inhibitor of MATE activity, pyrimethamine (PYR; (76)), do not. The data are
consistent with the view, introduced in the preceding chapter, that the binding of substrates and
inhibitors of MATE transporters involves interaction with a large binding surface that contains
multiple binding regions. Hence, future studies that attempt to define the molecular descriptors of
ligand interaction with MATE transporters are advised to use multiple transported probes.
To further probe these ideas we elected to study five compounds in more depth. To keep
the data consistent we continued our studies using MPP (unlabeled and radiolabeled) as the
principal test substrate. The first compound that we studied was metformin (anti-diabetes drug),
not only because of its pharmacological relevance but also because we knew that it is a
transported substrate of MATE1 and MATE2-K (9; 19; 76; 89; 137; 140). We also chose
creatinine because of its physiological importance and because like metformin it is a small, very
basic OC. Lastly, we chose to probe PYR and two of its structural analogs, 1-(2-chlorophenyl)6,6-dimethyl-1,6-dihydro-1,3,5-triazine-2,4-diamine

(PYR-2)

and

1-(3-chlorophenyl)-6,6-

dimethyl-1,6-dihydro-1,3,5-triazine-2,4-diamine (PYR-3). PYR, PYR-2 and PYR-3 were the
highest affinity inhibitors (Table 2) of MATE1 -mediated [3H]MPP transport and therefore we
wanted to elucidate if they interact with the same site(s) as MPP.
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4.2 hMATE1-Mediated Transport Kinetics for MPP & Metformin
The kinetics of MATE1-mediated MPP and metformin transport were described by the
Michaelis-Menten equation for competitive interaction of labeled and unlabeled substrate (87). as
described in Chapter 3. However, to assist the reader, it is presented again, here:

J* 

Jmax [S*]
 Dns [S*]
K tapp  [S*]  [S]

eq. 1

where J* is the rate of transport of the radiolabeled substrate (in this case, [ 3H]MPP) from a
concentration of the labeled substrate equal to [S*]; Jmax is the maximal rate of mediated substrate
transport; Ktapp is the apparent Michaelis constant of the transported substrate; [S] is the
concentration of unlabeled substrate; and Dns is a rate constant that describes the nonsaturable
component of labeled substrate accumulation (reflecting the combined influence of diffusion,
nonspecific binding, and incomplete rinsing of [3H]MPP from the cell culture well).
Figure 17A, B shows a Kt value of 4.9 µM for MPP (17A) and 64.3 µM for metformin
(17B) and Jmax values of 3.0 and 9.3 pmol/(cm2x min) respectively (Table 3). Using the transport
efficiency ratio (TE), which is calculated by dividing J max by Kt, MPP, with its TE of 6.12 x 10-7
cm-2 x min-1, is transported about 6 times more efficiently than metformin (1.45 x 10 -7 cm-2 x
min-1), suggesting that while a metformin-loaded transporter has a higher turnover number than
when loaded with MPP, the higher affinity of MATE1 for MPP results in a more effective
interaction with the transporter.
4.3 Kinetic Basis of Metformin’s Inhibition of hMATE1-Mediated [3H]MPP Transport
I noted in Chapter 3 that metformin was a moderately effective inhibitor of hMATE1 and
hMATE2-K (Table 3). Figure 18A shows the inhibitory profile of metformin’s inhibition of
MPP, resulting in an IC50 of 47.0 µM. The similarity of this inhibitory constant to the Kt for
metformin transport (64.3 µM) reported above, is consistent with the view that MPP and
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metformin interact competitively at a common, mutually exclusive binding site. To further test
this hypothesis, we measured the kinetics of MPP transport in the absence and presence of 250
µM metformin (Figure 18B) using Eadie-Hofstee plots of the carrier-mediated (i.e., saturable)
components of these two data sets, which emphasizes the apparent competitive nature of the
interaction of metformin and MPP (i.e. no change in J max with an increase in apparent Kt). The
presence of metformin had no significant effect on the J max of MATE1-mediated MPP transport
(3.02 pmol/(cm2 x min) versus 3.93 pmol/(cm2 x min), in these experiments; Table 3), but
increased the apparent Kt by 8-fold (3.28 µM to 35.5 µM).
4.4 Kinetic basis of Creatinine Inhibition of hMATE1-Mediated [3H]MPP Transport
Metformin is a small, extremely basic OC (MW of 129.1, pK a of 12.4). We elected to
determine the kinetic basis of inhibition of MATE1-mediated MPP transport produced by another
comparatively small, basic OC, creatinine (MW 113.1; pKa 9.4). Figure 19 shows that, like
metformin, creatinine’s inhibition of MATE1-mediated MPP transport fits a classical competitive
profile, elevating apparent Kt without influencing Jmax. Figure 19A shows the inhibitory profile of
creatinine’s inhibition of hMATE1, resulting in an IC50 of 195 µM. As with metformin, the
presence of 1 mM creatinine had no significant effect on the Jmax of MATE1-mediated [3H]MPP
transport (3.02 pmol/(cm2 x min) versus 2.66 pmol/(cm2 x min)), but increased the apparent Kt by
~2-fold (4.89 µM to 10.4 µM), consistent with the view that creatinine is also a competitive
inhibitor of MPP. Again an Eadie-Hofstee plot was used to highlight these differences (i.e. no
change in Jmax with an increase in apparent Kt).
4.5 Kinetic Basis of PYR Inhibition of hMATE1-Mediated [3H]MPP Transport
In Chapter 3 we noted that PYR is the highest affinity inhibitor of all OCs included in our
test set (Table 2). Figure 20A shows that PYR is a strong inhibitor of hMATE1 with an IC50 of
~40 nM. To assess the kinetic basis of this inhibition we determined the kinetics of MATE1-
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mediated MPP transport in the absence and presence of 1 µM PYR (Figure 20B). In contrast to
the inhibitory profiles produced by metformin and creatinine, PYR showed an inhibitory profile
that was distinctly not competitive in that it markedly decreased J max (from 3.02 pmol/(cm2 x min)
to 0.25 pmol/(cm2 x min), an 11-fold difference; Figure 20B) while increasing the Kt value (by
2.5-fold, from 4.89 µM to 11.1 µM).
The striking disparity in apparent inhibitory mechanism produced by PYR, compared to
metformin and creatinine, led us to examine its basis in more detail. Of particular concern was
the fact that PYR is a very weak base, with a pKa of ~7.3. Consequently, in our experiments,
conducted at pH 8.5, only about 6% of the PYR in solution can be expected to be charged. Thus
there was the possibility that the uncharged fraction of PYR in the external solution could diffuse
across the membrane and interact with MATE1 at its cytoplasmic face. Arndt and colleagues
made observations of this phenomenon with OCT2 and the weak base, quinine (5). Quinine’s
pKa is 8.4 and at physiological pH about 10% of it is uncharged and therefore could move
relatively freely across the plasma membrane.

Arndt et al showed that by increasing the

extracellular pH they also increased passive diffusion of quinine which lead to a decrease in IC50
values in Xenopus oocytes injected with OCT2 (5). They hypothesized that quinine is a nontransported inhibitor of OCT2 and that the uncharged species of quinine diffuses into the cell and
inhibits uptake by binding at the intracellular face of OCT2, thereby producing a quinine/OCT2
complex that does not turnover. Moreover, the inhibitory interaction at the cytoplasmic face
cannot be displaced by increasing extracellular concentrations of a competing ligand, thereby
explaining the 'non-competitive' inhibitory profile of quinine's inhibition of OCT2-medited TEA
uptake (5). This may also be the case for PYR at extracellular pH 8.5. Running the experiments
at a pH of 7.4, however, does not eliminate this issue because even at this pH over half of the
PYR in solution is uncharged; running experiments at markedly lower pH values (which is one of
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the approaches that Arndt used) was not an option for us given the inhibitory influence of
extracellular H+ (as a competing co-substrate of MATE1; refer to Figure 4).
Our first approach was to test the extent to which diffusion of PYR could influence the
transport characteristics of MATE1. We made use of a method first described over 50 years ago
by Lacko and Burger in their studies of glucose transport in red blood cells (RBCs; (78)).
Dubbed “competitive exchange diffusion” (CED), the efflux of intracellular molecules (e.g.
glucose for RBCs or MPP for CHO cells expressing MATEs) is measured by allowing cells to
accumulate a labeled substrate to a steady-state level.

The cells are then rinsed of the

extracellular solution and exposed to an experimental solution containing either (i) the same
concentration of the labeled substrate, or (ii) the same concentration of labeled substrate plus a
test compound to determine if the presence of the test compound stimulates efflux of the
intracellular compound.
4.6 Using CED to Address Cis- and Trans- Stimulation of hMATE1-Mediated [3H]MPP
Transport
We established the ‘proof-of-concept’ of the CED protocol for MATE-mediated transport
by assessing the influence of extracellular unlabeled MPP on the efflux of preloaded [ 3H]MPP.
Figure 21 shows a series of experiments that established the time and concentration dependence
of MPP transport using the CED protocol. Figure 21A shows that steady-state accumulation of
[3H]MPP (~13 nM) into hMATE1-expressing cells was achieved within approximately 30
minutes. In Figure 21B, cells were allowed to accumulate [3H]MPP to steady-state (30 min), at
which point the extracellular medium was replaced with either (i) 13 nM [3H]MPP (identical to
the loading solution); or (ii) one containing 13 nM [3H]MPP plus 100 µM unlabeled MPP. When
the solution contained only [3H]MPP, cell content of labeled MPP remained unchanged,
reflecting maintenance of the steady-state condition. However, the presence of 100 µM unlabeled
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MPP in the extracellular solution resulted in a net loss of labeled MPP from the cells. This was
expected because MATEs can exchange an OC for an OC in addition to exchange with H+ and
therefore the unlabeled MPP interacted with the extracellular binding surface of hMATE1 to
stimulate exchange for the intracellular [3H]MPP, thus displaying a trans- effect and reestablishing the fact that MPP is a substrate for hMATE1. Interestingly, the cell did not achieve
“0” [3H]MPP content because once the unlabeled MPP entered the cell it competed with
[3H]MPP, on the intracellular binding surface, creating a pseudo ‘efflux steady state’, which
slowed down the measured rate of efflux.

