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Abstract
1. The transport of negatively charged drugs, xenobiotics, and metabolites by epithelial tissues,
particularly the kidney, plays critical roles in controlling their distribution, concentration, and
retention in the body. Thus, organic anion transporters (OATs) impact both their therapeutic efficacy
and potential toxicity.

2. This review summarizes current knowledge of the properties and functional roles of the cloned
OATs, the relationships between transporter structure and function, and those factors that determine
the efficacy of transport. Such factors include plasma protein binding of substrates, genetic
polymorphisms among the transporters, and regulation of transporter expression.

3. Clearly, much progress has been made in the decade since the first OAT was cloned. However,
unresolved questions remain. Several of these issues — drug–drug interactions, functional
characterization of newly cloned OATs, tissue differences in expression and function, and details of
the nature and consequences of transporter regulation at genomic and intracellular sites — are
discussed in the concluding Perspectives section.
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Introduction
It has been recognized for nearly a century and a half that the kidney has the capacity to
eliminate certain chemicals very effectively (reviewed by Pritchard and Miller 1993). These
early studies were possible because several coloured anionic dyes are highly concentrated in
the urine where their presence is easily observed. Subsequently, these observations led to
development of the first clinical test for renal function (Rowntree and Geraghty 1909), proof
of renal tubular secretion (Marshall and Vickers 1923; Marshall and Grafflin 1928, 1932), and
a quantitative measure of renal blood flow (Smith et al. 1938). More recently, research into the
nature of organic anion transport has focused on how this strikingly effective transport is
achieved.
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The earliest in vitro studies using renal slices (Cross and Taggart 1950) demonstrated that the
process is dependent upon metabolic energy and on the presence of sodium in the extracellular
space, and that a number of metabolic intermediates stimulate transport. Nevertheless, the
mechanism of organic anion transport and its coupling to metabolic energy remained uncertain
until the mid-1980s and the independent work of Burckhardt (Shimada et al. 1987) and
Pritchard (1987, 1988). These authors demonstrated, using isolated basolateral membrane
vesicles from rat renal cortex, that organic anion transport is driven by uptake across the
basolateral membrane in exchange for intracellular dicarboxylate (physiologically for α-
ketoglutarate (α-KG); Pritchard 1990). The required intracellular>extracellular α-KG gradient
is maintained by mediated uptake of αKG into the cells across the basolateral membrane by
Na+/dicarboxylate co-transport (approximately 60%) and by intracellular production via
metabolism (approximately 40%) (Dantzler 2002). Finally, the inwardly directed Na+ gradient
driving this process is the product of adenosine triphosphate (ATP) hydrolysis via the Na,K-
ATPase at the basolateral membrane (Shimada et al. 1987; Pritchard 1988, 1990; Pritchard and
Miller 1993; Schmitt and Burckhardt 1993; Dantzler 2002; Wright and Dantzler 2004). Thus,
as depicted in Figure 1, the overall effect of these transporters acting in concert is the net entry
of sodium and organic anion into the cell, energized by the hydrolysis of ATP. In contrast, the
dicarboxylate counter-ion, αKG, is recycled and undergoes no net change in concentration.
The overall process may be termed tertiary active transport, since the transport of the organic
anion substrate is separated from ATP hydrolysis by two intervening steps. Despite the
complexity of this mechanism, it is very effective, resulting in complete clearance of good
substrates like ρ-aminohippurate (PAH) from the renal plasma in a single pass through the
kidney (Pritchard and Miller 1993). Subsequent work, discussed below, has led to cloning of
the basolateral organic anion transporters (OATs) and demonstrated that the properties of the
cloned basolateral organic anion transporters match precisely with the features of the overall
process as defined by the membrane vesicle studies.

Given the efficacy of the basolateral uptake process, renal organic anion transport plays a
critical role in controlling drug and xenobiotic concentration and retention within the body.
The second important feature that is critical for this role is the ability of the organic anion
system to transport a diverse array of chemicals, ranging from endogenous metabolites to drugs,
xenobiotics and their metabolites. As amply documented by the comprehensive microperfusion
studies of Ullrich (e.g., Ullrich and Rumrich 1988; Fritzsch et al. 1989), organic anion system
substrates are characterized by a small size (<500 Daltons), a hydrophobic region (optimally
8–10 Å in length), and a negative charge (optimally 6–7 Å from a second such charge).
Together, the efficacy of transport and the broad range of compounds transported position the
organic anion system to have a major impact on the handling of compounds entering the body
as organic anions, as well as on the anionic metabolites of hydrophobic compounds.

The above discussion focuses on the basolateral step in net secretion of organic anions across
the renal tubular epithelium. This reflects the fact that for negatively charged compounds, the
energetically uphill step in transepithelial transport must be entry from the extracellular fluid
into the cell, which is approximately 70 mV negative relative to the extracellular fluid (Wright
and Dantzler 2004). Thus, entry of an anion is opposed by electrical and concentration
gradients, requiring input of metabolic energy via the tertiary active mechanism summarized
above. The apical efflux step for these anions will be energetically downhill. This latter step
is less well characterized than the basolateral step, but it too is mediated and transporters
playing a role at this cellular face have also been cloned (see below). A number of excellent
comprehensive reviews have examined various aspects of organic anion transport including
its history, energetics, molecular biology, and specificity (Pritchard and Miller 1993;
Burckhardt and Burckhardt 2003; Wright and Dantzler 2004; You 2004; Hediger et al. 2005;
Sweet 2005; Anzai et al. 2006; Rizwan and Burckhardt 2007; Zhou and You 2007).
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The sections to follow will discuss the properties and functional roles of the cloned organic
anion transporters, the relationships between transporter structure and function, and those
factors which determine the efficacy of transport, including plasma protein binding of
substrates, genetic polymorphisms among the transporters, and regulation of transporter
expression.

Characteristics of cloned organic anion transporters (OATs)
The first organic anion transporter, named OAT1, was cloned in 1997 by expression cloning
in Xenopus oocytes (Sekine et al. 1997; Sweet et al. 1997) from a rat kidney cDNA library. As
noted above and discussed in detail below, its properties match precisely with those
characterized in the earlier membrane vesicle studies. Upon sequencing of this transporter, it
became apparent that its nucleotide and amino acid sequences were highly homologous to the
recently cloned organic cation transporter 1 (OCT1) (Grundemann et al. 1994); reviewed by
Ciarimboli et al. in this volume). Thus, both classes of renal transporters were determined to
be part of the same superfamily of transporters, the solute carrier 22A family, or SLC22A. All
of these transporters have important features in common. First, they are approximately the
same size (500–600 amino acids). They have twelve trans-membrane spanning domains
(TMD) and both amino and carboxy termini are intracellular. A large extracellular loop is
present between TMD 1 and 2 and another large loop is intracellular between TMD 6 and 7.
A number of glycosylation sites are located in the extracellular loop and putative
phosphorylation sites are present in the intracellular loop. Through a combination of cloning
and genomic screening in silico, approximately 25 SLC22A family members have been
identified. Of these, six (SLC22A1–5 and 16) transport organic cations and will not be
examined here. The remainder handle organic anions (SLC22A6–12, and 20) or are
uncharacterized (SLC22A13–15, 17–19, and 21–25) (Sweet 2005; Jacobsson et al. 2007).
Several dendrograms depicting the phylogenetic relationships between SLC22A members
have been published recently (Eraly et al. 2003; Koepsell and Endou 2004; Wright and Dantzler
2004; Aslamkhan et al. 2006; Jacobsson et al. 2007). In this section, we will discuss the
properties and functional roles of the well-characterized transporters — initially, those that are
expressed at the basolateral face of the tubule and then those that are apical. Finally, the limited
information on several incompletely characterized transporters will be summarized.

Basolateral OATs
OAT1 (SLC22A6)
Cloning: The first member of the OAT family, rOat1, was cloned from a rat kidney cDNA
library by two independent groups (Sekine et al. 1997; Sweet et al. 1997). Mouse Oat1 (mOat1)
was also cloned at this time, but based on the lack of functional data was called novel kidney
transporter (NKT) (Lopez-Nieto et al. 1997) and not functionally determined to be an OAT
until 2000 (Pavlova et al. 2000). The winter flounder (Pseudopleuronectes americanus)
homologue (fOat1) was also cloned in 1997 (Wolff et al. 1997). Soon thereafter, four isoforms
of human OAT1 (hOAT1-1, hOAT1-2, hOAT1-3 and hOAT1-4), as well as the rabbit
orthologue (rbOat1) and two isoforms of pig (pOat1 and pOat1A) were cloned and
characterized (Reid et al. 1998; Hosoyamada et al. 1999; Lu et al. 1999; Race et al. 1999; Bahn
et al. 2000, 2002; Hagos et al. 2002). Finally, Oat1 was also cloned from Caenorhabditis
elegans (CeOat1) in 1999 (George et al. 1999) and from monkey (mkOat1) in 2005 (Tahara
et al. 2005).

Size and two-dimensional structure: The hOAT1 protein is 550 amino acids in size (Reid et
al. 1998; Hosoyamada et al. 1999; Lu et al. 1999; Race et al. 1999) and shares 86–96% sequence
identity with other mammalian Oat1 orthologues (rat, mouse, rabbit, pig and monkey).
Moreover, as might be expected, it shares only 25 and 47% amino acid identity to the
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phylogenetically more distant CeOat1 and fOat1, respectively. Secondary structure based on
hydropathy analysis indicates that, as noted above, OAT1 contains twelve TMDs, with
cytoplasmic amino and carboxyl terminals. The large extracellular loop between TMD 1 and
2 contains three to six potential N-glycosylation sites, depending upon species. Potential
phosphorylation sites for protein kinase C (PKC), protein kinase A (PKA), casein kinase II,
and tyrosine kinase are clustered in the intracellular loop between TMD 6 and 7 and on the
carboxyl terminus (Burckhardt and Wolff 2000; Koepsell and Endou 2004). The molecular
weights of hOAT1 gene products vary from 60 to 90 kDa, depending upon glycosylation status
(Robertson and Rankin 2006). Molecular weights of Oat1s from other species are in the same
range, e.g., rOat1, 57–77 kDa (Robertson and Rankin 2006), fOat1, 62 kDa (Wolff et al.
1997), and mkOat1, 70 kDa (Tahara et al. 2005) (Table I).

Cell and tissue distribution: Northern blot analysis showed that hOAT1, rOat1, mOat1
transcripts are expressed abundantly in kidney and at lower levels in brain (Lopez-Nieto et al.
1997; Sekine et al. 1997; Sweet et al. 1997; Lu et al. 1999; Race et al. 1999). In situ
hybridization demonstrated that rOat1 mRNA is expressed in renal proximal tubules (Lopez-
Nieto et al. 1997; Sekine et al. 1997). Immunohistochemistry has shown that hOAT1, rOat1
and mOat1 are expressed at the basolateral membrane of renal proximal tubule cells (Sekine
et al. 1997; Sweet et al. 1997; Geng et al. 1999; Hosoyamada et al. 1999). Recently, Hilgendorf
et al. (2007) demonstrated by quantitative polymerase chain reaction (PCR) that hOAT1 has
the highest expression of 36 drug transporters found in human kidney. Oat1 mRNA expression
was also seen in mouse and rat choroid plexus by reverse transcriptase-polymerase chain
reaction (RT-PCR) analysis (Sweet et al. 2002). Subsequently, hOAT1 mRNA was also
detected in human choroid plexus by Alebouyeh et al. (2003) However, expression in choroid
plexus is very low and Oat1 function has not been observed in choroid plexus (Sweet et al.
2002). More recently, mOat1 message was also detected in cerebral cortex and hippocampus
(Bahn et al. 2005) and in the olfactory mucosa (Monte et al. 2004). Finally, using radiation
hybrid mapping to identify chromosomal location of OAT1 genes, hOAT1 was mapped to
human chromosome 11q13.1-2, rOat1 to rat chromosome 1q43, and mOat1 to mouse
chromosome 19 (Lopez-Nieto et al. 1997; Hosoyamada et al. 1999) (Tables I and II).