Consequently, the CED protocol cannot be used to

study the kinetics of efflux due to the ambiguity created by the intracellular mixture of unlabeled
and labeled MPP. The emphasis here, however, is that the CED protocol is a very powerful tool
for determining if a compound is a transported substrate of membrane transport protein such as,
hMATE1.
To further explore the practical applications of the CED protocol, we ran a concentration
series with extracellular MPP (Figure 21C).

At increasing concentrations of MPP the cell

content of [3H]MPP significantly (p < 0.0001) decreased beginning at 10 µM. There is a slight
decrease between 30 µM and 1000 µM; however, it is negligible, showing that at about 100 µM
the transporter is unaffected by adding more MPP. In other words, increasing extracellular MPP
beyond ~100 µM was incapable of stimulating more efflux, due to the maximal occupation of the
binding surface of hMATE1 by MPP. Maximal turnover by MPP is achieved between 100-1000
µM.
The data in Figure 21 confirmed the effectiveness of the CED protocol to establish if an
extracellular compound can effectively 'turnover' hMATE1, necessitating that the extracellular
compound itself be transported. We then used the CED protocol to test whether PYR is a
substrate of hMATE1 and if, like quinine, it exerts an inhibitory effect on MATE1 activity at the
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cytoplasmic face of the transporter. Figure 22 shows the effect of increasing concentrations of
extracellular PYR on the efflux of [3H]MPP from hMATE1-expressing cells. Similar to MPP,
increasing concentration of PYR had a significant trans-stimulatory effect on efflux of
intracellular [3H]MPP, thereby supporting the conclusion that PYR is a substrate for, as well as an
inhibitor of, hMATE1. The concentration dependency of this effect was consistent with the cisinhibitory profile, as well, with no effect seen at 1 nM, and a maximal effect seen between 100
nM and 1 µM. Of particular relevance to the issue at hand, however, was the observation that
increasing the extracellular concentration of PYR to 10 µM which would have resulted in an 100fold increase of the potentially diffusible, non-charged, species compared to the concentration at
100 nM, had no inhibitory effect on efflux of [3H]MPP. The latter would have been expected if
intracellular PYR exerted a high-affinity, inhibitory effect reflecting formation of a nontransported complex after diffusing into the cell. These data suggest that, if PYR is diffusing into
cells, it has little or no impact on the accessibility of intracellular MPP to the cytoplasmic face of
MATE1, inferring that the failure of PYR to exert a classical competitive inhibition of MATE1mediated MPP transport did not reflect the type of non-ionic diffusion-driven effect observed by
Arndt and colleagues with quinine and OCT2. There is evidence here to suggest that there is a
more complex mechanism occurring.
Figure 20A argues against the view that PYR exhibits a classical competitive profile of
MATE1 inhibition, and the evidence in Figure 22 suggests that this effect cannot be dismissed as
merely being the result of non-ionic-diffusion and a subsequent inhibitory interaction of PYR at
the cytoplasmic face of MATE1. Instead it argues that the effect reflects an inhibitory interaction
of PYR at the external, or cis, face of the protein. We elected, therefore to test if the PYR-induced
inhibition reflects a rapid pure cis interaction with MATE1. The [3H]MPP uptakes used to assess
the kinetics of transport shown in Figure 20A were based on 5 minute incubations (which
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provided linear rates of uptake and sufficient levels of substrate accumulation to facilitate
accurate kinetic analysis). However, we wanted to elucidate what occurs at earlier time points. If
PYR inhibition of MATE1 activity reflected, and was restricted to, a rapid interaction with a site
at the extracellular (cis) face of the transporter, then the fractional inhibition of MATE1 activity
noted at five minutes might be expected to be evident at earlier time points. On the other hand, if
the inhibition at five minutes was due, at least in part, to the influence of intracellular PYR, or to
a slower interaction with one more (possibly allosteric) extracellular sites, then inhibition of MPP
uptake at earlier time points (e.g., before intracellular PYR accumulation that involved nonionic
diffusion), would be less than that at five minutes. Figure 23 shows the time course of 13nM
[3H]MPP uptake, from 15 seconds through 5 minutes, in the absence and presence of either 100
nM PYR or 1 mM MPP. As expected, 1 mM MPP exerted a large, robust inhibition at every time
point. Unexpectedly, however, PYR exerted only a minimal amount of inhibition at early time
points (15-60 seconds), whereas at 5 minutes we saw a large, robust inhibition of transport.
These data suggest that the inhibition of MATE1-mediated MPP uptake noted at extended time
points is not restricted to a simple, rapid, interaction at a site shared with MPP. Of course, the
inhibitory profile seen in Figure 20 implied that such an interaction does not occur. The exact
mechanism for PYR interaction with MATE1 is unclear; however, the evidence presented here is
consistent with a complex kinetic interaction with inhibitory ligands.
4.7 Significance of PYR Structural Analogs: PYR-2 & PYR-3
To further analyze PYR’s interaction with hMATE1 we chose to study two PYR
structural analogs, PYR-2, PYR-3. Both molecules resemble PYR structurally, and are high
affinity inhibitors of hMATE1–mediated transport of [3H]MPP (Figure 24). PYR-2 has an IC50 of
140 nM, similar to PYR-3’s IC50 of 196 nM (Table 2). Not surprisingly, PYR-2 and PYR-3 are
the second and third highest inhibitors of hMATE1 most likely due to the fact that they display
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several key structural features of PYR. However, of relevance to the present issue, both of these
compounds are much more basic than PYR with pKa values of 9.2 (PYR-2) and 9.1 (PYR-3).
The analogs thus provide a tool for focusing on steric effects of PYR without the weak base effect
that complicates interpretation of the PYR data. Therefore, we decided to probe PYR-2 and
PYR-3’s cis interactions with the protein to determine if their more basic properties display a
different effect on hMATE1 than PYR.
Figure 25A shows uptake of [3H]MPP in the presence and absence of two concentrations
of MPP: 1 mM (to block all MATE1-mediated transport) and 20 µM (a concentration about fivetimes over the Kt for MATE1-mediated MPP uptake. Also shown is the effect at both time points
of 250 µM metformin (about five-times over the Kt for metformin transport), 200 nM PYR (about
four-times over the PYR IC50), and 400 nM PYR-2 and PYR-3 (~three and two-times their
respective IC50 values). As expected, MPP and metformin both displayed very similar inhibitory
profiles at both time points. Interestingly, PYR-2 and PYR-3 also displayed essentially the same
patterns of cis inhibition as MPP and metformin at both time points, therefore showing that they
are effectively restricted to the interaction at the cytoplasmic face of hMATE1. Conversely, PYR
showed very little inhibition at 30 seconds, while again showing effects at 5 minutes. To
highlight the inhibitory interaction of each compound, we normalized each one to the percent
inhibition of 13 nM [3H]MPP uptake, at 30 seconds versus 5 minutes (Figure 25B). Whereas the
degree of inhibition produced by MPP, metformin, PYR-2 and PYR-3 at the two time points did
not differ (P > 0.05), PYR inhibition at 30 sec was significantly less (P < 0.05) than at 5 min.
Lastly, we chose to further interrogate the kinetic basis of the PYR analogs’ interaction with
hMATE1. For the purpose of this chapter, PYR-2 and PYR-3 were essentially the same so we
chose one of the analogs (PYR-2) as a representative for further experiments. The aim was to
determine if PYR-2 is a competitive inhibitor, like metformin and creatinine or if it displays a
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more complex interaction, like PYR. Figure 26 shows MPP kinetics in the absence and presence
of 400 nM PYR-2. Like PYR, the inhibitory profile produced by PYR-2 was not competitive
(Figure 26); in addition to producing a significant (P < 0.05) increase in Kt (from 5.0 to 9.2 µM),
the presence of PYR-2 resulted in a significant (P < 0.005) decrease in J max (from 1.44 to 0.72
pmol/(cm2 x min)).
4.8 Conclusions & Discussion
The principal purpose of this Chapter was to further study the complex binding surface of
hMATE1. We chose five compounds and studied their kinetic profiles of inhibition and used the
CED protocol to establish the influence of trans-effects on the interaction of transported
substrates with the cis- and trans- aspects of hMATE1. The data show that metformin and
creatinine are classical competitive inhibitors of hMATE1-mediated transport of MPP, while
PYR, PYR-2 and (by extension) PYR-3 appear not to be. Furthermore, all of the compounds
tested appear to be transported substrates of MATE1. Our metformin data confirm previous
reports that it is a transported substrate of hMATE1, but again there are a limited number of
sources that report kinetic values for MATE-mediated transport. Previously, Kt values of 238 µM
and 253 µM have been reported for hMATE1-mediated metformin transport, which are higher
than our 64.3 µM (Figure 17B; (76; 94)). However, as noted before experimental conditions and
cell lines may play a role in these differences. Moreover, if our experiments were run at
physiological pH the predicted Kt value would be approximately 224 µM, strikingly similar to
those reported in the literature. The IC50 reported here for the MPP inhibition by metformin (47.0
µM; Figure 18A) was very similar to the Kt value for metformin kinetics, as predicted if MPP and
metformin interact competitively at a common, mutually exclusive binding site. These data were
further supported in Figure 18B where MPP kinetics were run in the absence and presence of 250
µM Metformin and showed that presence of metformin had no effect on J max while producing an
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increase in Kt. Taken together, these data support the conclusion that metformin is a competitive
inhibitor of MPP interaction on MATE1’s binding surface.
The other small basic OC tested in this chapter was creatinine. Creatinine is not a high
affinity inhibitor of MATE1 (IC50 = 195 µM at pH 8.5), but data presented here shows that it, too,
displays a competitive interaction on hMATE1 mediated transport of MPP (no change in J max
with a change in Kt; Figure 19). This is of clinical significance because creatinine is used as a
measure of glomerular filtration rate (GFR), and these findings confirm that doing so may be an
overestimation due to it being secreted in the RPT by the MATEs. Furthermore, high affinity
MATE substrates could block creatinine secretion by the MATEs and speciously reduce
measured GFR.
PYR stood out as the first non-competitive inhibitor of the group as well as the highest
inhibitory substrate of hMATE1. Figure 20 shows that PYR has an IC50 of 40 nM and that the
presence of 1 µM PYR, markedly decreased Jmax while having little effect on Kt (from 4.89 µM to
11.1 µM, respectively), which is not consistent with competitive inhibition. Others have reported
Ki values of 77 and 93 nM for PYR inhibition of TEA and metformin, respectively (61; 76),
which are very similar to our 40 nM IC50 value. Kusuhara et al reported finding that patients
taking a microdose (100 µg) or a therapeutic dose (250 mg) of metformin in conjunction with 50
mg PYR saw a 23 and 35% decrease in metformin’s renal clearance, implying that PYR has an
effective inhibitory interaction with the OC secretory pathway (76). Ito et al, showed that in
mice, PYR inhibits the efflux step of TEA and metformin secretion in the kidney (i.e. mMate1;
(61)). They further tested their findings by using HEK cell transfected with mMate1 or hMATE1
and found that PYR is a potent inhibitor of TEA uptake (K i = 145 nM and 77 nM, respectively;
(61)). To further validate their findings they showed that metformin uptake was greatly inhibited
by PYR (Ki = 31 nM) in human BBMVs (61). Taken together, these data and those presented in
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this chapter show that PYR is a potent inhibitor of MPP, TEA and metformin uptake by MATE1expressing cells and that its effects can be seen at a systemic level in humans and mice. PYR’s
mode of action however remains unclear and therefore we probed its interactions with more
experiments.
As noted above, we found PYR did not behave as a competitive inhibitor of hMATE1mediated MPP transport.

Interestingly, however, Kusuhara et al, showed that PYR is a

competitive inhibitor of metformin transport in hMATE1-expressing cells, which appears to be in
contrast to our findings. Again, it is worth first comparing the experimental conditions used in
these two studies. We ran our experiments at RTº with extracellular pH 8.5, whereas Kusuhara et
al, performed their studies at 37º C with an extracellular pH of 7.4. As commented on in Chapter
3, we think it unlikely that the difference lies in the choice of CHO vs. HEK-293 cells; we have
run side-by-side studies on the kinetics of MPP transport in these two cells lines using our
experimental conditions and found them to be virtually identical (unpublished observations). The
use of different incubation temperatures may well have influenced the rate of transport
(Kusuhara’s rates of transport were substantially higher than those in our studies), but it is
unlikely to have influenced that mechanism of ligand binding. The different pH values are,
however, particularly relevant. As noted earlier, the pKa for pyrimethamine is about 7.3 and, so,
the concentration of unprotonated PYR in our test solutions would have been twice that in
Kusuhara’s studies, which is the reasonable basis for predicting that passive diffusion of PYR
into the cells could have set up a situation in our studies that permitted interaction of PYR at the
cytoplasmic face of hMATE1. Results obtained using CED method (Figure 22) confirmed that
PYR, like MPP, is a transported substrate of hMATE1, which was expected due to the findings of
Kusuhara et al and Ito et al (61; 76) in in vivo systems, where it was present in the urine. But the
concentration dependency of PYR’s induced CED was consistent with its cis-inhibitory profile
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(no effect seen at 1 nM, and a maximal effect seen between 100 nM and 1 µM), and argued
against the influence of nonionic diffusion of cytoplasmic PYR as the basis for its inhibition of
MATE-mediated transport. Nevertheless, the failure of cis PYR to inhibit MPP uptake at 30 sec
to the same (or similar) extent as that noted at 5 min (Figure 23) indicated that PYR does not
exert a ‘classical’ competitive interaction with MATE1-mediated MPP transport.
PYR-2 and PYR-3, with their pKa values of >9, offered the opportunity to assess the
influence of PYR structure on the kinetic interaction with hMATE1 without the interpretive
complications introduced from PYR’s low pKa. As expected, both PYR analogs were high
affinity inhibitors of hMATE1-mediated MPP transport (Figure 24), but unlike PYR, that strong
inhibitory interaction was effectively as strong at 30 sec as it was at 5 min (Figure 25).
Nevertheless, when MPP kinetics were determined in the absence and presence of 400 nM PYR-2
the profile was not competitive in nature, inducing both a decrease in Jmax, as well as an increase
in apparent Kt. These data suggest that, whereas some inhibitory interactions of ligands on the
binding surface of hMATE1, including those associated with the inhibition of MPP transport
produced by metformin and creatinine, reflect competition between ligands for a common site (or
a set of mutually exclusive sites), other interactions, including those with PYR-like structures,
involve more kinetically complex mechanisms.
The data in hand are consistent with the presence in hMATE1 of a binding surface that
includes multiple binding ‘sites.’ Some substrates interact preferentially with sites sufficiently
close together within this surface that the presence of one (e.g., metformin) precludes effective
interaction with another (e.g., MPP). These ligands would, consequently, display a competitive
profile of inhibition (Figure 27A) in which sufficiently large concentrations of either would
eliminate interaction with the other, the result being the classical ‘increase in apparent K t with no
change in Jmax.’ But in this model, other substrates (e.g., PYR and its homologs) interact at a site
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that is spatially distinct from other sites (e.g., that for MPP). The result is an inhibitory profile
described as ‘linear mixed-type inhibition” (Figure 27B), in which multiple substrates can
interact, but when two are bound simultaneously, no transport occurs. Because neither substrate
can prevent binding of the other, the kinetic consequence is a decrease in J max; apparent Kt can
also change, if the presence of one substrate exerts an allosteric influence on binding of the other.
There are several attractive features of this model. First it aids in the understanding of
the data presented here, where Jmax changes with little change in Kt. Furthermore, it provides a
potential explanation for the Kusuhara et al findings, that whereas MPP and PYR occupy separate
sites, it is possible that PYR and metformin occupy mutually exclusive sites. With regards to
MATE pharmacophore development, this model clarifies why an ‘all inclusive’ model is not
possible and it is likely because substrate binding can involve multiple regions and interaction
with a single transported probe (e.g. [3H]MPP) may not be indicative of the full range of ligand
interaction with the transporter. Fourth, it can be argued that it is reasonable and expected that a
xenobiotic transporter be capable of interacting effectively (i.e., with high affinity) with a
structurally diverse suite of substrates, which would require more than just a binding ‘site’ but a
binding ‘region’ or ‘surface’. This is the case for transport proteins such as P-glycoprotein (PgP), which interacts with an extraordinarily diverse group of ligands, including cations and
anions. In fact, recently P-gP’s crystal structure was resolved and showed that there are a
multitude of different residues facing the putative drug-binding pocket, which is suggestive of a
polyspecific drug recognition region (4). In other words, P-gP requires a polyspecific binding
surface in order to interact with so many diverse ligands. To a lesser degree this may also be the
case in MATE proteins.
In conclusion, we found that, whereas, metformin and creatinine are competitive
inhibitors of MPP on hMATE1’s binding surface, PYR and its structural analogs, PYR-2 and
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PYR-3, though appearing to exert their effects on MATE1-mediated transport from the external,
cis, aspect of the protein, do not inhibit via simple competition for a common binding site. We
suggest that these data are consistent with the presence in hMATE1 of a binding surface with
multiple, non-overlapping binding sites that can display different kinetic interactions with
structurally distinct substrates.

76

CHAPTER 5
APPLICATION OF THE COMPETITIVE EXHANGE DIFFUSION PROTOCOL TO
DETERMINE SUBSTRATES AND INHIBITORS OF HUMAN MATE2-K
5.1 Background
In the kinetic analysis of MATE transport (and other transport proteins), if a compound
(e.g. [3H]MPP) is taken into a cell expressing MATE (and not into control cells that do not
express the protein), then it is considered to be a MATE substrate. It is also frequently assumed
(tacitly, at least) that if uptake of a compound is inhibited by the presence of a second compound,
then that second compound is likely to be a MATE substrate; however this is not always an
accurate assumption. The danger in this approach is that uptake of an OC can be inhibited by
another substrate or by a non-transported (e.g., allosteric) inhibitor of MATE. Researchers make
this assumption (that inhibitors are also substrates) because there are many practical limitations
associated with determining which compounds are substrates versus inhibitors. Ideally, one
would have their compound of interest in radiolabeled (or fluorescently labeled) form to measure
uptake directly.