Substrate specificity: PAH has been used for many years as the prototypic substrate for renal
organic anion transport and is completely cleared from the renal plasma in a single pass
(Pritchard and Miller 1993). It is also an excellent substrate for OAT1. The affinity of OAT1
for PAH has been reported in a variety of heterologous expression systems, including Xenopus
laevis oocytes and mammalian cell lines. The apparent Km of hOAT1 for PAH is in the 5–9
μM range (Hosoyamada et al. 1999; Lu et al. 1999). Pig (3.7 μM) and monkey (10 μM) Oat1s
are similar in affinity (Hagos et al. 2002). Other Oat1s have somewhat lower affinities, with
Km's of 14 μM and 70 μM for rOat1 (Sekine et al. 1997; Sweet et al. 1997), 37 μM for mOat1
(Kuze et al. 1999), 15.6 μM for rbOat1 (Bahn et al. 2002), 20 μM fOat (Wolff et al. 1997), and
430 μM for CeOat1 (George et al. 1999) (Table II). Although PAH is also transported by the
OAT3 isoform, recent assessment of transport by the Oat1 knockout mouse (Eraly et al.
2006) clearly demonstrates that Oat1 is the major renal transporter for PAH in vivo. Additional
studies have shown that probenecid is a potent inhibitor of OAT1 (Sweet et al. 1997), just as
it is for organic anion transport in native membranes. The nucleoside phosphate antibiotics,
adefovir and cidofovir, are specific substrates for hOAT1 and rOat1 and are not transported
by OAT3 isoforms (Cihlar et al. 1999; Aslamkhan et al. 2006). Flounder Oat1 transports
adefovir as well as the mammalian OAT1s, but unlike its mammalian counterparts, fOat1 also
effectively transports the mammalian OAT3 substrate, oestrone sulfate (ES). Based on these
functional characteristics and analysis of its nucleotide sequence, it has been suggested that
fOat1 is similar to the ancestral OAT gene that gave rise to mammalian OATs 1 and 3 by gene
duplication (Eraly et al. 2003; Aslamkhan et al. 2006). The anionic herbicide, 2,4-
dichlorophenoxyacetic acid (2,4-D), is well transported by OAT1 and shows only modest
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transport by OAT3 (Tahara et al. 2005; Aslamkhan et al. 2006). Rat Oat1 also mediates
transport of endogenous compounds including prostaglandin E2 (PGE2), prostaglandin F2α
(PGF2α), α-KG, and urate; whereas, hOAT1 transports PGE2, PGF2α, α-KG, but not urate,
indicating species differences of organic anion transport among OAT1 isoforms (Sekine et al.
1997; Sweet et al. 1997; Burckhardt et al. 2001; Kimura et al. 2002; Burckhardt and Burckhardt
2003). Finally, inhibition studies also indicate that a variety of organic anions may decrease
or block OAT1-mediated transport, including anti-inflammatory drugs, antibiotics,
chemotherapeutic drugs, anti-viral drugs, vitamins, anti-hypertensive drugs, uraemic toxins,
mycotoxins, heavy metals, and both 2,3-dimercapto-1-propane sulfonic acid (DMPS) and its
oxidized form (Sweet et al. 1997; Wolff et al. 1997; Reid et al. 1998; Apiwattanakul et al.
1999; Cihlar et al. 1999; Hosoyamada et al. 1999; Islinger et al. 2001; Jariyawat et al. 1999;
Lu et al. 1999; Race et al. 1999; Burckhardt and Burckhardt 2003; Sweet 2005). However, it
must be remembered that inhibition studies do not prove that these agents are themselves
transported.

Mechanism: The first cloning papers (Sekine et al. 1997; Sweet et al. 1997) demonstrated that
OAT1 acts as organic anion/dicarboxylate exchanger. Thus, it is capable of functioning as the
basolateral organic anion uptake step in the tertiary active system discussed above (Figure 1),
and of mediating active uptake of organic anion substrates against their electrochemical
gradients in exchange for an intracellular α-KG. Moreover, the dicarboxylate specificity of
OAT1 is also similar to that observed in basolateral membrane vesicles, i.e., dicarboxylates
five to ten carbons in length (glutarate, α-KG, adipate, pimelate, suberate, azelate and sebacate)
markedly inhibited PAH uptake; whereas, dicarboxylates with three to four carbon atoms
(malonate and succinate) did not inhibit (Sweet et al. 1997; Uwai et al. 1998). Glutarate
inhibited PAH uptake mediated by hOAT1 wild-type (WT), but not by mutants in the binding
pocket of hOAT1–Y230F and F438Y (Perry et al. 2006; and unpublished data), indicating that
these tyrosine and phenylalanine residues are important for dicarboxylate recognition.

Physiological role: Given its abundant expression in the kidney (Hilgendorf et al. 2007), its
basolateral localization (Sekine et al. 1997; Sweet et al. 1997, 1999; Geng et al. 1999;
Hosoyamada et al. 1999), and its ability to mediate organic anion uptake in exchange for α-
KG (Sekine et al. 1997; Sweet et al. 1997), OAT1 is a critical component of the overall organic
anion secretory process, specifically driving the energy-dependent uphill basolateral step in
organic anion secretion. Moreover, knockout mice lacking Oat1 are markedly impaired in their
ability to secrete the prototypic organic anion, PAH (Eraly et al. 2006). Thus, OAT1 is
positioned to play a key role in controlling the renal elimination of endogenous and exogenous
organic anions, and their metabolites from the body (Figure 2).

OAT2 (SLC22A7)
Cloning: Rat Oat2 was first cloned in 1994 and called ‘novel liver-specific transporter’ (NLT)
(Simonson et al. 1994), because no functional data was obtained for the clone. Somewhat later,
Sekine et al. (1998) cloned this transporter from a rat liver cDNA library and showed it to be
an organic anion carrier. Two isoforms of the human orthologue were also identified and
designated as hOAT2A and hOAT2B (Sun et al. 2001). Finally in 2002, the mouse isoform
(mOat2) was cloned from a renal cDNA library (Kobayashi et al. 2002).

Size and two-dimensional structure: OAT2 isoforms range from 535 to 546 amino acids in
size (Simonson et al. 1994; Sun et al. 2001; Kobayashi et al. 2002). Rat Oat2 shares 88 and
79% amino acid sequence identity with mOat2 and hOAT2, respectively. Hydropathy analysis
indicates that, like OATs 1 and 3, OAT2s have twelve TMDs with potential N-glycosylation
sites in the first extracellular loop. A third potential N-glycosylation site is also present at
Asn356 in the extracellular loop between TMD 7 and 8 of mOat2 (Kobayashi et al. 2002).
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There are two potential PKC and PKA phosphorylation sites in rOat2 (Simonson et al. 1994)
and six potential PKC phosphorylation sites in mOat2 (Kobayashi et al. 2002). Oat2 proteins
from mouse and rat are 52–66 kDa in size (Simonson et al. 1994; Ljubojevic et al. 2007) (Table
I). Interestingly, OAT2 homologues share only 37–42 and 34–41% amino acid identity to
OAT1 and OAT3 homologues (Table III), implying that functional characteristics of OAT2
may be unique and differ from OAT1 and OAT3.

Cell and tissue distribution: Northern blot analysis indicates that rat and human OAT2 mRNA
are expressed predominantly in the liver, with lower levels in kidney and other tissues (Sekine
et al. 1998; Sun et al. 2001). In contrast, mOat2 mRNA is strongly expressed in kidney and
weakly in liver, indicating that the expression pattern for OAT2 is both species and tissue
specific. More recent data using quantitative PCR indicates that hOAT2 has moderate
expression in liver and relatively low levels in kidney (Hilgendorf et al. 2007). Oat2 expression
is also sex dependent, at least in the mouse, where the livers of female mice have much higher
expression than those of males (Kobayashi et al. 2002). Mouse Oat2 was mapped to mouse
chromosome 17C using fluorescent in situ hybridization analysis (FISH) (Kobayashi et al.
2002). Immunohistochemistry showed that hOAT2 is expressed at the basolateral membrane
of proximal tubules, like OATs 1 and 3 (Enomoto et al. 2002b). In contrast, rOat2 and mOat2
are localized at the apical membrane of late proximal tubules (S3 segments) (Ljubojevic et al.
2007), raising the possibility of species differences in localization of rodent and human OAT2s.
This issue remains incompletely resolved, although functional studies may help (see below).

Substrate specificity: Although its substrate specificity has not been extensively examined,
initial studies indicate that, like other OATs, OAT2 transports a variety of organic anions
(Sekine et al. 1998; Sun et al. 2001; Kimura et al. 2002; Kobayashi et al. 2002, 2005b;
Burckhardt and Burckhardt 2003). These include endogenous substrates like PGE2, α-KG,
cAMP, and dehydroepiandrosterone sulfate (DHEAS) (Table IV). Additional OAT2 substrates
include glutarate, methotrexate (MTX), bumetanide, and PAH. Species differences in substrate
specificity are also seen. For example, salicylate is a substrate for hOAT2 and rOat2 (Sekine
et al. 1998; Morita et al. 2001; Kobayashi et al. 2005b), but is not transported by mOat2
(Kobayashi et al. 2002). Inhibition studies add potential substrates to this list. For instance,
rOat2-mediated salicylate transport is inhibited by organic anions such as
bromosulphophthalein (BSP), indocyanine green, erythromycin, rifampicin, benzylpenicillin,
and probenecid (Sekine et al. 1998; Morita et al. 2001; Burckhardt and Burckhardt 2003).
Cimetidine, oxaloacetate, and enalapril inhibit glutarate transport mediated by mOat2
(Kobayashi et al. 2002; Burckhardt and Burckhardt 2003). Finally, hOAT2-mediated
tetracycline transport is also inhibited by diverse structural compounds, including BSP,
diclofenac, erythromycin, ibuprofen, bumetanide and furosemide (Burckhardt and Burckhardt
2003; Kobayashi et al. 2005a), indicating overlapping substrate specificity between OAT2 and
other OATs.

Mechanism: The original cloning studies of OAT2 showed that replacement of external
sodium by choline or lithium did not change OAT2-mediated transport in Xenopus oocytes,
suggesting that transport is sodium-independent (Sekine et al. 1998; Kobayashi et al. 2002,
2005b). Moreover, glutarate did not trans-stimulate organic anion uptake after co-expression
of rOat2 and rat sodium dicarboxylate exchanger, rNaDC1, suggesting that rOat2 is not an
organic anion/dicarboxylate exchanger (Sekine et al. 1998). More recently, it was also shown
that preloading with dicarboxylates, including glutarate, succinate and fumarate does not
trans-stimulate OAT2-mediated ES transport (Kobayashi et al. 2005b). These data argue that
the mechanism of OAT2 transport is unlike that of OAT1 (discussed above) or OAT3 (see
below), but alternative explanations are possible and this aspect of OAT2 function is in need
of further study.
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Physiological roles: OAT2 is unique in having sex differences in its mRNA expression
(Kobayashi et al. 2002) and apparent differences in tissue localization, i.e., basolateral in human
kidney and apparently apical in rodents (Enomoto et al. 2002b; Ljubojevic et al. 2007).
Moreover, its limited mechanistic understanding further clouds assessment of its potential
functional contribution. Hence, the actual physiological role of this transporter in kidney
remains unclear. However, hOAT2 has recently been reported to show moderate expression
in human liver at the sinusoidal membrane (basolateral membrane) (Hilgendorf et al. 2007),
consistent with prior suggestions that it might be responsible for handling both endogenous
metabolites and foreign chemicals in the liver and possibly contribute to drug–drug interactions
in this tissue (Kimura et al. 2002; Burckhardt and Burckhardt 2003; Kobayashi et al. 2005a).

OAT3 (SLC22A8)
Cloning: Rat Oat3 was first isolated from rat brain in 1999 by RT-PCR based on sequences
shared among SLC members cloned at that time (rOat1, rOat2 and rOct1) (Kusuhara et al.
1999). The murine orthologue, mOat3, was initially isolated from an animal model of
osteosclerosis (oc), and termed reduced in osteosclerosis transporter, or Roct (Brady et al.
1999). Subsequent studies demonstrated that both rat and mouse Oat3 transport a wide variety
of organic anions, as predicted by their similarity to OAT1 in both nucleotide and amino acid
sequence (Kusuhara et al. 1999; Ohtsuki et al. 2004). Human OAT3 and mkOat3 have also
been cloned and characterized (Race et al. 1999; Cha et al. 2001; Tahara et al. 2005).

Size and two-dimensional structure: Rat Oat3 shares greater amino acid sequence identity
with rOat1 (49%) than with either rOat2 (39%) or rOct1 (36%) (Kusuhara et al. 1999). Among
the OAT3s, the human OAT3 amino acid sequence is 79 and 78% identical to that of rOat3
and mOat3, respectively. Rat Oat3 protein is 536 amino acids in length, very similar to mOat3
(537 amino acids) and hOAT3 (542 amino acids). The secondary structure of hOAT3, like
OATs 1 and 2, has twelve TMDs, with four potential N-glycosylation sites and, depending
upon species, three to eight potential phosphorylation sites for PKC (Kusuhara et al. 1999;
Burckhardt and Wolff 2000; Cha et al. 2001). The predicted molecular weight of the human
OAT3 gene product is 62–80 kDa, depending upon glycosylation status. Rat Oat3 is seen on
gels at weights from 50 to 130 kDa, perhaps indicating dimerization or additional protein
partners. Monkey Oat3 was 70 kDa (Robertson and Rankin 2006) (Table I).

Cell and tissue distribution: Northern blot analyses have shown that hOAT3 mRNA is
predominantly expressed in kidney, with far less expression in brain and skeletal muscle (Cha
et al. 2001). Rat Oat3 mRNA is mainly expressed in kidney, liver and brain (Kobayashi et al.
2002); whereas, mOat3 mRNA is abundantly expressed in the kidney, brain, and eye tissues
(Kobayashi et al. 2004). Recently, hOAT3 was also shown by RT-PCR to be expressed in
adrenal tissue and a human adrenal cell line (NCI-H295R) (Asif et al. 2005). In the kidney,
immunohistochemistry demonstrated that both hOAT3 and rOat3 are predominantly expressed
at the basolateral membrane of the renal proximal tubule (Cha et al. 2001; Hasegawa et al.
2002). Moreover, quantitative PCR analysis has shown that hOAT3 is highly expressed in
kidney — second only to hOAT1 among the 36 drug transporters assessed (Hilgendorf et al.
2007). In choroid plexus (CP), mOat3 is expressed at the apical membrane (Sweet et al.
2002), consistent with its physiological role in transport out of the cerebrospinal fluid (CSF)
into the epithelium for efflux into the blood. Mouse Oat3 was mapped to chromosome 19,
using single-strand conformation polymorphisms analysis (Brady et al. 1999). Radiation
hybrid analysis demonstrated that the hOAT3 gene is on chromosome 11q11.7 (Cha et al.
2001).

Substrate specificity: The substrates for OAT3 are as diverse as those of OAT1. In
heterologous expression systems, rOat3 mediated the uptake of PAH, ES, DHEAS, estradiol
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glucuronide, methotrexate (MTX), ochratoxin A (OTA), PGE2, taurocholate, glutarate, cAMP,
urate, and a cationic compound, cimetidine (Kusuhara et al. 1999; Cha et al. 2001; Sugiyama
et al. 2001; Kimura et al. 2002; Sweet et al. 2002). The apparent Km of OAT3-mediated PAH
transport ranges widely between species. For example, PAH affinity is in the 50–100 μM range
for hOAT3 (87.2 μM) (Cha et al. 2001) and rOat3 (60–65 μM) (Kusuhara et al. 1999; Hasegawa
et al. 2002) (Table II), but it is not transported at all by rbOat3 (Dantzler and Wright 2003).
Inhibition studies suggest that a number of anionic drugs are good inhibitors of mOat3 and
may be substrates as well. These include enalapril, tenoxicam, cimetidine, ibuprofen,
famotidine, diclofenac, and amantadine (Kobayashi et al. 2004). Several recent studies have
demonstrated that ES is a specific substrate for mammalian OAT3 transporters (Sweet et al.
2002; Aslamkhan et al. 2006). Furthermore, the apparent affinities of ES for OAT3 are very
high with Km values ranging from 3.1 to 9.5 μM for hOAT3 (Cha et al. 2001; Tahara et al.
2005), from 2.3 to 5.3 μM for rOat3 (Kusuhara et al. 1999; Tahara et al. 2005), 4.5 μM for
rbOat3 (Dantzler and Wright 2003), 7.8 μM for pOat3 (Hagos et al. 2005), and 10.6 μM for
mkOat3 (Tahara et al. 2005) (Table II). A wide range of drugs inhibit OAT3-mediated ES
uptake, including antibiotics, antivirals, H2 antagonists, non-steroidal anti-inflammatory drugs
(NSAIDs), diuretics, anti-epileptics, anti-neoplastics, and probenecid (Kusuhara et al. 1999;
Race et al. 1999; Berkhin and Humphreys 2001; Dresser et al. 2001; Burckhardt and Burckhardt
2003; Rizwan and Burckhardt 2007; Rizwan et al. 2007). These same studies also indicate that
a number of endogenous compounds inhibit ES uptake, including PGE2, PGF2α, and several
neurotransmitters (adrenaline, nor-adrenaline and serotonin).

Mechanism: The initial studies to assess the driving forces for rOat3 transport were done using
the Xenopus oocyte expression system, and showed no significant effect of sodium
replacement on transport and no trans-stimulation of influx or efflux of [3H]-ES by unlabeled
ES (Kusuhara et al. 1999; Cha et al. 2001). These results suggested that OAT3 mediated simple
facilitated-diffusion of organic anions. However, recent work indicates that the mechanism is
more complex (Bakhiya et al. 2003; Sweet et al. 2003). OAT3 was demonstrated to be a
dicarboxylate/organic anion exchanger and OAT3-mediated uptake was shown to take place
through indirect coupling to metabolic energy via a mechanism identical to that of OAT1. Thus,
OAT3 is capable of mediating uphill transport of organic anions across the basolateral
membrane of the proximal tubule, the requisite first step in their secretion into the urine.

Physiological roles: Given its similar mechanism, its basolateral localization in the proximal
tubule, and its broad specificity, OAT3 is — like OAT1 — uniquely positioned to mediate the
energetically uphill uptake step in secretion of its substrates. In particular, OAT3 appears to
be important for substrates that are somewhat larger and more lipophilic than those handled
by OAT1. Its physiological substrates include ES, DHEAS, cAMP, cGMP, PGE2, and
PGF2α (Cha et al. 2001; Burckhardt and Burckhardt 2003). Exogenous substrates include drugs
like benzylpenicillin, several NSAIDs, and even cimetidine, a cationic drug. In liver, OAT3
appears to be the primary OAT contributing to sinusoidal uptake of organic anions. In the
choroid plexus (blood–CSF barrier), where OAT3 is the only OAT transporter expressed at
the apical membrane, it mediates uptake of organic anions from the CSF and thus, plays a
crucial role in the regulation of the composition of central spinal fluid CSF (Sweet et al.
2002, 2003). It may also be an important functional component of the blood–brain barrier
(BBB) through its uptake of organic anions from the brain into the cerebral capillaries (Kikuchi
et al. 2003; Ohtsuki 2004).

Apical OATs
URAT1 (SLC22A12)
Cloning: The first urate transporter was cloned from a mouse kidney cDNA library and
identified as a renal-specific transporter (RST) (Mori et al. 1997). However, this study did not
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provide functional characterization of the transporter. The first functionally characterized urate
transporter was cloned from a human kidney cDNA library and identified as URAT1, or
hURAT1 (Enomoto et al. 2002a). It appeared to function as an organic anion exchanger (see
below) and its loss was shown clinically to lead to reduced urate reabsorption. Subsequently,
the mouse urate transporter was cloned again, functionally characterized, and renamed mUrat1
(Hosoyamada et al. 2004). The hURAT1 gene was mapped on human chromosome 11q13.1
(Enomoto et al. 2002a) (Table I).

Size and two-dimensional structure: The hURAT1 cDNA encodes a protein of 555 amino
acids (Enomoto et al. 2002a). It shares 42% identity with hOAT4 (discussed below). Mouse
Urat1 shares 74% identity to that of hURAT1 (Hosoyamada et al. 2004). Hydropathy analysis
predicts that hURAT1 has twelve TMDs, similar to other OAT members. Several potential
sites for N-glycosylation are found in a large loop between TMD 1 and 2 of hURAT1. In
addition, potential PKC and PKA phosphorylation sites are present in the intracellular loop
between TMD 6 and 7 (Mori et al. 1997; Enomoto et al. 2002a). Unlike OATs 1 and 3, hURAT1
contains a PSD-95/Discs Large/ZO-1 (PDZ) domain which plays a role in regulation of this
transporter (Anzai et al. 2004). Western blot analysis indicates that hURAT1 has a molecular
weight of 40 kDa and mUrat1 ranges between 62 and 70 kDa (Mori et al. 1997; Enomoto et
al. 2002a; Hosoyamada et al. 2004).

Cell and tissue distribution: Northern blot analysis revealed a 2.8-kb hURAT1 transcript in
both adult and foetal kidney (Enomoto et al. 2002a). Renal expression of mUrat1 mRNA in
the male is significantly higher than in the female (Hosoyamada et al. 2004).
Immunohistochemistry indicates that both mUrat1 and hURAT1 are most highly expressed at
the apical membrane of proximal tubules (Mori et al. 1997; Enomoto et al. 2002a; Hosoyamada
et al. 2004). More recently, hURAT1 mRNA and protein were also observed in human vascular
smooth muscle cells by RT-PCR and western blot (Price et al. 2006).

Substrate specificity: As suggested by the name, URAT1 protein transports urate with the
apparent Km values of 371 and 199 μM for hURAT1 (Enomoto et al. 2002a; Anzai et al.
2004) and 1213 μM for mUrat1 (Hosoyamada et al. 2004). L-lactate, pyrazinecarboxylic acid
(PZA), and nicotinate each trans-stimulated urate uptake, indicating that they too were
transported by hURAT1 (Enomoto et al. 2002a). These studies also demonstrated that several
drugs are able to inhibit hURAT1-mediated transport, including antibiotics, diuretics, and
NSAIDs, as well as anti-hypertensive and uricosuric drugs (Enomoto et al. 2002a). However,
PAH, ES, and dicarboxylates do not inhibit hURAT1 activity, indicating a marked difference
in the specificity of this apical OAT from the basolateral OATs 1 and 3 (see above).

Mechanism and physiological role: Both nicotinate and lactate have been shown to drive
urate uptake into the oocytes expressing hURAT1 or mUrat1, suggesting that URAT1 acts as
urate/organic anion exchanger (Enomoto et al. 2002a; Hosoyamada et al. 2004). Given its
expression in the apical membrane of the proximal tubule, exchange of intracellular organic
anions, e.g., lactate, for luminal urate would be most consistent with a role for URAT1 in the
reabsorption of urate. This interpretation is consistent with the decreased urate reabsorption
and low plasma urate levels seen in patients lacking functional URAT1 expression (Enomoto
et al. 2002a). However, this same study showed that urate increased Cl− efflux in hURAT1
expressing oocytes, suggesting urate/chloride exchange as well. Moreover, removing external
Cl− increased urate uptake in oocytes expressing either hURAT1 or mUrat1 (Enomoto et al.
2002a; Hosoyamada et al. 2004). If exchange for chloride were to prove significant in vivo,
the lumen > intracellular Cl− concentration gradient could generate a secretory urate flux. For
this reason, the physiological role(s) of URAT1 must, for the moment, remain incompletely
resolved (Figure 2).
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Nevertheless, it is clear that a more complete understanding of the role of URAT1 in urate
homeostasis is very important. On the positive side, urate is a potent scavenger of free radicals
(Hediger et al. 2005), helping to protect from oxidative damage. Unfortunately, because of its
relatively low aqueous solubility, urate crystals may form — leading to renal stones, gout, and
chronic renal failure (Capasso et al. 2005; Hediger et al. 2005). Moreover, in the human,
mutational silencing leads to a lack of urate oxidase enzyme activity, resulting in plasma urate
concentrations higher than in other species (240–350 μM) (Capasso et al. 2005; Enomoto and
Endou 2005; Hediger et al. 2005), increasing potential for stone formation. Finally, there are
important species differences in urate handling. Rabbits, pigs and birds have higher fractional
urate excretion (FEurate) than filtered load, indicating net secretion. In the human, FEurate is
only 10% of filtered load, suggesting net tubular reabsorption of urate (Maesaka and Fishbane
1998; Enomoto and Endou 2005; Anzai et al. 2007). Thus, if URAT1 were the major human
transporter responsible for renal urate reabsorption, it should play a key role in determining
urate handling and governing its potential to protect from radical damage or to lead to gout
and/or renal stone formation. As discussed above, this aspect of the URAT1 function is
incompletely understood.

OAT4 (SLC22A11)
Cloning: In 2000, Cha et al. screened a human expressed sequence tag (EST) database for
OAT1-like sequences. A novel clone was identified with 30–45% amino acid sequence identity
with known SLC22A family members. This clone was designated hOAT4, and is unique in
that it is expressed only in higher primates (Sweet 2005; Hagos et al. 2007; Rizwan and
Burckhardt 2007). Furthermore, as initially noted by Eraly et al., it occurs as a pair with URAT1
on chromosome 11q13.1 (Eraly et al. 2003).

Size and two-dimensional structure: Human OAT4 cDNA consists of 2210 bp. Its open
reading frame encodes a 550-amino acid protein that shares 42% identity to hURAT1 (Cha et
al. 2000; Enomoto et al. 2002a). Similar to the other OATs, Kyte–Doolittle hydropathy analysis
of hOAT4 predicts twelve TMDs. It has a large, glycosylated extracellular loop between the
first two TMDs with five potential N-glycosylation sites, and a large intracellular loop between
TMD 6 and 7 containing several possible sites for PKC phosphorylation (Cha et al. 2000). It
also has a C-terminal PDZ domain, similar to the other apical OAT, hURAT1 (Anzai et al.
2004).

Cell and tissue distribution: Northern blot and microarray analysis showed that hOAT4
mRNA is expressed in the kidney and placenta (Cha et al. 2000; Bleasby et al. 2006). Human
OAT4 message is also shown by RT-PCR to be expressed in adrenal tissue and an adrenal cell
line (NCI-H295R) (Asif et al. 2005). Immunohistochemistry demonstrated that hOAT4 is
expressed in the apical membrane of renal proximal tubule (Babu et al. 2002a; Ekaratanawong
et al. 2004). More recently, quantitative PCR analysis indicated that hOAT4 has the third
highest level of expression in human kidney, behind only hOAT1 and hOAT3 (Hilgendorf et
al. 2007). In placenta, its localization appears to be basal in the syncytiotrophoblast (Ugele et
al. 2003). These authors, like Cha et al. (2000), suggested that its placement at the foetal side
of the placenta could mediate the uptake of hormone precursors, especially their sulfate
conjugates, like DHEAS.