However few OCs are available commercially in radiolabeled form (or

fluorescently labeled form) and those that are available can be expensive. Commercial synthesis
of a radiolabeled substrate is generally prohibitively expensive. Of course other methods exist to
measure uptake, such as HPLC or mass spectroscopy (MS), but they, too, can be expensive and
time consuming, particularly if one is interested in multiple compounds. As noted in the previous
chapter, however, determining which compounds are MATE substrates can have a substantial
impact on pharmacophore development and in uncovering the kinetic mechanisms by which
MATE transport works (i.e. competitive inhibition versus non-competitive and/or mixed-type
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inhibition).

Therefore, finding a method to address this issue is central to advancing our

knowledge of the physiological mechanism by which MATE proteins work.
50 years ago, Lacko and Burger, in their studies of glucose transport in red blood cells
(RBCs; (78)) created a technique called “competitive exchange diffusion” (CED), wherein the
efflux of intracellular molecules (in their case, glucose for RBCs; in our case, for example, MPP
for CHO cells expressing MATEs) is used as a surrogate for transport of a second, test,
compound. In this method, cells are allowed to accumulate a labeled substrate to steady-state
level (i.e. maximum intracellular concentration). The cells are then rinsed of the extracellular
solution and exposed to an experimental solution containing either (i) the same concentration of
the labeled substrate, or (ii) the same concentration of labeled substrate plus a test compound to
determine if the presence of the test compound stimulates efflux of the intracellular compound.
The CED protocol, outlined in the previous chapter, can be used to address the issue of whether
an inhibitor of transport can also serve as a substrate for the transporter. CED takes advantage of
the fact that the MATEs are obligatory exchangers and that trans-stimulation of intracellular OCs,
such as [3H]MPP, can be used to determine which compounds are transported (i.e. substrates) and
which ones simply inhibit MATEs from turning over and/or binding another OC (i.e. nontransported inhibitors). It is important, however, to make the distinction between measuring
efflux using the CED protocol and erroneously using the CED method to measure efflux kinetic
parameters (such as Kt or Jmax). CED cannot be used to define kinetic parameters of efflux
because of the uncertainty created by the mixture of OCs coming in from the extracellular space
with the intracellular labeled OC, which may compete for the intracellular binding surface of
MATE. Nevertheless, as shown here, CED provides a valuable means to identify substrates of
MATE transporters.
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This Chapter focuses on using the CED technique to study 14 compounds in more depth,
using hMATE2-K expressing CHO cells. MATE2-K was chosen, because it displayed a higher
signal-to-noise ratio for trans-stimulation than MATE1 (data not shown). In Chapter 3 I noted
that MATE1 and MATE2-K have overlapping selectivites for a multitude of compounds and
therefore, it can be inferred that their kinetic mechanisms are similar, hence substrates of
MATE2-K are likely MATE1 substrates.
5.2 Using CED to Assess Various Compounds as MATE2-K Substrates or Inhibitors
Of the 59 compounds screened in Chapter 3, I chose 14 compounds of various affinities,
shapes and molecular descriptors. As part of the group of compounds tested I chose to use a
negative control, mannitol, in order to ensure the validity of using the CED model to test for
substrates versus inhibitors. Figure 28, shows the cellular content of [3H]MPP at time “0” (e.g.
after [3H]MPP accumulation has reached steady-state, and before adding an extracellular
compound), control (buffer at pH 8.5), control-mannitol (control buffer with 20 mM mannitol)
and MPP. As expected mannitol did not trans-stimulate efflux of the intracellular [3H]MPP; only
MPP was able to stimulate efflux significantly (p < 0.05). Furthermore, this experiment showed
that the presence of extracellular compounds up to an external concentration of 20 mM did not
produce an osmotic effect (e.g. through generation of an outwardly-directed gradient of [3H]MPP
following cell shrinkage). In the following experiment near-saturating concentrations of each
ligand were used (calculated at five-times their IC50 values for MATE2-K) to ensure equivalent
'occupancy' of the transporter with potential substrate. In order to normalize the osmotic effect,
mannitol was added to all of the solutions to give osmolar concentration of 20 mOsM over
Weymouth buffer (mannitol plus the compound of interest; control included 20 mM mannitol
only).
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5.3 Known MATE Substrates
Figure 29 shows that metformin, paraquat, creatinine and PYR are transported substrates
of MATEs, confirming direct demonstrations (20; 69; 76; 89; 105; 136; 150), including some of
our own measurements of transport (Figure 17). Again, the goal here was to display the ability of
the CED method to show that a compound known to inhibit MATE-mediated transport of
[3H]MPP can also support turnover of the transporter. Interestingly, although PYR and creatinine
stimulated a significant (p < 0.0001) efflux of [3H]MPP, they did not produce the same degree of
efflux that MPP, metformin and paraquat do, suggesting that while PYR and creatinine are
transported substrates of MATE1, the turnover number of MATE2-K when occupied by PYR or
creatinine is lower than the turnover number of the transporter when occupied with MPP,
metformin or paraquat. Of course this could be a result of linear mixed-type inhibition, as was
chronicled in the previous chapter, where the simultaneous presence of two substrates at different
locations of the binding decreases transport turnover.
5.3.1 N-Tetraalkylammonium Compounds as MATE Substrates
In the following experiment (Figure 30) I chose to test some of the ‘n-tetraalkyls’ probed
in Chapter 3. Many have shown that tetraethylammonium (TEA) is a transported substrate of
both MATEs (69; 89; 105; 107; 136); therefore, it was used to confirm those findings and to
validate the use of the CED protocol. Tetramethylammonium (TMA) and tetrapentylammonium
(TPeA) have been less extensively probed. However, a study using BBMV from rabbits showed
that TMA and TPeA can trans-stimulate TEA transport via the OC/H+ exchanger of native renal
membranes (165), thus suggesting that they are substrates for MATE transporters. Interestingly,
while they were both able to stimulate efflux of [3H]TEA from BBMV, TMA did so at a much
higher rate than TPeA (165). This study was done before the molecular cloning of the MATEs in
2005. Therefore, I wanted to confirm these findings and solidify the fact that the MATEs are the
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long sought after OC/H+ exchanger.

As expected, all three compounds stimulated efflux

significantly and showed cellular content levels similar to those seen with MPP (Figure 30; p <
0.0001), thus confirming that TEA, TMA and TPeA are MATE substrates.
There are no reported IC50 values for hMATE2-K with TMA or TPeA. However, what
we know about them with hMATE1 (Table 2) suggests that, whereas TMA will have a weak
interaction with MATE2-K, TPeA will be a comparatively strong inhibitor of hMATE2-K (22;
167). Experiments to elucidate more about their kinetic parameters with hMATE2-K would be
helpful in analyzing their interactions with MATE2-K.
5.3.2 Unknown MATE Substrates
Lastly, I chose to use CED to test the extent to which a few novel MATE inhibitors are
capable of supporting transporter turnover. These test compounds included two that were very
strong inhibitors of MATE2-K (azido-procainamide (APMI), and quinidine); two that were quite
weak inhibitors (ethohexadiol and caffeine); and the prototypical substrate of the renal organic
anion secretory pathway, p-aminohippurate (PAH). Interestingly, as shown in Figure 31, all of
these compounds proved to be transported substrates of hMATE2-K, capable of trans-stimulating
significant levels of intracellular [3H]MPP (Figure 31; p <0.0001). APMI is one of the highest
affinity substrates of MATE2-K (IC50 = 0.501 µM; Table 2) and therefore I expected that it would
interact effectively with MATE2-K to stimulate turnover.

Quinidine, was somewhat of an

unexpected substrate, because it is an enantiomer of quinine, which has previously been shown to
diffuse across membranes to cause inhibition at the intracellular face of OCT1, via non-ionic
diffusion (5). That does not appear to be the case with MATE2-K; these data suggest that it
supports robust turnover of MATE2-K. The lowest amount of trans-stimulation was seen with
caffeine, PAH and ethohexadiol. Caffeine and ethohexadiol clearly interact weakly with MATE
transporters, with IC50 values of 451 µM and >1000 µM (respectively, for MATE2-K). However,
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so too does TMA (IC50 of 5 mM for MATE1), yet it supported turnover of the transporter at least
as well as did MPP; Figure 30). The data suggest that the turnover number of the transporter
fully occupied with effectively saturating concentration of either caffeine or ethohexadiol was
much lower than when occupied with MPP, metformin, or other ‘good’ substrates (including
TMA). It is interesting to note that ethohexadiol is not a cation and caffeine has a pKa of 0.10 so,
consequently, at pH 8.5 virtually none of it is charged. Moreover, PAH is negatively charged at
pH 8.5. As noted in Chapter 3, the pharamcophore developed for ligand binding to MATE1
included a cationic feature. Thus it is predictable that all three of these compounds would interact
weakly, if at all with MATE1. The data suggest that at sufficiently high concentrations, the
transporter can be ‘occupied’ and can mediate flux of compounds not viewed as traditional OC
substrates. However, the striking difference in the ‘turnover’ of the transporter occupied by a true
cation, like TMA, compared to caffeine or ethohexadiol, underscores the importance of charge in
effecting interaction of ligand with MATE transporters.
It is also interesting to consider the work of Ullrich and colleagues, who suggested some
20 years ago that the renal OC and Organic Anion secretory pathways are each capable of
interacting functionally with (at least) selected substrates of the other (the so-called ‘bi-substrates’
(147; 148)). To that end, two MATE genes expressed in barley and sorghum, HvAACT1 and
AltSB, respectively, have been shown to be involved in aluminum tolerance (38; 86), and human
MATE1 and MATE2-K have also been implicated in transporting anions such as estrone sulfate,
acyclovir and ganciclovir (137). Therefore it is not unreasonable that PAH could also have
interaction, albeit weak, with the MATEs.
PAH is a compound that could benefit from further tests. PAH has been shown to be a
substrate of organic anion transporters (OATs, Multidrug Resistant Proteins (MRPs) and
Inorganic Phosphate Transporters (Npts)) due in part to its pronounced negative charge at
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physiological pH (7; 58; 60; 65; 80; 83; 84; 114; 125; 153). However, it has also been shown to
be a substrate of OCT2 (5); there are no reports of it interacting with MATEs. Members of the
MATEs do appear to be capable of interacting with some anions (38; 86; 137) and zwitterions
(11; 27; 41; 50; 51; 66; 82; 96; 104; 108; 170), so PAH may be a viable substrate for MATE2-K.
However, more experiments should be done.
5.4. Discussion
In conclusion, 14 substrates (seven novel: APMI, quinidine, caffeine, PAH,
ethohexadiol, TMA and TPeA), of hMATE2-K were identified using the CED method. The CED
protocol offers a way to design high throughput studies that combine assessment of inhibition and
assessment of whether test agents serve as substrates. This approach offers pharmaceutical
companies an opportunity to identify pathways for potential DDIs, as well as pathways for renal
secretion of organic cations and other drugs. CED also offers the opportunity to test the effect of
chemical structure on actual transport, rather than just ‘ligand binding’, which can have
significant effects on pharmacophore development and kinetic measurements.
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CHAPTER 6
CONCLUSIONS & FUTURE DIRECTIONS
6.1 Conclusions
MATEs are the major candidates for apical OC/H+ exchange in the RPT, which also
makes them the active and rate limiting step for renal OC secretion. Since the discovery of
MATEs in 2005, MATE data has steadily increased. The emphasis of studies on MATE
transporters has been largely directed toward (i) securing their place as key players in mediating
renal (and hepatic) OC secretion; and (ii) establishing their role in the transport of selected classes
of drugs.