Substrate specificity: The substrate spectrum of hOAT4 appears to be relatively narrow
compared with other OAT isoforms. It mediates transport of ES (Km = 1.0 μM), DHEAS
(Km = 0.6 μM), OTA (Km = 23 μM), MTX (Km = 18 μM), and PGE2 (Km = 0.15 μM) with
high affinity (Cha et al. 2000; Babu et al. 2002a; Takeda et al. 2002b). Low-affinity substrates
(Km ≥ 150 μM) include PGF2α, tetracycline, zonampanel (an AMPA receptor agonist), and the
antiviral, zidovudine (or AZT) (Babu et al. 2002b; Kimura et al. 2002; Takeda et al. 2002c;
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Hashimoto et al. 2004). Inhibition studies suggest that a variety of other drugs may also interact
with hOAT4, and thus, are potential substrates. For example, ES transport is effectively
inhibited by many NSAIDs (Khamdang et al. 2002). MTX transport is inhibited by penicillin
G, probenecid, and several NSAIDs (interestingly, not including salicylate) in mouse S2 cells
expressing hOAT4 (Takeda et al. 2002b). Other drugs shown to interact with hOAT4 include
diuretics (Hasannejad et al. 2004), cephalosporin antibiotics (Takeda et al. 2002a), ellagic acid
(Whitley et al. 2005), as well as the endogenous metabolite, indoxyl sulfate (Enomoto et al.
2003). Human OAT4 also interacts with PAH and dicarboxylates, but these effects are
complex, as discussed in detail in the next section.

Mechanism: In 2004, Ekaratanawong et al. demonstrated that preloading mouse S2 cells
expressing hOAT4 with PAH or glutarate trans-stimulated uptake of PAH, ES, or glutarate,
providing the first evidence that hOAT4 is an organic anion exchanger. Recently,
understanding of this aspect of hOAT4 function was further refined by Hagos et al. (2007).
Using hOAT4 expressing HEK293 cells, they demonstrated that hOAT4-mediated exchange
of PAH or glutarate is asymmetrical. Cell-to-medium flux of PAH and glutarate in exchange
for Cl− or organic anions is supported by hOAT4, but the reverse, i.e., medium-to-cell flux, is
not seen. These results argue that hOAT4 may contribute to the secretory flux of as least some
hOAT4 substrates. However, Hagos et al. (2007) also showed that hOAT4 could mediate urate
and ES transport in exchange for hydroxyl ion (OH−). Since the cell interior is more alkaline
than luminal fluid, this finding argues that hOAT4 may mediate proximal tubular reabsorption
of organic anions. Our own recent work using isolated membrane vesicles from Sf-9 cells (an
insect cell line) expressing hOAT4 confirms its ability to transport several substrates including
DHEAS, ES, MTX and OTA in exchange for hydroxyl ions (Thompson et al. 2007). Moreover,
exchange was shown to be indirectly coupled to the out > in sodium gradient via Na+/H+

exchange, providing a strong driving force for organic anion reabsorption.

Physiological roles: It is clear from the work summarized above that hOAT4 is an apical
organic anion transporter. It is less certain what its overall impact on renal organic anion
transport may be. One component of its function is clearly pH-driven reabsorption of hOAT4
substrates from the lumen of the proximal tubule. On the other hand, the importance of chloride
exchange for intracellular organic anions, e.g., PAH or glutarate, potentially leading to their
secretion across the apical membrane must still be resolved (Figure 2).

The physiological role(s) of hOAT4 in placenta remains speculative. However, the work of
Ugele et al. (2003) demonstrated that high levels of hOAT4 are expressed at the basal face of
the syncytiotrophoblast, i.e., the side that faces the foetal circulation. These authors suggest a
role for OAT4 in uptake of DHEAS by these cells for synthesis of placental oestrogens.
Moreover, as noted by Hagos et al. (2007), hOAT4 may also play a role in placental homeostasis
of urate and thus, through the antioxidant properties of urate, contribute to protection of the
foetus from oxidative damage.

Partially characterized
OAT5 (SLC22A19)
Cloning: OAT5 was first isolated from a mouse cDNA library (Youngblood and Sweet
2004). Subsequently, rOat5 was cloned from a rat kidney cDNA library (Anzai et al. 2005).
Additionally, a human orthologue, originally named hOAT5, was cloned in 2001 (Sun et al.
2001). However, no functional data has yet been obtained for the hOAT5 clone, and it is now
believed that it is not the human orthologue of the rodent Oat5s (Youngblood and Sweet
2004). Thus, the rodent and human forms have been assigned different names within the
SLC22A family, with the human form retaining its SLC22A10 systematic name and the rodent
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Oat5s being designated SLC22A19. Subsequent discussion will be limited to the rodent
transporters, since they have functional information associated with them.

Size and two-dimensional structure: Mouse Oat5 cDNA contains 1964 bp, encoding a
protein of 551 amino acids, the same size as the rat Oat5 transporter. These two species share
88% amino acid sequence identity, and 37–50% identity to other OATs (Table V). Rat Oat5
is predicted to have twelve TMDs with four glycosylation sites in the first extracellular loop
and five PKC-phosphorylation sites in the large extracellular loop between TMD 6 and 7.
Mouse Oat5 is similar (Table I). The mouse Oat5 gene is located on chromosome 19
(Youngblood and Sweet 2004). Mouse Oat5 is detected as an 85-kDa protein by Western blot
(Kwak et al. 2005b).

Cell and tissue distribution and localization: Rat and mouse Oat5 mRNAs are expressed
exclusively in the kidney, with highest expression in S2 and S3 segments of the proximal
tubules, moderate expression in glomeruli and cortical collecting duct (CCD), and weak
expression in the medullary thick ascending limb (MAL) (Koepsell and Endou 2004;
Youngblood and Sweet 2004). Sex-differences in Oat5 expression have been observed in both
rodents. Immunohistochemistry demonstrated that rOat5 is expressed at the apical membrane
of proximal tubules in the outer medullary and juxtamedullary cortex (Anzai et al. 2005).
Mouse Oat5 is only detected at the apical membrane of the late proximal tubule (Kwak et al.
2005b).

Substrate specificity: Oat5 transports OTA with a high affinity in both rat and mouse. The
apparent Km of rOat5 for OTA is 0.34 μM (Anzai et al. 2005) and of mOat5 is approximately
2 μM (Youngblood and Sweet 2004; Kwak et al. 2005b). DHEAS (Km = 2.3 μM for rat and
3.8 μM for mouse) and ES (Km = 2.2 μM for mouse and 18.9 μM for rat) are also substrates
for Oat5 (Table II). No evidence for potential-driven transport was seen for mOat5-mediated
transport of OTA (Youngblood and Sweet 2004). Sulfate conjugates inhibit ES uptake in
oocytes expressing mOat5 and rOat5; whereas, glucuronide conjugates do not (Anzai et al.
2005; Kwak et al. 2005b). Curiously, none of dicarboxylates tested (α-KG, glutarate, citric
acid, succinate, and malate) inhibit OTA uptake in mOat5-expressing oocytes; whereas,
succinate (C4), glutarate (C5), adipate (6), pimetate (C7), suberate (C8) and azelate (C9) all
inhibit ES uptake in rOat5 expressing oocytes (Anzai et al. 2005). Moreover, Anzai et al.
(2005) showed that rOat5-mediated ES transport was trans-stimulated by succinate, suggesting
organic anion/dicarboxylate exchange, at least in this species. The basis for this is disparity is
uncertain. It may relate to experimental issues, e.g., the dicarboxylate concentrations tested
(250 μM in the mouse studies and 1 mM in the rat), or to species differences in the transporters
themselves.

Physiological roles: It appears clear, as discussed above, that the rodent Oat5s are apically
expressed, like URAT1 and OAT4. Moreover, they are particularly effective in the transport
of sulfate conjugates of both endogenous and foreign chemicals. However, until the issue of
mechanism is resolved, any discussion of the physiological role of the rodent Oat5s must
remain speculative. If, as proposed based on the rat data (Anzai et al. 2005), OAT5 mediates
exchange of organic anions for intracellular dicarboxylates like succinate, OAT5 is positioned
to mediate reabsorption of its substrates from the tubular lumen. On the other hand, if Oat5
turns out to be a facilitated diffusion type carrier, which is consistent with the mouse data
(Youngblood and Sweet 2004), it could utilize the electrochemical gradient to mediate the
efflux of Oat5 substrates from the tubule into the forming urine, i.e., secretion. This issue must
be resolved before the physiological significance of the SLC22A19 family members may be
understood.
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OAT6 (SLC22A20)
Cloning: A novel OAT6 (mOat6) was first identified in the Ensembl mouse genome database
by screening for novel SLC22 family genes (Monte et al. 2004). This report included no
functional data, but it did establish that mOat6 is unique among the OATs in its complete lack
of expression in the kidney. Instead, it is expressed predominantly in the olfactory mucosa.

Size and two-dimensional structure: Mouse OAT6 cDNA consists of 1897 bp, encoding 556
amino acids. In sequence, it is most similar to OATs 1 and 3, with which it shares approximately
40% amino acid identity (Monte et al. 2004). However, unlike OATs 1 and 3 which form a
gene pair on both mouse and human chromosomes (Eraly et al. 2003), mOat6 is an un-paired
gene, located on chromosome 19. Its structure is similar to other SLC22A family members,
having twelve TMDs and large loops between TMD 1 and 2, as well as between TMD 6 and
7 (Monte et al. 2004).

Cell and tissue distribution and localization: Interestingly, as noted above, mOat6 is
expressed in the olfactory mucosa. Indeed, it is the only OAT transporter detected there.
Moreover, no mOat6 is found in kidney or brain (Monte et al. 2004). Mouse Oat6 is also
detected in 7-day-old foetal mouse, indicating a possible involvement of OAT6 in
embryogenesis (Monte et al. 2004). Subsequent work indicated that mOat6 expression is found
in the main olfactory epithelial and the vomeronasal organ of the nose (Kaler et al. 2006). No
signal is detected in neuronal cells of the mucosa, indicating that mOat6 expression is in the
non-neuronal cells of olfactory tissue. Mouse Oat6 is also weakly expressed in testis (Monte
et al. 2004).

Substrate specificity: Mouse Oat6 transports ES with moderate affinity — apparent Km of
110 μM when expressed in Xenopus oocytes and 45 μM in Chinese hamster ovary (CHO) cells
(Schnabolk et al. 2006). Probenecid, 2,4-D, penicillin G, and salicylate effectively inhibit
mOat6-mediated ES uptake. Several odorant organic anions including propionate, 2- and 3-
methylbutyrates, benzoate, heptanoate and 2-ethylhexanoate also inhibit mOat6-mediated ES
transport (Kaler et al. 2006). More recently, an extensive series of anions have been evaluated
and significant overlap was seen in the specificity of mOat6 and mOat1 over a wide range of
substrates and inhibitors (Kaler et al. 2007).

Mechanism: Schnabolk et al. (2006) also examined the driving forces for mOat6, showing
that glutarate was able to trans-stimulate ES transport, indicating mOat6 acts as organic anion
exchanger similar to OAT1 and OAT3, its closest relatives among the OATs (Monte et al.
2004).

Physiological roles: As discussed above, mOat6 is mainly expressed in the olfactory mucosa.
Kaler et al. (2006, 2007) present the interesting possibility that because OAT6 and OAT1
specificity are so similar, it might be possible for chemicals to be secreted into the urine and
subsequently be detected by the olfactory mucosa. Such a system for odorant delivery by renal
OAT1 and detection by olfactory OAT6 could play a role in detection of signalling molecules,
e.g., pheromones. Finally, it should be noted that because of its localization in the olfactory
mucosa, OAT6 may also provide an alternate mode for effective anionic drug administration.

OAT7 (SLC22A9)
Cloning: The last of the reasonably well-characterized OATs to be cloned is now known as
OAT7. It was recently cloned and characterized from a human liver cDNA library (Shin et al.
2007). This sequence was previously reported under the name of SLC22A9/hUST3 and
hOAT4, but was not functionally characterized (Sun et al. 2001). For consistency with the
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nomenclature of OATs 1–6 discussed above, this clone was renamed as OAT7 (Shin et al.
2007).

Size and two-dimensional structure: Human OAT7 cDNA consists of 2342 bp, encoding a
554 amino acid protein that shares 35–46% identity to hOAT1, 2, 3 and 4. It is also closely
related to the previously cloned, but uncharacterized hOAT5 (SLC22A10), sharing
approximately 55% sequence identity (Sun et al. 2001). The hOAT7 gene is located on
chromosome 11q12.3 (Jacobsson et al. 2007).

Cell and tissue distribution and localization: Northern blot and RT-PCR indicate that
hOAT7 is expressed exclusively in the liver of both adult and foetus. Immunohistochemistry
showed OAT7 to be localized at the sinusoidal membrane of the hepatocyte, and in western
blots, it was detected as a 50 kDa protein (Shin et al. 2007).

Substrate specificity: As shown by Shin et al. (2007), hOAT7 has a narrow substrate
specificity. ES and DHEAS are both high-affinity substrates for hOAT7, with apparent Km
values of 8.7 and 2.2 μM, respectively. Several other sulfate-conjugates such as β-oestradiol
sulfate, BSP, and short-chain fatty acids (SCFAs) inhibited ES transport by OAT7. However,
PAH, probenecid, glutarate, and glucuronide- and glutathione-conjugates are all unable to
inhibit OAT7-mediated ES transport. In addition, SCFAs, particularly butyrate, trans-
stimulated ES uptake and butyrate efflux was trans-stimulated by ES in OAT7-expressing
oocytes, indicating bi-directional organic anion/butyrate exchange (Shin et al. 2007).

Physiological roles: Because of the unique substrate specificity of OAT7, particularly its
ability to transport sulfate conjugates, OAT7 might play a major role in the transport of steroid
hormones and/or their conjugates, e.g., ES uptake in exchange with butyrate. The significance
of this process is as yet largely uninvestigated and thus, the potential of hOAT7 to modulate
normal physiology may be significant, but is as yet uncertain.

Structure–function
Pharmacophore models

Before the cloning of the OATs, the initial work on structure–activity relationships between
organic anions and their transporters was carried out through inhibition of radiolabelled PAH
uptake in perfused rat kidney tubules (Ullrich and Rumrich 1988; Fritzsch et al. 1989; Ullrich
1997). Results suggested several structural characteristics for basolateral organic anion
transporter substrates. Mono-anions must have a hydrophobic moiety of at least 4 Å in length
and not more than one electronegative site. Di-anions with a charge separation of 6–7 Å are
also preferred, and their hydrophobic region may extend past the distance of charge separation
up to 10 Å. Some hydrophobic, non ionizable compounds are also permitted. For these, the
ability to form hydrogen bonds is more significant than the degree of ionization (Ullrich
1997).

Additional structure–activity experiments have been conducted with cloned OAT1 isoforms
and mimic the earlier findings for the tubular transport of PAH. For example, Sweet et al.
(1997) showed that the dicarboxylate specificity of the newly cloned rOat1 mimics that of the
basolateral organic anion transport. The dicarboxylate specificity of rOat1 was more
systematically assessed by Uwai et al. (1998), using a Xenopus oocyte expression system. They
showed that only dicarboxylates with an alkyl chain longer than five carbons (5C) inhibit
uptake of PAH (Uwai et al. 1998). Anzai et al. (2005) also examined dicarboxylate inhibition
of ES with rOat5, rOat3, and hOAT4 in Xenopus oocytes. Rat Oat3 behaves like rOat1, with
transport inhibited by dicarboxylates with 5Cs or greater. The dependency of carbon chain
length is not as straightforward for hOAT4 or rOat5. For example, hOAT4 is more effectively
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inhibited (40% or greater) by succinate, glutarate and azelate (C4, C5, C9, respectively) than
by adipate, pimelate or suberate (C6–C8; inhibited only approximately 20%). Rat Oat5 is
inhibited by succinate, pimelate, suberate and azelate (C4, C7–C8), while glutarate (C5) and
adipate (C6) are not strong inhibitors (Anzai et al. 2005).

Sugawara et al. (2005) have examined uncharged inhibitors structurally similar to xanthine or
uric acid. Inhibition of hOAT1-mediated PAH uptake is dependent upon position of the methyl
group for xanthine derivatives and on the degree of hydrophobicity for the uric acid derivatives.
The presence of an additional methyl group in polycyclic aromatic hydrocarbons appears to
be critical for transport. For example, 1-methylpyrenyl mercapturic acid is transported by
hOAT1 and hOAT3 and 1,8-dimethylpyrenyl mercapturic acid is not (Bakhiya et al. 2007).

More recently, quantitative structure affinity relationships (QSAR) and 3D pharmacophore
modelling have been employed to examine substrate or inhibitor characteristics important for
binding and transport by the OATs (Kaler et al. 2007). Inhibition constants for a variety of
anions were assessed in mOat1 and mOat6 expressing oocytes. The extent of transport
inhibition was compared with the physical properties of compound, e.g., mass, hydrophobicity
(logP value), and overall charge, and three-dimensional models were generated based upon a
comparative molecular field analysis (CoMFA), which structurally aligns the compounds and
correlates biological activity (IC50) with substrate or inhibitor functional groups. This analysis
confirmed that hydrophobicity is a major predictor of anion inhibition for both isoforms.
However, slight differences in the degree of ionization are important. Di-anions are more
effective inhibitors of mOat1; whereas, mOat6 is more effectively inhibited by mono-anions
(Kaler et al. 2007).

The same group then applied the QSAR approach to data previously collected in perfused rat
kidney tubules (Kaler et al. 2007). Significant correlations were found between the IC50 value
and hydrophobicity for monocarboxylate inhibitors of the PAH transporter. In contrast, only
a weak correlation with hydrophobicity was present among the dicarboxylate inhibitors. As
the number and type of functional groups (aromatic and hydrogen bonding) increased in larger
data sets, correlation with hydrophobicity was lost (Kaler et al. 2007). The combined structure–
activity work in perfused kidney tubules and in expression systems cloned transporters
highlights the large diversity of compounds that are substrates or inhibitors of the OATs.
Although commonalities of negative charge, hydrophobicity and the ability to hydrogen bond
exist, one must also look at the species and isoforms differences to determine OAT specificity.

Amino acids that contribute to function
To date, over 110 amino acids have been mutated in OATs 1–4 and URAT1 from different
species (Feng et al. 2001, 2002; Wolff et al. 2001; Enomoto et al. 2002a; Hong et al. 2004,
2007a; Ichida et al. 2004; Komoda et al. 2004; Tanaka et al. 2004b, c; Zhou et al. 2004a, b,
2005; Bleasby et al. 2005; Erdman et al. 2006; Rizwan et al. 2007). Motivation for the mutations
varied, e.g., several studies examined conserved residues most likely directly tied to recognition
and transport of organic anions, while other reports examined the role of glycosylation sites
(mutating asparagine residues) in protein trafficking (Tanaka et al. 2004c; Zhou et al. 2005)
or cysteine residues that may have been linked to disulfide bonding (Tanaka et al. 2004b). In
addition, the effects of non-synonymous single nucleotide polymorphisms (SNPs) have also
been investigated. Unfortunately, many of the mutant transporters examined (>70%) have
reduced surface expression, either from protein instability or trafficking problems. Figure 3
summarizes mutants that have been shown to cause functional increases or decreases in
substrate transport regardless of membrane expression levels. This three-dimensional drawing
is based on the structures of other members of the major facilitator superfamily (MSF) that
have been crystallized, i.e., glycerol 3-phosphate transporter (Huang et al. 2003), oxalate
transporter (Hirai et al. 2004) and lactose permease (Abramson et al. 2003b). The model depicts
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the locations of each residue in the three-dimensional structure. Two groups of amino acids
(basic and aromatic) dominate function. These are discussed below, along with examples of
other amino acids that have been examined.

Basic amino acids—Conservation of the histidine in TMD 1, the lysine in TMD 8, and the
arginine in TMD 11 in OAT1, OAT2, and OAT3 isoforms from several species has led
investigators to create site specific mutations at those residues. Mutations at H34 reduce PAH
uptake by more than 50% in both fOat1 (Wolff et al. 2001) and hOAT1 (Hong et al. 2004). No
differences in plasma membrane immunostaining occur for fOat1. Expression patterns have
not yet been determined for hOAT1. Kinetic analysis of the H34 mutants in fOat1 indicates
that decreases in Vmax lead to reduction of overall PAH uptake. In addition, no change in the
handling of dicarboxylates by this mutant is likely, since PAH uptake is significantly cis-
inhibited by glutarate in both mutant and wild-type (Wolff et al. 2001). Additional experiments
in fOat1 and rOat3 (K394A and K370A, respectively) describe the contributions of the lysine
in TMD 8 to OAT function (Feng et al. 2001; Wolff et al. 2001). PAH transport is significantly
decreased in both isoforms. Data from fOat1 suggests that PAH affinity is not changed, but
that maximal transport rate is decreased in the mutant. Since membrane expression is normal,
these findings suggest reduced turnover of the mutant carrier. Finally, the inability of glutarate
to cis-inhibit or trans-stimulate PAH uptake, combined with reduced glutarate uptake indicates
that K394 is important in dicarboxylate interaction and conformational changes in fOat1 (Feng
et al. 2001; Wolff et al. 2001).

Experiments in rOat3 (Feng et al. 2001), fOat1 (Wolff et al. 2001) and more recently hOAT1
(Rizwan et al. 2007) demonstrate a requirement for the arginine in TMD 11 for transport of
OAT substrates and dicarboxylates. Mutation effects differ slightly between species. For fOat1,
the Km of the R478 mutant for PAH was significantly greater than wild-type, indicating a
decrease in PAH affinity. Similar results are seen for rOat3, since PAH only inhibits
approximately 15% of wild-type cimetidine uptake, suggesting PAH interacts with R454 in
rOat3 (Feng et al. 2001). In contrast, no change in the inhibition profile occurs for OTA and
ES. Substrate charge reversal even takes place in the double rOat3 mutant R454D/K370A,
resulting in transport of the organic cation, 1-methly-4-phenylpyridinium (MPP+), and the
weak base, cimetidine, instead of the anion, PAH (Feng et al. 2001). The hOAT1 R466K mutant
also demonstrate decreases in PAH and glutarate uptake. No changes in PAH or glutarate
affinity or in protein expression at the membrane are evident, indicating that reduced turnover
number is responsible for the reduced uptake. In addition, chloride dependency of wild-type
protein is abolished in the R466K mutant, indicating chloride might ion pair to the guanidinium
group of arginine (Rizwan et al. 2007).

Similar to the lysine in TMD 8 and arginine in TMD 11, the lysine in TMD 10 also alters PAH
transport. Mutating hOAT3 residue K419 yields no change in PAH affinity, little change in
transporter membrane expression, and a lower Vmax than wild-type protein (Astorga et al.
2007). Glutarate is not transported by this mutant, and PAH and glutarate uptake are not
restored to control levels by the K419R mutation (Perry et al. 2007).

Aromatic amino acids—Tryptophan, tyrosine, and phenylalanine residues in TMD 7 and
8 have been examined to determine their contributions to substrate transport. Rat Oat3 mutants
demonstrate the necessity of the hydroxyl group of Y342, the indole ring of W334 and the
aromatic rings of Y335, Y341 and F362 for PAH and cimetidine transport (Feng et al. 2002).
Interestingly, these residues do not have as great an impact on ES transport. Additional studies
of residues Y353, Y354 and W346 in hOAT1 (which correspond to Y341, Y342 and W334 of
rOat3) indicated that transport by the Y353A mutant is restored upon mutation to Y353F.
However, the Y354F mutant is not similar to wild-type hOAT1 in its transport. This finding
implicates potential hydrogen bonding in substrate interaction at Y354 for hOAT1 and rOat3
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(Hong et al. 2007b). Our lab recently reported two additional hOAT1 and hOAT3 aromatic
residue mutants (Y230A/Y218A, F438A/F426A) in TMD 5 and 10, respectively (Perry et al.
2006, 2007; Astorga et al. 2007). In these studies, kinetic analysis showed a reduced Km for
cidofovir transport in the hOAT1 F438 mutant, with no significant change in PAH transport.
These results differed from ES transport by the hOAT3 mutants, where no changes in ES uptake
were seen for F426Y, but in the Y218F mutant, a significant decrease in the Km values for both
ES and PAH were observed.

Additional amino acids—Several analyses suggest that charged amino acids in loops
contribute to OAT function (Yang et al. 2002; Bleasby et al. 2005; Erdman et al. 2006; Xu et
al. 2006). Mutation of the arginines in the extracellular loop between TMD 1 and 2 (R50H,
R80K, R90H) affects uptake transport without changes in Vmax or membrane protein
expression for hOAT1 and hURAT1. Likewise, the hOAT3 R149S mutant in intracellular loop
between TMD 2 and 3 exhibits reduced transport for both ES and cimetidine (Erdman et al.
2006). One charged hOAT1 mutant also occurs in the C-terminus. That residue (E506) is
believed to form a salt bridge with a basic residue, since only substitution with a cationic mutant
E506D restored function (Xu et al. 2006).