Lacking in this approach has been work to establish the selectivity and kinetic

characteristics of transport that may lead to development of predictive models of drug interaction
with these proteins. In this study, I generated the first database of considerable size for ligand
interactions of both MATEs. These data led to several iterations of computational modeling for
hMATE1 pharmacophores. Not only did the models identify key structural features strongly
correlated with ligand binding to hMATE1, but I was also able to identify 11 new structural drug
classes that are likely to interact with MATE transporters. Moreover, the observations associated
with the generation of distinct pharamcophores is consistent with the contention that hMATE1
may have a complex binding surface for ligand interaction, rather than a single binding site.
After I probed the kinetic parameters of MATE interaction with a host of OCs I used the
CED method developed by Lacko & Burger (78), to establish that, whereas, metformin and
creatinine are competitive inhibitors, PYR and its structural analogs, PYR-2 and PYR-3, do not
inhibit via simple competition for a common binding site on hMATE1. Again, these data were
consistent with the idea that hMATE1 has a binding surface with multiple, non-overlapping
binding sites that can display different kinetic interactions with structurally distinct substrates.
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In Chapter 5, I used the CED model to test 14 OCs and determine if they were substrates
of hMATE2-K. I determined that five inhibitory ligands are also novel substrates of hMATE2-K:
APMI, quinidine, caffeine, PAH, ethohexadiol, TMA and TPeA. Moreover, I validated the use of
the CED protocol as a high throughput assessment of substrate versus inhibitors of MATEs.
6.2 Future Directions
Most studies on MATEs have focused on single classes of drugs or OCs, providing only
limited information about the molecular characteristics of binding to MATEs.

Quantitative

kinetic data are needed in the field in order to accurately assess the physiological functions of the
MATEs. Furthermore, the limited kinetic data available for the MATEs is invariably directed at
measurement of uptake rather than the more physiologically relevant efflux of OCs. Obvious
limitations exist in measuring the kinetic parameters of efflux. However, this is of critical
importance to the advancement of the field. The results of my work suggest at least three new
sets of studies that could substantially advance the understanding of the role of MATEs in renal
physiology:
i.

More structurally diverse groups of OCs should be tested to address the
hypothesis of ‘linear-mixed type inhibition’ and the implication that it might
have on DDIs and renal secretion of OCs. Expanding the list of test compounds
to include new drug classes and novel molecules will provide more data that can
be used to further refine future pharmacophores.

ii.

Studies done with different probes, i.e. ASP or PYR instead of MPP, could
provide more information about different binding sites on the MATE binding
surface, as well as knowledge about potential DDIs and ligand interactions.

iii.

Also, further analysis of which OCs are substrates (versus inhibitors) will give
insight into the idea of multiple binding sites, by elucidating which compounds
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are competitive inhibitors of each other and which appear to be exhibiting linear
mixed type inhibition. Pharamcophore development of a MATE1 or MATE2-K
model will benefit from understanding MATE interaction with different
substrates and also from clarifying which OCs are substrates versus inhibitors.
There are multiple facets to be explored in light of this study and while I believe it
contributes to the advancement of the field I also believe that this study created various
interesting questions and ideas that need further testing and analysis.
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APPENDIX A: FIGURES

Figure 1 Cellular Model of Organic Cation Secretion: OC secretion at the cellular level, as
discussed in text (revised from the American Physiological Society’s Comprehensive Physiology:
Renal Handbook (121)).

Abbreviations: MATE, Multdrug And Extrusion; NKA, sodium-

potassium ATPase; OC+, Organic Cation; OCT, Organic Cation Transporter; OCTN, Organic
Cation/Carnitine Transporter; P-gP, P-Glycoprotein.
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Figure 2 hMATE1 Secondary Structure: The depicted membrane topology of hMATE1
generated from http://www.sacs.ucsf.edu/TOPO2/. hMATE1 has 13 predicted transmembrane
domains (TMDs), with a long intracellular loop between TMD 12 and 13. Highlighted residues
are C63, C127 (orange), G273, G278, G300, G300 (green) and H 385 (blue).
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Figure 3 hMATE1 Homology Model: The side view of the model with the extracellular face at
the top and the cytoplasm at the bottom. This model used NorM (a member of the MATE family)
as a template.

Figure adapted from the American Physiological Society’s Comprehensive

Physiology: Renal Handbook (121).
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Figure 4 hMATE1 & hMATE2-K MPP Kinetics & H+ Inhibition Kinetics: MPP Kinetics in
hMATE1 (A) and hMATE2-K expressing CHO cells. [3H]MPP uptake was measured in the
presence of increasing concentrations of unlabeled MPP. Inhibition of [ 3H]MPP kinetics with
increasing concentrations of H+ are also displayed in Figures C (hMATE1) and D (hMATE2-K).
Each point is the mean (±SEM) of uptakes measured in three wells of a 24-well plate, after 5 min
at pH 8.5 (RTº). Jmax, Kt and IC50 values were calculated as an average of 3 experiments.
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Figure 5 Range of Inhibition of hMATE1 & hMATE2-K Mediated Transport: The percent
inhibition of [3H]MPP at 10 µM of all 59 compounds screened. The profiles of hMATE1 (A)
versus hMATE2-K (B) are similar with 20 (MATE1, A) or 14 (MATE2-K, B) compounds
reducing [3H]MPP transport by ≥50%.
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Figure 6 Inhibitory Profiles of Transport Activity of hMATE1 and hMATE2-K: The
inhibitory profiles against transport activity of hMATE1 (closed circles) and hMATE2-K (open
circles) produced by four compounds: quinidine (A), agmatine (B), nialamide (C) and allopurinol
(D). These compounds were selected to emphasize the spectrum of inhibitory effectiveness of
our battery of test agents, with IC50 values that ranged from micromolar (e.g., quinidine), through
micromolar (e.g., nialamide), to no effective interaction (e.g., allopurinol). Each point is the
percent of control (e.g. [0] of compound) measured in three wells of a 24-well plate, after 5 min
at pH 8.5 (RTº). IC50 values were calculated as an average of 3 experiments. NI= No interaction.
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Figure 7 Comparison of hMATE1 & hMATE2-K IC50 Values & Range of Affinities:
hMATE1 IC50 values were graphed as a function of hMATE2-K IC50 values for the 59 test
compounds (A) at pH 8.5 (left) and calculated 7.4 (right). There is marked overlap between the
two proteins with the exception of a few of the compounds some of which are highlighted in B.
The apparent affinities of hMATE1 (closed circles) and hMATE2-K (open circles) for atropine
(left), amantadine (center) and azidoprocainamide (APMI; right) are displayed in panel B. Each
point is the percent of control (e.g. [0] of compound) measured in three wells of a 24-well plate,
after 5 min at pH 8.5 (RTº). IC50 values were calculated as an average of 3 experiments.
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Figure 8 mRNA Levels of Xenobiotic Transporters in Human Kidneys: Assessment of
mRNA levels for Organic Anion Transporter (OAT) 1 and 3, Organic Cation/Carnitine
Transporter (OCTN) 2, Organic Cation Transporter (OCT2) and Multidrug And Toxin Extrusion
(MATE) 1 and 2-K transporters in samples collected from outer cortex (white), inner cortex
(gray) and medulla (black) from two human kidneys. Each point is the mean (±SEM, n of 3) and
levels of each are normalized to the level of GAPDH expression in each sample.

A. hMATE1 (40X)

B. hMATE2-K (40X)
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Figure 9 Immunohistochemical Localization of hMATE1 & hMATE2-K in the Kidney:
Immunohistochemical localization of MATE1 (A) and MATE2/2-K (B) in human renal cortex at
40X magnification (insert at 10X magnification). Both proteins were localized to the brush
border membrane of proximal tubules (labeled in green; nuclear stain in red).
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Figure 10 Correlation Between hMATE1 & hMATE2-K IC50 Values & LogP, TPSA &
pKa: Relationship between hMATE1 IC50 values with logP (A-B), TPSA (C) and pKa (D). None
of these molecular descriptors correlated strongly to MATE1 interaction, except for the
relationship between a group of n-tetraalkylammonium compounds and logP.
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Figure 11 Family of Kinetic Curves hMATE1 & Common Features Pharmacophore:
Kinetics for the five compounds used to generate the hMATE1 common features pharmacophore
(A): PYR (open triangles; IC50 = 0.04 µM), quinidine (closed triangles; IC50 = 1.57 µM),
histamine (closed diamonds; IC50 = 761 µM), caffeine (closed squares; IC50 = 1096 µM) and
chloramphenicol (closed circles; IC50 = 1115 µM).

The resulting common features

pharmacophore (B) had 2 hydrophobic regions (cyan), 1 H-bond donor (magenta), and 1 H-bond
acceptor (green). Each point is the percent of control (e.g. [0] of compound) measured in three
wells of a 24-well plate, after 5 min at pH 8.5 (RTº).
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Figure 12 hMATE1 Inhibition Kinetics of Cinchonidine and Ethohexadiol & Common
Features Pharamcophores: Cinchonidine inhibition kinetics of [3H]MPP (A) and ethohexadiol
(B). Both molecules (cinchonidine, C and ethohexadiol, D) were good fits for the common
features pharmacophore (fit values of 3.1 and 2.7, respectively, data not shown), cinchonidine
was an effective, high affinity inhibitor of hMATE1. Each point in A and B is the mean (±SEM)
of uptakes measured in three wells of a 24-well plate, after 5 min at pH 8.5 (RTº). IC50 values
were calculated as an average of 3 experiments.
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Figure 13 First Iteration of the Quantitative Pharmacophore for hMATE1 & Correlation
Graph: 24 of the initial 26 compounds were used in an analysis that resulted in a model
containing two hydrophobic features (cyan), one hydrogen-bond donor (magenta), and one
positive ionizable feature (red) seen with cinchonidine’s structure (A). The graph on the right (B)
displays the relationship between measured and predicted IC50 values based on the model, which
has a correlation r value of 0.68 (p < 0.0001).
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Figure 14 Second Iteration of the Quantitative Pharmacophore for hMATE1 & Correlation
Graph: Using 43 compounds (the initial 24 plus the “test set” of 15 compounds and two other
compounds, derived from the database searching, that probed the common features model) this
second quantitative model was generated and included 2 hydrophobes (cyan), 2 hydrogen-bond
acceptors (green), and an ionizable feature (red) seen with cinchonidine’s structure. The graph on
the right (B) displays the relationship between measured and predicted IC50 values based on the
model, which has a correlation r value of 0.71 (p < 0.0001).
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Figure 15 Final Iteration of the Quantitative Pharmacophore for hMATE1 & Correlation
Graph: The final model included two hydrophobes (cyan), a hydrogen bond-acceptor (magenta),
and an ionizable feature (red). The graph on the right (B) displays the relationship between
measured and predicted IC50 values based on the N46 model, which has a correlation r value of
0.73 (p < 0.0001).
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Figure 16 hMATE1 Quantitative Pharmacophore Generated With Values From Kido et al
(73): The Kido quantitative pharmacophore had 3 hydrophobes (cyan), 2 hydrogen bond
acceptors (green) and 3 excluded volumes (grey) seen here with orphenadrine. Kido et al (73)
used ASP as their inhibitory compound whereas we used MPP the result is fundamentally
different hMATE1 quantitative pharamcophores.
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Figure 17 hMATE1 Kinetics of MPP & Metformin: hMATE1 MPP (A) and metformin (B)
kinetics reveal that while metformin has a higher turnover number than MPP, the higher affinity
of MATE1 for MPP results in a more effective interaction with the transporter. Each point is the
mean (±SEM) of uptakes measured in three wells of a 24-well plate, after 5 min at pH 8.5 (RTº).
Jmax, and Kt values were calculated as an average of 3 experiments.
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Figure 18 hMATE1 Metformin Inhibition Kinetics of MPP, MPP Kinetics in the Absence &
Presence of 250 µM Metformin: Inhibitory profile of metformin’s inhibition of MPP, resulting
in an IC50 of 47.0 µM (A). B shows Eadie-Hofstee plots of the carrier-mediated (i.e., saturable)
components of these two data sets, which emphasizes the apparent competitive nature of the
interaction of metformin and MPP. Each point is the mean (±SEM) of uptakes measured in three
wells of a 24-well plate, after 5 min at pH 8.5 (RTº) in five separate experiments. Jmax, Kt and
IC50 values were calculated as an average of 3-5 experiments.
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Figure 19 hMATE1 Creatinine Inhibition Kinetics of MPP & MPP Kinetics in the Absence
& Presence of 1 mM Creatinine: Inhibitory profile of creatinine’s inhibition of hMATE1,
resulting in an IC50 of 195 µM (A). The Eadie-Hofstee plot in B emphasizes the apparent
competitive nature of the interaction of creatinine and MPP. Each point is the mean (±SEM) of
uptakes measured in three wells of a 24-well plate, after 5 min at pH 8.5 (RTº) in five separate
experiments. Jmax, Kt and IC50 values were calculated as an average of 3-5 experiments.
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Figure 20 hMATE1 PYR Inhibition Kinetics of MPP & MPP Kinetics in the Absence &
Presence of 1 µM PYR: PYR inhibition of MPP has an IC50 of ~40nM (A). B show EadieHofstee plots of MPP kinetics and MPP kinetics in the presence of 1 µM PYR (inset is MPP
kinetics in the presence of 1 µM PYR), where Jmax is largely decreased with the presence of PYR
and Kt values are only slightly altered. Each point is the mean (±SEM) of uptakes measured in
three wells of a 24-well plate, after 5 min at pH 8.5 (RTº) in five separate experiments. Jmax, Kt
and IC50 values were calculated as an average of 3-5 experiments.
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Figure 21 hMATE1 MPP Uptake Time Course, Efflux Time Course & MPP ConcentrationDependent Trans-Stimulation: Steady-state accumulation of [3H]MPP (~13 nM) into
hMATE1-expressing cells was achieved within approximately 30 minutes (A).

Then the

extracellular medium was replaced with either (i) 13 nM [ 3H]MPP (identical to the loading
solution); or (ii) one containing the 13 nM [3H]MPP plus 100 µM unlabeled MPP (B). C shows
that at increasing concentrations of extracellular MPP the cell content of [3H]MPP significantly
decreased beginning at 10 µM. Each point is the mean (±SEM) of uptake or efflux measured in
three wells of a 24-well plate, at pH 8.5 (RTº). Significance was calculated using a 1-way
ANOVA where p < 0.0001.
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Figure 22 PYR Concentration-Dependent Trans-Stimulation: Increasing concentrations of
extracellular PYR trans-stimulate [3H]MPP efflux (e.g. cell content) significantly beginning at 10
nM. Each point is the mean (±SEM) of uptake or efflux measured in three wells of a 24-well
plate, at pH 8.5 (RTº). Significance was calculated using a 1-way ANOVA where p < 0.0001.
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Figure 23 [3H]MPP Time Course in the Presence of MPP or PYR: Time course of 13 nM
[3H]MPP uptake, from 15 seconds through 5 minutes, in the absence (closed circles) and presence
of either 100 nM PYR (open circles) or 1 mM MPP (closed squares). Each point is the mean
(±SEM) of uptake measured in three wells of a 24-well plate, at pH 8.5 (RTº).
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Figure 24 PYR-2 & PYR-3 Inhibition Kinetics of MPP: PYR structural analogs, PYR-2 (A)
and PYR-3 (B) are high affinity inhibitors of hMATE1–mediated transport of [3H]MPP. Each
point is the mean (±SEM) of uptakes measured in three wells of a 24-well plate, after 5 min at pH
8.5 (RTº). IC50 values were calculated as an average of 3-4 experiments.
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Figure 25 Time Dependence of Inhibition & Time Dependence of Inhibition Normalized to
Total Tracer Uptake: Uptake of [3H]MPP in the presence and absence of MPP (1 mM (gray)
and 20 µM (striped); top left), 250 µM metformin (striped; middle top) and 200 nM of PYR
(striped; top right), PYR-2 (striped; bottom left), and PYR-3 (striped; bottom right) at 30 seconds
and 5 minutes (A). Normalized data (to percent inhibition of 13 nM [ 3H]MPP uptake, at 30
seconds versus 5 minutes) shown in B. Creatinine, metformin and both PYR analogs displayed
marked inhibition; however, PYR, showed a significantly lower degree of inhibition (P < 0.05)
than all of the other compounds at 30 seconds. Each point is the mean (±SEM) of uptake or
efflux measured in three wells of a 24-well plate, at pH 8.5 (RTº). Significance was calculated
using a 1-way ANOVA where p < 0.05.
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Figure 26 MPP Kinetics in the Absence & Presence of 200 nM PYR-2: Example (n =1) of an
Eadie-Hofstee plot of MPP kinetics (closed circles) and MPP kinetics in the presence of 200 nM
PYR-2 (open circles) where the decrease in Jmax and Kt values is highlighted. Each point is the
mean (±SEM) of uptakes measured in three wells of a 24-well plate, after 5 min at pH 8.5 (RTº).
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Figure 27 Model for Competitive Inhibition & Linear Mixed-Type Inhibition: A model for
Competitive Inhibition can be seen in panel A, where T is the transporter T, S 1 and 2 are the
substrates, Ks is the dissociation constant for the appropriate substrate and subscripts

o

and

i

represent the transporter facing the outside and inside of the cell, respectively. In competitive
inhibition the transporter may bind to an inhibitor, substrate, or neither, but it cannot bind both at
the same time.