Amino acids of other types may also contribute to OAT function. For example, several
hURAT1 SNPs (V138M, G164S, T217M, E298D, Q382L) are found in TMDs and in
extracellular loops (Enomoto et al. 2002b; Ichida et al. 2004; Komoda et al. 2004). Expression
of these mutant forms in oocytes leads to changes in substrate transport without changes in
membrane protein expression. Likewise, three hOAT3 SNPs occur in the cytoplasmic loops
between TMD 2 and 3 and between TMD 6 and 7. These have been shown to result in complete
loss of function for R149S and I260R variants and the inability to transport ES for I260R
(Erdman et al. 2006). Alanine scanning of TMD1 in hOAT1 identified residue T36 among 22
residues that were not influenced by protein trafficking. The presence of a methyl group on
T36 is required for PAH transport (Hong et al. 2004). Finally, residue N39Q in hOAT1 and
mOat1 are important for PAH transport. In hOAT1, N39 is glycosylated, unlike that of mOat1.
Despite the absence of changes in cell surface expression (Tanaka et al. 2004c), each leads to
changes in transport. Additional mutations at each of these residues are needed to determine
their individual contributions to OAT function.

Tertiary structure features
The first hypotheses about OAT structure originated from hydropathy models that indicated
the presence of twelve TMDs in these carriers, as described in the Introduction. More recently,
it has been possible to glean more tertiary structural information for the OATs. First,
computational models have been built using consensus secondary structure folding patterns
from the hydropathy models and conserved signature sequences present in multiple loops from
proteins within the MFS. Subsequently, both hOAT1 and hOAT3 sequences were mapped to
the X-ray crystal structure of the glycerol 3-phosphate from E. coli (Huang et al. 2003; Perry
et al. 2006, 2007; Astorga et al. 2007). A similar approach has also been taken for the organic
cation transporters (Popp et al. 2005; Zhang et al. 2005), whose computational models were
generated from MFS X-ray crystal structures of the glycerol 3-phosphate transporter and the
lactose permease (Abramson et al. 2003a). Figure 4 shows a computational model of hOAT1
with the putative binding cavity open to the cytoplasm and internal amino- and carboxy-termini.

Computational models provide a means to conceptualize experimental data collected to date.
For example, they indicate that many of the aromatic and basic amino acids that alter OAT
function, as described in the previous section, appear to surround the putative binding site (for
hOAT1: R466, K382, Y353, Y354, and F374, as depicted in Figure 4) (Perry et al. 2006). The
three-dimensional OCT2 model has also been used to explain the difference in IC50 values in
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hOAT1 and hOCT2 for inorganic mercury (Zhang et al. 2005;Astorga et al. 2007). Inorganic
mercury is believed to interact with accessible cysteines, a number of which appear to be more
accessible in hOCT2 than in hOAT1 according to their structural models. This prediction was
confirmed experimentally, by showing that a membrane impermeant thiol reactive
biotinylation reagent reacted better with hOCT2 than hOAT1. In addition, these models provide
an opportunity to select new amino acids that are in, or near, critical sites in the transporter,
e.g., the putative substrate binding pocket, for mutation and assessment of their functional
consequences. For example, mutation of one such amino acid, F438, significantly increases
the Km of cidofovir for hOAT1, although it does not affect PAH affinity (Perry et al. 2006).
Likewise, the TMD 5 mutant Y218F increases the Km for both PAH and ES when compared
with wild-type values (Astorga et al. 2007;Perry et al. 2007). More recent analysis demonstrates
that hOAT3 K419 contributes to dicarboxylate recognition and transport, but has no effect on
PAH or ES transport (Perry et al. 2007, and unpublished results).

Experimental confirmation of both computational and hydropathy models of OAT structure
appeared in 2007 (Hong et al. 2007a). The amino- and carboxy-termini were confirmed as
intracellular through Myc-tagged expression of hOAT1 with immunostaining under
permeablized and non-permeablized conditions. In addition, the limited number of lysines
present in extracellular loops of hOAT1 has been exploited to determine loop size and
orientation with biotin labelling. You and co-workers mutated the native lysines present in
extracellular loops to arginines and then selectively mutated amino acids near predicted ends
of loops to lysine to determine whether that residue could be detected by cell surface
biotinylation (Hong et al. 2007a). Their results indicate that residues in extracellular loops III,
V and VI (with mutants V244K, S420I, and L481K) are accessible to biotinylation. This is in
agreement with the computational model as both V244 and L481 are in loop locations in the
computational model; whereas, S420 is the first residue in TMD 10, a site likely to be accessible
to labelling. These studies also revealed that P183 and D359 are not accessible; leading the
authors to suggest that those residues may reside in TMDs or in the short loops II and V, thus
reducing the extent of labelling. The computational model illustrates that both arguments are
possible. D359 is not accessible as it falls within TMD 7; whereas, P183 falls within external
loop II in the hOAT1 model (Perry et al. 2006).

New experimental data has also contributed to our knowledge of OAT structural aspects. First,
Hong et al. (2005) have suggested that hOAT1 may exist as a homo-oligomer based on
chemical cross linking and immunoprecipitation experiments. This organization may affect
not only substrate-transporter interactions, but also protein-protein interactions and regulation
and signalling pathways. Secondly, truncations of the C-terminus demonstrated that E506 is
necessary for transport function and may form a salt bridge with another positively charged
residue; whereas, L512 alters substrate Vmax (Xu et al. 2006). These data demonstrate that it
will be important to determine the functionally active form of OATs and the role of termini in
transport and membrane processing and targeting.

Determinants of transport efficacy
Binding

Plasma protein binding impedes organic anion transport—The use of cloned
transporters and expression systems (as reviewed here and in Pritchard and Miller 2005) has
increased knowledge about OAT substrate affinity through in vitro uptake assays. Although
these in vitro assays are ideal for examining substrate specificity, other results may not mimic
in vivo transport. For example, most often these assays do not take into account plasma protein
binding of the substrate (primarily to serum albumin), a property that has been historically
shown to alter drug pharmacokinetics, bioavailability and half-life (Weiner et al. 1964).
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For this reason, Bow et al. (2006) assessed the impact of protein binding on several OAT
transporters expressed in vitro. These experiments demonstrated that uptake of two highly
albumin bound anions (OTA and ES, Kb >105) is very much less than that seen in the absence
of albumin, i.e., that uptake reflects the limited free fraction of substrate in the presence of
albumin. For example, the free concentration of OTA (a high-affinity substrate for OATs 1, 3,
4) is only 0.2% of the total concentration and that of ES (an OAT3 substrate) is 3%. Reflecting
this fact, uptake of both compounds is significantly reduced at albumin concentrations
approximately eightfold lower than that of plasma. In contrast, there is no effect of albumin
binding on the uptake of MTX (an OAT1 substrate), which has a free fraction of 47% (Bow
et al. 2006). These results are similar to reports that albumin-binding affects hepatic and
intestinal organic anion transport by several OATPs and Mrp2 (Berger et al. 2003; Cui and
Walter 2003), as well as the importance of plasma protein binding on renal elimination of
organic anions (Weiner 1973). Clearly, such factors can profoundly alter the efficacy of drug
and xenobiotic transport and need to be remembered as extrapolations are drawn from in
vitro experiments with cloned transporters.

Thiol conjugation promotes transport of heavy metals by basolateral OATs—A
rather different example of the impact of interactions between reactive chemicals and
endogenous chemicals within the body is provided by the formation of metal conjugates with
plasma thiols. Several nephrotoxic heavy metals, particularly inorganic mercury, have been
shown to be taken up across the basolateral membrane of the proximal tubule, with resulting
nephrotoxicity (Zalups 2000). However, pretreatment of rats or mice with an OAT substrate
(PAH) or an OAT inhibitor (probenecid), significantly reduced renal uptake of mercury,
suggesting a role for the OATs in renal accumulation of mercury (Zalups 2000). Additional
experiments have shown that conjugates of mercury with thiols (e.g., homocysteine, cysteine
and glutathione) are present in the blood plasma, apparently providing the negative charge and
hydrophobicity needed for mercury transport by basolateral OATs. This hypothesis was tested
by Aslamkhan et al. (2003) in cells expressing hOAT1. They demonstrated that transport of
mercury N-acetylcysteine conjugates is mediated by hOAT1 and that transport and toxicity
can be blocked by probenecid. A similar interaction with rOat3 and mercury N-acetylcysteine
conjugates is also seen in Xenopus oocytes (Aslamkhan et al. 2003). Subsequently, similar
findings were made for conjugates with the sulfhydryl-containing amino acid homocysteine
(Zalups and Ahmad 2004). Methylmercury is also conjugated with homocysteine and taken
up into MDCK cells expressing hOAT1 (Zalups and Ahmad 2005). Thus, in this example,
transport of the conjugate provides a pathway for entry of a toxic agent, and is responsible for
increased, rather than decreased, toxicity.

Single nucleotide polymorphisms
DNA sequence variations that occur among individuals are referred to as single nucleotide
polymorphisms (SNPs) (Chakravarti 2001). Obviously, SNPs that change the properties of the
OAT transporters may well alter the efficacy of transport. Recently, OAT SNPs have been
identified in Caucasian, African, Japanese and Pacific Islander populations. The distribution
of SNPs has been determined to be one in every 1.2 kb (Iida et al. 2001; Marzolini et al.
2004) and given the limited sample size and ancestry of current data, discovery of more OAT
SNPs is likely. Table VI summarizes the non-synonymous SNPs that occur within the coding
regions of hOAT1, hOAT2, hOAT3, hOAT4 and URAT1 (see http//www.pharmgkb.org;
Ichida et al. 2003; Lee et al. 2003a, b; Nishizato et al. 2003; Iwai et al. 2004; Komoda et al.
2004; Bleasby et al. 2005; Cheong et al. 2005; Fujita et al. 2005; Taniguchi et al. 2005; Wakida
et al. 2005; Xu et al. 2005; Bhatnagar et al. 2006; Erdman et al. 2006; Graessler et al. 2006).

Certainly, inter-individual variability in drug disposition and elimination may be dependent
upon SNPs occurrence. Clinical studies have investigated the consequences of some non-
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synonymous variants. Findings indicate that no changes occurred in the in vivo renal secretion
clearance of adefovir with the hOAT1 R454Q variant (Fujita et al. 2005). Likewise, no changes
in renal tubular secretion of pravastatin, an hOAT3 substrate, are found in the hOAT3 A389V
variant (Nishizato et al. 2003). In contrast, non-synonymous variants R90H, W258Stop and
R477H in hURAT1 are linked to familial idiopathic hypourecaemia in Japanese populations
(Iwai et al. 2004). Clinical analysis showed reduced serum urate levels in these patients,
suggesting that these variants are responsible for the increased clearance of urate, the
endogenous hURAT1 substrate. The truncated SNP, W258Stop, is believed to be the most
predominant hURAT1 mutation responsible for renal hypouricaemia in Japanese and Korean
populations (Ichida et al. 2004; Komoda et al. 2004; Cheong et al. 2005).

Functional effects of additional non-synonymous SNPs have also been determined in cell-
based systems for hOAT1, hOAT3 and hURAT1. For example, Bleasby et al. (2005) showed
that R50H and K525I hOAT1 variants do not affect PAH transport, but the R50H variant shows
increased the affinity of cidofovir and adefovir, two lower affinity hOAT1 substrates. No
functional changes are observed in PAH, OTA and MTX uptake in six additional hOAT1 SNPs
(Fujita et al. 2005). Of the eleven hOAT3 SNPs, 3 variants (R149S, Q239X, I260R) exhibit
reduced ES and cimetidine uptake. Variants R277W and I305F do not transport ES, but
surprisingly R277W appeared to transport cimetidine more effectively (Erdman et al. 2006).
In vitro data on URAT1 SNPs has been well studied by monitoring urate uptake in Xenopus
oocyte expression systems. At least eleven variants (R90H, V138M, T217M, G164S,
W258Stop, E298D, Dd313-P33 deletion, Q382L, L418R, M430T, and V547fsX602) exhibit
reduced urate uptake when compared with wild-type URAT1 (Table VI) (Enomoto et al.
2002a; Ichida et al. 2003; Iwai et al. 2004; Cheong et al. 2005; Wakida et al. 2005).
Interestingly, little to no expression of the truncated mutant W258Stop occurred, perhaps
explaining some of the loss of function reported in vivo (Enomoto et al. 2002a).

These initial approaches have been helpful, but understanding of SNP impact on OAT function
remains limited for many OAT isoforms. For example, the majority of non-synonymous SNPs
in hOAT2 and hOAT4 lack data on protein expression, functional effects, and protein structure
modification. In addition, larger and more diverse population sets need to be screened for
unidentified SNPs that may exist. Furthermore, the roles of synonymous SNPs and non-
synonymous SNPs present in non-coding regions (e.g., promoters) remain largely unexplored.
Finally, it must be noted that although it may be easier to examine SNP consequences in
vitro, cell based systems are still limited by low expression, protein trafficking problems and
the inability to examine synergistic transport phenomena present in vivo. Thus, clinical
investigations will be needed to determine the phenotypical response to individual variants.