Panel B shows Linear Mixed-Type Inhibition, where the presence of two

substrates, binding to two different binding sites, either decreases or completely inhibits the
turnover of the transporter.
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Figure 28 Competitive Exchange Diffusion With hMATE2-K Controls: Cellular content of
[3H]MPP at time “0” (e.g. after [3H]MPP accumulation has reached steady-state, and before
adding an extracellular compound), control (buffer at pH 8.5), control-mannitol (control buffer
with 20 mM mannitol) and MPP are shown in this figure. Mannitol did not trans-stimulate efflux
of the intracellular [3H]MPP; only MPP was able to stimulate efflux significantly (p < 0.05).
Each point is the mean (±SEM) of uptake or efflux measured in four wells of a 48-well plate, at
pH 8.5 (RTº). Significance was calculated using a 1-way ANOVA where p < 0.05.
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Figure 29 Competitive Exchange Diffusion With Known MATE Substrates: This figure
confirms previous studies that showed that MPP, metformin, paraquat, PYR and creatinine are
MATE substrates. All of the trans-stimulated [3H]MPP efflux significantly (p < 0.0001). Each
point is the mean (±SEM) of uptake or efflux measured in four wells of a 48-well plate, at pH 8.5
(RTº). Significance was calculated using a 1-way ANOVA where p < 0.05.
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Figure 30 Competitive Exchange Diffusion With N-Tetraalkylammonium Series: All
members of this series stimulated significant (p< 0.0001) efflux of [ 3H]MPP, comparable to that
or unlabeled MPP. Each point is the mean (±SEM) of uptake or efflux measured in four wells of
a 48-well plate, at pH 8.5 (RTº). Significance was calculated using a 1-way ANOVA where p <
0.05.
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Figure 31 Competitive Exchange Diffusion With Unknown MATE Substrates: These test
compounds included two very potent inhibitors of MATE2-K, APMI and quinidine; two weak
inhibitors, ethohexadiol and caffeine; and the prototypical substrate of the renal organic anion
secretory pathway, PAH.

All of these compounds proved to be transported substrates of

hMATE2-K, capable of trans-stimulating significant levels of intracellular [3H]MPP (p <0.0001).
Each point is the mean (±SEM) of uptake or efflux measured in four wells of a 48-well plate, at
pH 8.5 (RTº). Significance was calculated using a 1-way ANOVA where p < 0.05.
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APPENDIX B: TABLES

Table 1A: hMATE1 Kinetic Profiles
Substrate
Kt
Jmax
(μM)
nmol mg-1 min-1
acyclovir
2640
0.62

TE
μl mg-1 min-1
0.2

Cell

Condition

Ref.

HEK

NH4; pH
7.4; 37ºC
NH4; pH
7.4; 37ºC
NH4; pH
7.4; 37ºC
NH4; pH
7.4; 37ºC
NH4; pH
7.4; 37ºC
NH4; pH
7.4; 37ºC
pH 8; RTº
pH 7.4; 37ºC
NH4; pH
7.4; 37ºC
pH 8.5; RTº
pH 8; RTº
NH4; pH
7.4; 37ºC
NH4; pH
7.4; 37ºC
pH 8; 37ºC
NH4; pH
7.4; 37ºC
NH4; pH
7.4; 37ºC
NH4; pH
7.4; 37ºC

(136)

cimetidine

8.0

0.17

21.3

HEK

DAPI2

1.1

***

NA

MDCK

estrone sulfate

470

0.27

0.6

HEK

ganciclovir

> 5000

1.06

0.2

HEK

guanidine

2100

0.89

0.4

HEK

metformin
MPP

238
253
100

1.81
10.8
7.35

7.6
42.7
73.5

HeLa
HEK
HEK

MPP1
paraquat
procainamide

4.0
212
1230

***
0.29
3.78

NA
1.4
3.1

CHO
HEK
HEK

TEA

366

7.54

20.6

HEK

220
380

2.26
1.19

10.3
3.1

HEK
HEK

490

1.94

4.0

HEK

70

0.21

3.0

HEK

topotecan

(73)
(172)
(136)
(136)
(136)
(94)
(76)
(107)
(22)
(20)
(136)
(73)
(107)
(136)
(69)
(136)
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Table 1B: hMATE2-K Kinetic Profiles
Substrate
Kt
Jmax
(μM)
nmol mg-1 min-1
cimetidine
18.2
0.22

TE
μl mg-1 min-1
12.1

Cell

Condition

Ref.

HEK

NH4; pH
7.4; 37ºC
NH4; pH
7.4; 37ºC
pH 8.5;
37ºC
pH 7.4;
37ºC
NH4; pH
7.4; 37ºC
NH4; pH
7.4; 37ºC
NH4; pH
7.4; 37ºC
NH4; pH
7.4; 37ºC
NH4; pH
7.4; 37ºC
pH 8.5;
37ºC
NH4; pH
7.4; 37ºC
NH4; pH
7.4; 37ºC

(73)

guanidine

4200

0.52

0.1

HEK

metformin

1050

NR

11.9

HEK

362

2.4

6.6

HEK

MPP

94

NR

3.1

HEK

procainamide

4100

NR

1.4

HEK

TEA

375

1.2

3.1

HEK

760

0.80

1.1

HEK

139

2.2

14.3

HEK

830

NR

7.6

HEK

110

5.8

52.7

HEK

60

1.3

2.2

HEK

topotecan

(136)
(89)
(76)
(89)
(89)
(73)
(136)
(69)
(89)
(136)
(136)
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Table 1C: hMATE1 Inhibition Kinetics
Inhibitor
IC50
Substrate
(μM)
cefazolin
NI
[14C]TEA

Cell

Condition

Ref.

HEK

NH4; pH 7.4;
37ºC
NH4; pH 7.4;
37ºC
NH4; pH 7.4;
37ºC
pH 7.8; 37ºC
pH 7.4; RTº
NH4; pH 7.4;
37ºC
NH4; pH 7.4;
37ºC
pH 7.4; RTº
pH 7.4; RTº
NH4; pH 7.4;
37ºC
NH4; pH 7.4;
37ºC
pH 7.4; RTº
NH4; pH 7.4;
37ºC
pH 7.4; RTº
pH 7.4; RTº
NH4; pH 7.4;
37ºC
pH 7.4; 37ºC
pH 7.4; 37ºC
pH 7.4; RTº
pH 8; RTº
pH 8; RTº
pH 8; RTº
pH 8; RTº
pH 7.8; 37ºC

(136)

cephalexin

> 5000

[14C]TEA

HEK

cephradine

4040

[14C]TEA

HEK

chloroquine
cimetidine
ciprofloxacin

2.5
5.7
231

[14C]metformin
ASP
[14C]TEA

HEK
HEK
HEK

DAPI

6.9

[3H]cimetidine

HEK

dipryridamole
disopyramide
EB

26
66
5.7

ASP
ASP
[3H]cimetidine

HEK
HEK
HEK

imatinib

1.0

[14C]creatinine

HEK

imipramine
levofloxacin

10
38.2

ASP
[14C]TEA

HEK
HEK

ondansetron
orphenadrine
propidium iodine

0.15
65
15.3

ASP
ASP
3
[ H]cimetidine

HEK
HEK
HEK

PYR

0.08
0.06
1.1
18.3
121
> 5000
63
6.2

[14C]TEA
[ C]metformin
ASP
[14C]paraquat
[14C]paraquat
[14C]paraquat
[14C]paraquat
14
[ C]metformin

HEK
HEK
HEK
HEK
HEK
HEK
HEK
HEK

tacrine
TBA
TEA
TMA
TPrA
trimethoprim

14

(136)
(136)
(101)
(73)
(136)
(73)
(73)
(73)
(105)
(135)
(73)
(136)
(73)
(73)
(73)
(61)
(76)
(73)
(20)
(20)
(20)
(20)
(101)
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Table 1D: hMATE2-K Inhibition Kinetics
Inhibitor
IC50
Substrate
(μM)
cefazolin
NI
[14C]TEA

Cell

Condition

Ref.