Regulation
It is also possible that differences in transporter function between individuals may be caused,
not by differences in genetic makeup, but through up- or down-regulation of OAT transporter
expression based on prior exposure to drugs and xenobiotics, or on differences in hormonal
status. Although regulation of OATs has not been extensively studied, examples of both longer
term control of expression, e.g., via nuclear transcription factors or epigenetic mechanisms,
and of short term modulation of transporter activity via signalling pathways have been
observed.

Transcriptional regulation—Hepatocyte nuclear factors (HNFs) have been shown to
initiate transcriptional regulation of OAT family members. For example, HNF-4α activates
hOAT1 promoter activity when HNF-4α and the hOAT1 promoter are co-transfected into
opossum kidney cells (Ogasawara et al. 2007). These authors identified a specific binding
element for HNF-4α, and suggested that it is important for basal activity of the hOAT1
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promoter. Other HNF isoforms, HNF-1α and/or β, can also activate both hOAT1 and mOat1
promoters (Saji et al. 2008). Likewise, HNF-4α activates the hOAT2 promoter in a human
hepatoma cell line (Popowski et al. 2005). Interestingly, these data indicate that the farnesoid
X receptor (FXR) can reduce HNF-4α transactivation of hOAT2 promoter activity via FXR
ligands, e.g., the bile acid chenodeoxycholic acid, suggesting a regulatory network. The hOAT3
promoter is also activated by the HNF-1α homodimer, the HNF-1β homodimer, and the
HNF-1α/β heterodimer in HEK-293 cells (Kikuchi et al. 2006). However, the HNF-1β
homodimer is less effective in this assay. Kikuchi et al. (2006) also noted that multiple CpG
dinucleotides are present in the putative hOAT3 promoter region. Since these sites are a likely
target for DNA methylation, they explored the possibility of epigenetic control of hOAT3
expression and function via DNA methylation. As predicted, hOAT3 promoter activity is
abolished after methylation in vitro. Conversely, hOAT3 transcription is activated when DNA
methylation is inhibited by DNA methyltransferase inhibitor (Kikuchi et al. 2006). Finally,
Ogasawara et al. (2006) showed that a cAMP-response element (CRE) affects basal and
inducible transcriptional activity of the hOAT3 promoter, and that the hOAT3 promoter is
activated by phosphorylation of CRE-binding protein (CRE-B1) and activating transcription
factor (ATF1).

Transcription factor control of the apically expressed OAT isoform, URAT1, is very similar
to that of the basolateral OATs discussed above (Kikuchi et al. 2007). HNF-1α homodimer,
HNF-1β homodimer, and HNF-1α/β heterodimer all increase promoter activity for hURAT1
and mUrat1 in HepG2 cells. Again, HNF-1β homodimer induces a smaller increase in promoter
activity with the hURAT1 or mUrat1 promoters than either HNF-1α homodimer or the
heterodimer. Tissue expression of mUrat1 is also subject to epigenetic regulation.
Hypermethylation is found in both liver and kidney medulla, where mUrat1 is not expressed.
However, in kidney cortex, the primary site of mUrat1 expression, its promoter is
hypomethylated, supporting the hypothesis that tissue specific expression of mUrat1 is
regulated through DNA methylation.

Gender differences have also been seen for several of the OATs. These very likely reflect
nuclear transcription factor signalling, but the role of specific transcription factors in control
has not yet been assessed and there are substantial isoform and species differences in gender-
specific effects. For example, in the female rat, Oat1 mRNA expression is lower than in male
(Buist et al. 2002). Consistent with lower mRNA, rOat1 protein expression is also lower in
female rats, with a correspondingly smaller PAH clearance as well (Reyes et al. 1998; Cerrutti
et al. 2001, 2002a, b). Interestingly, gender differences in rOat1 and rOat3 protein expression
are observed in adult, not prepubertal rats (Buist et al. 2002; Ljubojevic et al. 2004; Zhou et
al. 2008). Moreover, androgen seems to up-regulate rOat1 and rOat3 expression; whereas,
oestrogen reduced expression. However, there are no gender differences in rbOat1 and rbOat3
expression and function (Groves et al. 2006). In contrast to OAT1 and OAT3, female rOat2
mRNA and protein are greater than male rOat2, showing androgen inhibition and oestrogen
stimulation (Buist et al. 2002; Ljubojevic et al. 2004). Mouse Oat2 has a similar expression
pattern (Ljubojevic et al. 2007). Finally, a gender difference in mUrat1 mRNA expression
(male>female) is also seen, but functional data are lacking (Hosoyamada et al. 2004). The data
on gender differences in the renal transport was recently reviewed (Sabolic et al. 2007).

Post-translational mechanisms—As discussed above, OAT family members share
structural features including a large extracellular loop between TMD 1 and 2 and another large
intracellular loop between TMD 6 and 7. Several potential N-glycosylation sites have been
predicted in an extracellular loop and a number of potential phosphorylation sites are present
in intracellular loops. N-glycosylation appears to play a critical role in membrane targeting/
trafficking, protein folding and possibly regulation of OAT function. This has been
demonstrated for mOat1 (Kuze et al. 1999), hOAT1 (Tanaka et al. 2004a), and hOAT4 (Zhou
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et al. 2005), although the molecular basis for the changes in folding and trafficking are not yet
fully understood.

A variety of data suggest that phosphorylation of the large intracellular loop and interactions
of the OATs with protein partners may markedly alter OAT function. For example, it has been
known since the late 1990s that the conventional PKC (cPKC) is an important regulator of
OAT1 function (Uwai et al. 1998; Lu et al. 1999; Wolff et al. 2003; You et al. 2000). Activation
of cPKC inhibits OAT1-mediated PAH transport in various heterologous expression systems.
This effect is seen whether cPKC is activated directly with phorbol 12-myristate 13-acetate
(PMA) or by 1,2-dioctanoyl-sn-glycerol (DOG), or more indirectly through activation of
receptors and complex signalling pathways ultimately leading to cPKC activation (e.g. via
phenylephrin or bradykinin receptors). In addition, inhibition of basolateral fluorescein (FL)
uptake is also seen following cPKC activation in an intact renal epithelium (Gekle et al.
1999; Shuprisha et al. 2000). Since FL is a substrate for both OAT1 or OAT3 (Dantzler and
Wright 2003; Miller 2003), this result might reflect effects on either transporter. However,
rbOat3 does not transport PAH (Dantzler and Wright 2003). Thus, inhibition of basolateral
PAH uptake in rabbit proximal tubule must reflect an effect on OAT1 activity. Interestingly,
activation of cPKC does not lead to reduced OAT1 transport through phosphorylation of
transporter itself (You et al. 2000; Wolff et al. 2003). Instead, it appeared that transport
reduction is mediated by retrieval of the transporter from the membrane (Wolff et al. 2003).

Unlike cPKC activation, which reduces OAT-mediated transport, epidermal growth factor
(EGF), a mediator for normal tubular growth and regeneration after injury, stimulates
basolateral PAH uptake in rabbit tubules via Oat1. This effect is mediated through a complex
signalling pathway through activation of mitogen-activated/extracellular-signal regulated
kinase (MEK), extracellular signal-regulated kinase isoforms 1 and 2 (ERK1/2), and
phospholipase A2 (PLA2), resulting in increased arachidonic acid (AA) release. Subsequently,
AA was metabolized to prostaglandin E2 (PGE2) via cyclooxygenase I (COX I). In turn,
PGE2 activates adenylate cyclase, leading to cAMP production and activation of PKA and
ultimately increased basolateral rbOat1-mediated PAH uptake (Sauvant et al. 2002, 2003,
2006; Dantzler and Wright 2003).

A parallel story has been documented for OAT3. Transport of ES, a specific OAT3 substrate,
is decreased by the activation of cPKC through the same regulatory pathway as OAT1 (Takeda
et al. 2000). Also like the OAT1 results, EGF stimulates ES uptake in isolated rabbit renal
proximal tubules. The signalling process for this effect is identical to that described above for
OAT1 up-regulation (Soodvilai et al. 2004). In our laboratory, we have recently shown that
both insulin and EGF are able to stimulate ES transport in rat renal cortical slices through the
activation of PKCζ, an atypical PKC that is not activated by phorbol esters, calcium, or DOG
(Hirai and Chida 2003; Jenny et al. 2005). The signalling pathway is the same as that identified
by Soodvilai et al. (2004, 2005) through PKA activation. PKCζ is downstream of PKA, since
inhibition of PKCζ blocked PKA induced stimulation of transport. In addition, Barros et al.
(unpublished data) showed that microtubule disruption abolished up-regulation of transport,
suggesting that like the down-regulation in response to activation of cPKCs (Wolff et al.
2003), trafficking is required for PKCζ-mediated up-regulation to occur. Finally, transport of
adefovir, a specific substrate for OAT1, is also increased after insulin or EGF treatment via
PKCζ, indicating that PKCζ can up-regulate of OAT1-mediated transport (Barros et al.,
unpublished data).

At this time, other types of regulation that are known to alter function of transporters have not
yet been evaluated for the OATs, but these possibilities need to be explored experimentally.
For example, lipid raft microdomains play important roles in membrane trafficking, serve as
platforms for cell surface signal transduction and protein targeting as well as regulating
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cholesterol homeostasis (Simons and Ikonen 1997; Ait Slimane and Hoekstra 2002; Fielding
and Fielding 2003). A major component of caveolae, one such lipid raft domain, is the self-
associating protein, caveolin. Recently, rOat1 was shown to co-localize with caveolin 2 in the
plasma membrane of rat renal proximal tubule cells in primary culture (Kwak et al. 2005a).
Furthermore, decreasing expression of either caveolin 1 or 2 leads to the reduction of rOat1
and rOat3 function (Kwak et al. 2005a, c). The full physiological significance of these findings
is unknown, but this line of investigation merits further attention.

Down-regulation of hOAT4 occurs following activation of cPKC in BeWo cells, a human
placental cell line (Zhou et al. 2007). In addition, progesterone, a steroid hormone produced
by human placenta, also reduces hOAT4 function by a mechanism that appears to involve
trafficking out of the plasma membrane. Human OAT4 may also interact with two multivalent
PDZ proteins, PDZK1 and NHERF1, via its C-terminal portion which contains a PDZ binding
motif (Miyazaki et al. 2005). Increased expression of either PDZK1 or NHERF1 (by co-
transfection) increases hOAT4 function. More recently, the interaction of hOAT4 with PDZK1
and NHERF1 proteins was investigated in kidney and placental cell lines. Both PDZK1 and
NHERF1 increase hOAT4 surface expression and function in a kidney cell line (LLC-PK1)
(Zhou et al. 2008). However, similar experiments in a placental cell line expressing hOAT4
do not show enhanced hOAT4 transport activity by either PDZK1 or NHERF1, indicating that
regulation is tissue-specific and thus, may involve additional interactions with proteins or
membrane lipids (Zhou et al. 2008).

Several lines of investigation indicate that PDZK1 also regulates hURAT1 surface expression
and function (Anzai et al. 2004). hURAT1 interacts with PDZK1 in yeast two-hybrid assays
and the two proteins are co-localized in the apical membrane of renal proximal tubules. Co-
transfection of PDZK1 in hURAT1 expressing cells stimulates hURAT1 surface expression
and transport function. Moreover, deletion of the C-terminal portion of URAT1 abolishes this
effect. Clearly, protein–protein interactions are an important, and incompletely understood,
aspect of OAT function.

Perspectives
A great deal has been learned about the OATs since the first OAT was cloned in 1997. However,
as noted in the preceding sections, there are areas where important gaps remain. This section
is intended as a brief reminder of some of those issues. For example, because of its very broad
acceptance of a variety of drugs and xenobiotics, the OAT family may contribute to drug–drug
interactions. This possibility is well appreciated and examples are known, but the extent of
such interactions is not yet fully explored. Other important gaps concerning OAT function
include: (1) a lack of mechanistic information precludes prediction of the physiological roles
of many cloned OATs; (2) an incomplete understanding of the interplay between the OATs
themselves, or between OATs and other drug transporters, on the trans-epithelial flux of OAT
substrates; (3) an emerging appreciation that the OATs may have unique roles in extra-renal
tissues; and (4) the incomplete characterization of genetic and epigenetic mechanisms that may
alter expression of OATs and lead to individual differences in drug and xenobiotic transport.

Drug–drug interactions—Since the OATs transport such a wide spectrum of drugs and
xenobiotics, the potential for competition between OAT substrates for elimination is
substantial. Thus, when multiple OAT substrates are present, profound changes in drug
clearance and plasma drug concentrations are often seen. However, there are actually two issues
involved here. The first is altered transport of the drug, or of its metabolites, and the second is
altered metabolism. In part, this is because metabolism produces substrates for the organic
anion system (Pritchard and Miller 1993; Wright and Dantzler 2004). Thus, interactions
between drugs, or between drugs and xenobiotics, can occur at the level of transport itself or
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through altered metabolism leading to a change in the species requiring transport. In part, this
is because metabolism and transport are often co-regulated (Klaassen and Slitt 2005; Petrick
and Klaassen 2007). Thus, agents may impact drug pharmacodynamics indirectly through these
regulatory mechanisms. An excellent example of the complexity of these interactions is
provided by Shitara and Sugiyama in their review of the side effects of statin drugs, that
emphasizes the close association between metabolism and transport in controlling the fate of
these drugs and thus, of their potential to contribute to toxicity or disease (Shitara and Sugiyama
2006).

Research needs
Mechanisms—As discussed in detail above, only for OATs 1 and 3 is there sufficient
mechanistic understanding to define their physiological roles. For the other OATs, questions
of mechanism and driving forces remain. For example, OAT4 and URAT1 are documented to
be anion exchangers and have likely roles in urate reabsorption. However, uncertainties about
the contribution of chloride/urate exchange to their function in vivo cloud understanding of
their possible roles in organic anion secretion. Finally, for other members of the family, no
mechanistic information is available.

Coordinated function—There are multiple OATs expressed at the apical and basolateral
membranes of transporting epithelia. Moreover, numerous other drug/xenobiotic transporters
are also expressed in tissues like liver, kidney, and barrier epithelia, including the organic anion
transporting polypeptides (OATPs; SLCO family), multidrug resistance proteins (MDRs;
ABCB family), breast cancer resistance protein (BCRP; ABCG family), and the multidrug
resistance-associated proteins (MRPs; ABCC family) (Hagenbuch et al. 2002; Hagenbuch and
Meier 2003, 2004; Schinkel and Jonker 2003; Miller et al. 2005; Choudhuri and Klaassen
2006; Shitara et al. 2006). The extent to which their function affects one another, or is
coordinated with each other, remains largely uninvestigated. This is particularly true regarding
their relative importance for the handling of specific drugs, or how that handling might change
in the presence of multiple substrates.

Transporter expression versus tissue function—The distribution of the OATs is
largely understood, but, surprisingly, function does not always reflect expression. One example
of this perplexing issue is illustrated by data from the Oat3 knockout mouse. In kidney, loss
of mOat3 leads to nearly complete loss of the ability to transport Oat3 specific substrates, e.g.,
taurocholate and ES, and partial loss of the transport of substrates shared with mOat1, e.g.,
PAH (Sweet et al. 2002). In the choroid plexus of the mOat3 null mice, the handling of some
substrates is exactly as predicted. For example, PAH transport is completely lost in the
knockout, as would be predicted by the virtual absence of mOat1 expression even in wild-type
choroid plexus and the loss of mOat3 in the knockout animals (Sykes et al. 2004). However,
transport of the mOat3-specific substrate, ES, was only slightly diminished, not abolished as
it was in kidney, despite the lack of both Oats 1 and 3 in choroid plexus. Some of the remaining
transport could be attributed to an Oatp, some to a potential-driven transporter, but some did
not match the characteristics of any known transporter. Clearly, resolution of such puzzles
requires more than the ability simply to list the transporters expressed in a given tissue.

Regulation—As discussed above, individual differences in their ability to transport drugs
and xenobiotics may be caused by genomic differences, e.g., SNPs and other mutations, or by
their exposure to agents that increase or decrease their ability to transport, e.g., competition
driven drug–drug interactions. Alternatively, differences in transport capacity may reflect the
consequences of ligand activated nuclear transcription factors or of cellular signalling
mechanisms. As discussed in more detail above, many of these signalling events are
incompletely understood.
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Summary
Thus, although a great deal has been learned about the OATs in the decade since they were
first cloned, much remains unresolved regarding their mechanisms, physiological roles,
structure–function relationships, and regulation. Fortunately, many of the necessary tools are
in place. Thus, the next ten years promise to be equally exciting and illuminating.
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Appendix: Abbreviations

Abbreviation Definition

α-KG α-Ketoglutarate

ACE Angiotensin-converting enzyme

ACV Acyclovir

AMPA α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor

AZT Zidovudin

BSP Bromosulphophthalein

CCD Cortical collecting duct

CHO Chinese hamster ovary cell line

CK II Casein kinase II

CMPF 3-Carboxy-4-methyl-5-propyl-2-furan-propionate

COX I Cyclooxygenase I

CP Choroid plexus

CpG 2′-Deoxyribo-cytidine-phosphate-guanosine

DHEAS Dehydrodrosterone sulfate

DMPS 2,3-Dimercapto-1-propane sulfonate

DNP-NAC N-acetyl-S-2,4-dinitrophenyl-L-cysteine

DOG 1,2-Dioctanoyl-sn-glycerol

ERK1/2 Extracellular signal-regulated kinase isoforms 1 and 2

ES Oestrone sulfate

HEK Human embryonic kidney cell line

MAL Medullary thick ascending limb

MEK Mitogen-activated/extracellular-signal regulated kinase

MFS Major facilitator superfamily

MPP+ 1-Methyl-4-phenylpyridinium

MTX Methotrexate

NSAIDs Nonsteroidal inflammatory drugs

OTA Ochratoxin

PAH p-Aminohippurate

PDZ PSD-95/Discs Large/ZO-1

PGE2 Prostaglandin E2
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Abbreviation Definition

PGF2α Prostaglandin F2α

PKA Protein kinase A

PKC Protein kinase C

PLA2 Phospholipase A2

PMA Phorbol 12-myristate 13-acetate

PMEA 9-(2-Phosphonylmethoxy-oxyethyl) adenine

PMEDAP 9-(2-Phosphonylmethoxyethyl diaminopurine)

PMEG 9-(2-Phosphonylmethoxy-oxyethyl) guanidine

PT Proximal tubule

PZA Pyrazinecarboxylic acid

SCFAs Short-chain fatty acids

SNPs Single nucleotide polymorpholisms

TAL Thick ascending limb

TK Tyrosine kinase

TMD Transmembrane domain
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Figure 1.
Classical model of basolateral organic anion transport system. Basolateral organic anion uptake
is indirectly coupled to the Na+ gradient by a tertiary active transport. (1) Na,K-ATPase derives
energy from ATP hydrolysis and pumps Na+ out of the cell. (2) Na+-dicarboxylate co-
transporter (NaDC), energetically downhill movement of Na+ into the cell drives dicarboxylate
(physiologically αKG) uptake via NaDC, thus, maintaining an outwardly directed αKG
gradient. (3) Organic anion transporter (OAT), intracellular αKG is used as a counter-ion by
OATs 1 and 3 to drive entry of the organic anions into the cell against the inside negative
membrane potential. Cellular metabolism ultimately drives OAT-mediated transport by
providing ATP for Na,K-ATPase and the metabolic intermediate, αKG, for OAT-driven
exchange.
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Figure 2.
Localization of cloned organic anion transporters (OATs) in human renal proximal tubule cells.
Three isoforms of OATs are found at the basolateral membrane of human renal proximal
tubular epithelial cells. OAT1 and OAT3 are responsible for transport organic anions across
the basolateral membrane via a tertiary active mechanism (Figure 1). The role of the third
transporter, OAT2, remains unclear. Two transporters appear to play important roles for
organic anion transport at the luminal membrane. URAT1 is capable of reabsorption of urate
in exchange for intracellular organic and/or inorganic anions. Human OAT4 may perform a
similar role by exchanging organic anions for OH−, but uncertainties remain.
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Figure 3.
Critical amino acids for transport of SLC22 members. Three-dimensional arrangement of
transmembrane domains. Dotted lines depict extracellular loops and solid lines represent
cytoplasmic loops. fOat1 mutants are shown in purple, rOat3 mutants in blue, hOAT3 mutants
in orange, hOAT1 mutants in black, and URAT1 mutants in red. 1, N39Q of mOat1; 2, residue
also mutated to F, which caused functional decreases; 3, residue also mutated to Y, which
caused functional decreases; 4, corresponds to Y353A/W/F and Y354A/W/F mutants in
hOAT1, respectively; 5, residue also mutated to S, which caused functional decreases; 6,
corresponds to K394A mutated in fOat1; 7, corresponds to F426 in hOAT3; 8, corresponds to
R478D mutated in fOat1 and R466K mutated in hOAT1.

SRIMAROENG et al. Page 40

Xenobiotica. Author manuscript; available in PMC 2009 February 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Three-dimensional structure of hOAT1, looking into the cytoplasmic open face. The putative
binding site is surrounding by yellow aliphatic amino acids, orange polar amino acids, red
positively charged amino acids (R466 and K370), and green aromatic amino acids (Y230 and
F438).
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Table IV
Substrate specificity (apparent Km) of OAT2 among three different species (μM).

PGE2 Salicylate Glutarate α-KG

rOat2 38.5b, Ta 81.2b, 88a n.d. 17.8a

mOat2 0.005c Not transportedc 15.8c Tc

hOAT2 0.71e, Td Td Td Td

Notes:

n.d., Not determined; T, transported.

a
Oocyte-expressing rOat2 (Sekine et al. (1998).

b
LLC-PK-expressing rOat2 (Morita et al. (2001).

c
Oocyte-expressing mOat2 (Kobayashi et al. (2002).

d
Oocyte-expressing hOAT2 (Kobayashi et al. (2005b).

e
S2 cells-expressing hOAT2, S2hOAT2 (Kumura et al. (2002).
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Table VI
Non-synonymous SNPs in OATs and URAT1 coding regions.

Isoform Amino acid
change

Functional effect References

hOAT1 L7P n.d. Xu et al. (2005)

R50H Km change in adefovir
cidofovir and tenofovir

Bleasby et al. (2005), Fujita et al. (2005),
 Xu et al. (2005)

P104L No significant change in PAH,
OTA or MTX uptake

Fujita et al. (2005), Lee et al. (2003b)

A190T n.d. Lee et al. (2003b)

I226T No significant change in PAH,
OTA or MTX uptake

Fujita et al. (2005)

A256V No significant change in PAH,
OTA or MTX uptake

Fujita et al. (2005)

R293W No significant change in PAH,
OTA or MTX uptake

Fujita et al. (2005)

R454Q No significant change in PAH,
OTA or MTX uptake

Fujita et al. (2005)

Q454R No significant change in PAH,
OTA or MTX uptake

Fujita et al. (2005)

K525I No Km change for PAH or
adefovir

Bleasby et al. (2005)

hOAT2 T110I n.d. Xu et al. (2005)

V192I n.d. Xu et al. (2005)

G507D n.d. Xu et al. (2005)

hOAT3 F129L No significant change in ES or
cimetidine uptake

Erdman et al. (2006)

R149S Significantly reduced uptake of
ES and cimetidine

Erdman et al. (2006)

I175V n.d. Xu et al. (2005)

Q239X Significantly reduced uptake of
ES and cimetidine

Erdman et al. (2006)

I260R Significantly reduced uptake of
ES and cimetidine

Erdman et al. (2006)

R277W No significant change in ES or
cimetidine uptake

Erdman et al. (2006)

V281A No significant change in ES or
cimetidine uptake

Erdman et al. (2006)

I305F Decreased ES uptake,
increased cimetidine uptake

Erdman et al. (2006)

A310V No significant change in ES or
cimetidine uptake

Erdman et al. (2006)

A399S No significant change in ES or
cimetidine uptake

Erdman et al. (2006)

V448I No significant change in ES or
cimetidine uptake

Erdman et al. (2006)

hOAT4 V13M n.d. Xu et al. (2005)

R48Stop n.d. Xu et al. (2005)

T62R n.d. Xu et al. (2005)

V155M n.d. Xu et al. (2005)

A244V n.d. Xu et al. (2005)

E278K n.d. Xu et al. (2005)
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Isoform Amino acid
change

Functional effect References

V339M n.d. Xu et al. (2005)

T392I n.d. Xu et al. (2005)

URAT1 R90H Significantly reduced uptake of
urate

Cheong et al. (2005), Ichida et al. (2004),
 Iwai et al. (2004)

R92C n.d. Graessler et al. (2006)

V138M Significantly reduced uptake of
urate

Ichida et al. (2004)

G164S Significantly reduced uptake of
urate

Ichida et al. (2004)

T217M Significantly reduced uptake of
urate

Enomoto et al. (2002a)

A226V n.d. Iwai et al. (2004)

R228E No significant change in urate
uptake

Iwai et al. (2004)

W258Stop Significantly reduced uptake of
urate

Cheong et al. (2005), Enomoto et al.
(2002a),
 Ichida et al. (2004),
 Iwai et al. (2004),
 Komoda et al. (2004),
 Taniguchi et al. (2005),
 Wakida et al. (2005)

E298D Significantly reduced uptake of
urate

Enomoto et al. (2002a)

Q297Stop n.d. Takahashi 2005

Q312L n.d. Iwai et al. (2004)

D313-P333 deletion Significantly reduced uptake of
urate

Iwai et al. (2004)

Q382L Significantly reduced uptake of
urate

Ichida et al. (2004), Wakida et al. (2005)

L418R Significantly reduced uptake of
urate

Wakida et al. (2005)

M430T Significantly reduced uptake of
urate

Ichida et al. (2004)

R477H No significant change in urate
uptake

Iwai et al. (2004)

V547fsX602 Significantly reduced uptake of
urate

Ichida et al. (2004), Wakida et al. (2005)

n.d., Not determined.
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