HEK

NH4; pH
7.4; 37ºC
NH4; pH
7.4; 37ºC
NH4; pH
7.4; 37ºC
pH 7.4; RTº
NH4; pH
7.4; 37ºC
NH4; pH
7.4; 37ºC
pH 7.4; RTº
NH4; 37ºC
NH4; pH
7.4; 37ºC
NH4; pH
7.4; 37ºC
pH 7.4; RTº
NH4; pH
7.4; 37ºC
pH 7.4; RTº
pH 7.4; RTº
NH4; pH
7.4; 37ºC
pH 7.4;
37ºC
pH 7.4;
37ºC
pH 7.4; RTº

(136)

cephalexin

NI

[14C]TEA

HEK

cephradine

1040

[14C]TEA

HEK

cimetidine
ciprofloxacin

39
99

ASP
[14C]TEA

HEK
HEK

DAPI

15.7

[3H]cimetidine

HEK

dipryridamole
disopyramide
EB

74
>100
3.0

ASP
ASP
[3H]cimetidine

HEK
HEK
HEK

imatinib

4.3

[14C]creatinine

HEK

imipramine
levofloxacin

>100
82

ASP
[14C]TEA

HEK
HEK

ondansetron
orphenadrine
propidium iodine

6.9
>100
1.3

ASP
ASP
[3H]cimetidine

HEK
HEK
HEK

PYR

0.01

[14C]metformin

HEK

0.05

[14C]TEA

HEK

>100

ASP

HEK

tacrine

(136)
(136)
(73)
(136)
(73)
(73)
(73)
(73)
(135)
(73)
(136)
(73)
(73)
(73)
(76)
(61)
(73)

Abbreviations: ASP, 4-(4-dimethlamino)styryl)-N-methyl-pyridinium; CHO, Chinese Hamster Ovary cell;
DAPI, 4',6-diamidino-2-phenylindole; EB, ethidium bromide; HEK, Human Embryonic Kidney cell; HeLa,
immortal cervical cancer cells; MDCK II, Madin Darby Canine Kidney cells; MPP, l-methyl-4phenylpyridinium; NH4, Intracellular acidification using the ammonia pulse technique; NI, No Interaction;
NR, Data Not Reported; PYR, pyrimethamine; TBA, tetrabutylammonium; TEA, tetraethylammonium;
TMA, tetramethylammonium; and TPrA, tetraproprylammonium. 1Jmax reported as, pmol min-1 cm-2 ;
2
Jmax reported as, F1/10 min/mg protein

121
Table 2: IC50 Values Generated for hMATE1 & hMATE2-K
Compound

Drug Class

(1) IC50
(1) Cal. IC50
(2-K) IC50 pH 8.5
(2-K) Cal. IC50
pH 8.5
pH 7.4
pH 7.4
a
Agmatine
NT
141
60.8 ± 9.12
395
53.9 ± 1.40
Allopurinol a
XAI
NI
N/A
NI
N/A
a
Amantidine
AV
7.53 ± 1.49
19.7
88.9 ± 9.0
578
a
Amiloride
DI
2.41 ± 0.183
6.3
3.06 ± 0.615
19.9
a
APMI
PAL
6.21 ± 0.255
16.2
0.501 ± 0.224
3.30
Atropine a
AC
5.9 ± 1.31
15.3
52.8 ± 13.7
343
Baclofen
AS, MR
NI
N/A
NI
N/A
a
Caffeine
S
1096 ± 42.5
2863
451 ± 120
2932
a
Chloramphenicol
AB
1114 ± 156
2909
1951 ± 45
12683
Cinchonidine b
SC
0.927 ± 0.154
2.38
4.38 ± 1.16
27.1
b
Cinchonine
SC
1.86 ± 0.375
4.78
0.939 ± 0.043
5.81
Cisplatin
CT
NI
N/A
NI
N/A
a
Clonidine
A2A
8.09 ± 0.786
21.1
54.0 ± 1.30
351
a
Creatinine
MBP
195 ± 39.2
510
150 ± 25.8
977
b
Ethohexadiol
IR
>2000
N/A
>1000
N/A
b
Famotidine
H2RA
2.16 ± 0.388
5.56
6.28 ± 0.45
38.8
Guanfacine
A2AN
3.51 ± 616
9.18
218
1346
Guanidine
MBP
>2100
5405
>4000
N/A
H+
EI
0.0196 ± 0.001
N/A
0.0035 ± 0.001
N/A
Histamine
IRR, NT
761 ± 196
1986
775 ± 148
5036
b
Imiquimod
IMR
13.9 ± 5.92
35.9
19.1 ± 5.66
118
Ketoconazole
AF
1.33 ± 0.165
3.43
9.33 ± 0.811
57.7
a
Metformin
AD
47.0 ± 2.24
123
89.3 ± 17.7
581
Midodrine b
VP
109 ± 18.4
281
87.1 ± 38.4
539
MPP
NTX
4.70 ± 0.548
12
3.3 ± 0.192
21.0
Nalxone
OAN
24.1 ± 3.72
62.1
43.2 ± 12.9
280
Nialamide
MAOI
212 ± 4.67
546
236 ± 30.6
1460
Nicotine
S
167 ± 36.7
437
134 ± 27.9
869
a
NMN
POC
147 ± 80.7
385
46.3 ± 5.30
501
a
Paraquat
H
50.5 ± 7.67
132
15.5 ± 1.3
101
a
Phenformin
AD
6.10 ± 0.186
16
11.2 ± 2.81
73.0
b
Phentolamine
AAA
4.64 ± 0.368
11.9
5.3 ± 0.527
32.8
Procainamide a
AA
24.0 ± 1.27
63
19.1 ± 3.36
124
b
Proguanil
AM
4.35 ± 1.70
11.4
1.39 ± 0.512
9.02
b
Propranolol
BB
7.81 ± 0375
20.1
7.71 ± 0.104
47.7
PYR a
AM
0.042 ± 0.01
0.547
0.415 ± 0.144
2.70
PYR-2
SC
0.135 ± 0.01
0.789
4.71 ± 0.278
30.6
PYR-3
SC
0.196 ± 0.01
0.833
6.32 ± 0.447
41.1
a
Quinidine
AA
1.57 ± 0.318
4.1
1.47 ± 0.273
9.60
b
Quinine
AA
1.90 ± 0.410
5
6.4 ± 1.66
42.0
a
Ranitidine
H2RA
5.40 ± 1.02
14
10 ± 1.88
65.0
b
Scopolamine
AC, AMS
47.6 ± 4.83
123
272 ± 24.8
1683
Serotonin
MA, NT
28.8 ± 5.30
75
18.3 ± 1.40
119
Sulfadimethoxine
AB
>>1000
N/A
>>1000
N/A
Sulfamerazine
AB
>>1000
N/A
>>1000
N/A
Tacrine
ACS
1.31
1.10 ± 0.21
7.17
0.51 ± 0.10
TBA
SC
11.7
30.4
N/A
N/A
TEA a
POC
40.6 ± 4.57
106
14.4 ± 8.75
94.0
a
TEMA
SC
51.6 ± 10.2
135
28.4 ± 0.721
184
Ticlopidine
AP
>1000
N/A
>1000
N/A
TMA
SC
>5000
N/A
N/A
N/A
b
Topiramate
ACT
~1000
N/A
NI
N/A
TPeA
SC
6.34 ± 0.23
16.4
N/A
N/A
TPrA
SC
14.8 ± 4.03
38.5
N/A
N/A
Tramadol
OA
17.8 ± 1.60
46.3
74.6 ± 17.6
485
b
Trichlormethiazide
DI
249 ± 9.8
640
679
4198
a
Trimethoprim
AB
9.70 ± 1.22
225
2.61 ± 1.12
17.0
Tryptophan
AAM
NI
N/A
NI
N/A
a
Tyramine
MA
86.6 ± 8.17
226
138 ± 10.8
899
Verapamil
LTCB
41.9 ± 6.75
109
37.9 ± 9.74
247
Abbreviations: A2A, Alpha-2 Adrenergic Agonist; A2AN, Alpha-2A Norepinephrin Receptor Agonist; AA, Antiarrhythmic; AAA,
Alpha Adrenergic Antagonist; AAC, Amino Acid; AB, Antibiotic; AC, Anticholinergic; ACS, Anticholinesterase; ACT,
Anticonvulsant; AD, Antidiabetic; AF, Antifungal; AM, Antimalarial; AMS, Antimuscurinic; AP, Antiplatelet; AS, Antispastic; AV,
Antiviral; BB, Beta Blocker; CT, Chemotherapy Drug; DI, Diuretic; EI, Endogenous Ion; H, Herbacide; H2RA, Histamine H2Receptor Antagonist; IMR, Immune Response Modifier; IR, Insect Repellent; IRR, Immune Response Regulator; LTCB, LType Calcium Blocker; MA, Momoamine; MAOI, Monoamine Oxidase Inhibitor; MBP, Metabolism By-Product; MS, Muscle
Relaxer; NT, Neurotransmitter; NTX, Neurotoxin; OA, Opiate Agonist; OAN, Opiate Antagonist; PAL,
Photoaffinity Label;
POC, Prototypical Organic Cation; S, Stimulant; SC, Synthetic Chemical; VP, Vasopressor; XOI, Xanthine Oxidase Inhibitors;
a
and NI, No interaction. Each value is the mean (±SEM) of 3-4 experiments, represents the initial 24 compounds used for the
first iteration of pharamacophores, b represents the 15 compounds use to test the common features pharmacophore and the
bolded compounds are those identified by the pharamacophores.
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Table 3: hMATE1 Jmax & Kt values for MPP Kinetics in Absence and Presence of Five Test
Compounds and Metformin Kinetics
Compound
MPP
Metformin
MPP + 250 µM Metformin
MPP + 1000 µM Creatinine
MPP + 1 µM PYR
MPP + 0.4 µM PYR-2

Jmax
pmol/cm2 x min
3.02 ± 0.43
9.31 ± 1.86
3.93 ± 0.76
2.66 ± 0.76
0.25 ± 0.07
0.72 ± 0.03

Kt
µM
4.88 ± 0.43
64.3 ± 6.33
35.5 ± 5.28
10.4 ± 1.50
11.1 ± 3.06
9.21 ± 2.35

Data are means (±SEM) of 3-5 separate experiments.
MPP, l-methyl-4phenylpyridinium; PYR, pyrimethamine; PYR-2, 1-(2-chlorophenyl)-6,6-dimethyl-1,6dihydro-1,3,5-triazine-2,4-diamine.
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