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ABSTRACT

ABSTRACT

The organic anion transporter 1 (OATI) is key for the secretion of organic anions in
renal proximal tubules. However, not much is currently known about structure-activity
relationships or substrate-binding and translocation. In this study we investigated the
role of conserved charged residues possibly important for substrate binding and
turnover of the transporter. Another part of the study sought to characterize the effect of
pH, interaction with Krebs cycle intermediates and investigation of the chloride-
mediated stimulation of hOAT1. In HEK293 cells stably expressing hOATT the relative
degree of competitive inhibition of carboxyfluorescein uptake was as follows: a-
ketoglutarate >succinate >citrate >malate. Removal of chloride markedly slowed down
the transporter. Lowering pH from 7.4 to 6.0 during transport experiments increased
uptake of PAH and glutarate significantly. Numerous charge conservative and non-
conservative replacements were made in cationic residues though site-directed
mutagenesis and characterized. Though all mutations resulted in markedly reduced
transport function, a conserved, positively charged arginine residue R466 in the 1"
transmembrane helix was interesting. The replacement of arginine by the positively
charged lysine (R466K) did not impair expression of hOATI at the plasma membrane
of Xenopus laevis oocytes, but decreased the transport of p-aminohippurate (PAH)
considerably. Extracellular glutarate inhibited, and intracellular glutarate trans-
stimulated, wild type and mutated OATI, suggesting, for the mutant R466K, an
unimpaired interaction with dicarboxylates. However, when R466 was replaced by the
negatively charged aspartate (R466D), glutarate no longer interacted with the mutant.
PAH uptake by wild type hOAT1 was strongly stimulated in the presence of chloride,
whereas the R466K mutant was chloride-insensitive. Likewise, the uptake of labelled
glutarate or ochratoxin A was chloride-dependent in the wild type, but not in the mutant
R466K. Kinetic experiments revealed that chloride did not alter the apparent K, for
PAH, but influenced Vi, in wild type OAT1-expressing oocytes. In R466K mutants,
the apparent K,, for PAH was similar to that of the wild type, but V.x was changed.
We conclude that R466 influences the binding of glutarate, but not interaction with
PAH, and R466 interacts with chloride which is a major determinant in substrate

movements through the transporter.
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1. INTRODUCTION

A variety of endogenous and exogenous compounds our bodies are exposed to can be
classified as organic anions. Their elimination is essential for the maintenance of
homeostasis. Organs such as the kidneys, liver, and intestine defend the body against
potentially harmful effects of these compounds by biotransformation into less active
metabolites and by the excretory transport process (Schwenk, 1987; van Montfoort et
al., 2003). Following the first observations almost 70 years ago that the anionic dye
phenolsulphophthalein was highly concentrated in renal convoluted tubules (Marshall
EK Jr and Vickers JL, 1923), research in the field of tubular secretion has made
tremendous progress. It has been established that the process of secreting organic anions
and cations through proximal tubular cells is achieved via transporters, involving the
uptake of organic ions into the cells from the blood across the basolateral membrane
followed by extrusion across the brush-border membrane into the proximal tubular fluid

(Burckhardt et al., 2001).

1.1 The organic anion transporter (OAT) family

The organic anion transporters (OATs) of the SLC22 gene family are characterized by
remarkably broad substrate specificity: they handle small, amphiphilic organic anions of
diverse chemical structures, uncharged molecules, and even some organic cations
(Burckhardt and Burckhardt, 2003; Koepsell and Endou, 2004). Present, functionally
characterized transporters of the OAT family are enlisted in table 1.1. Given the broad
specificity, it is of no surprise that organic anion transporters interact with many
commonly used anionic drugs such as B-lactam antibiotics, antivirals, ACE inhibitors,
diuretics, NSAIDs etc. (Burckhardt and Burckhardt, 2003). Since OATs are typically
found at boundary epithelia, these transporters play an important role in distribution and
excretion of drugs. Moreover, OATs can be the site of drug-drug interactions during
competition of two or more drugs for the same transporter, and mediate cell damage by

transporting cytotoxic compounds.
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OATs do not directly utilize ATP hydrolysis for energetization of substrate
translocation. Most, if not all, members of the OAT family operate as anion exchangers,
1. e. they couple the uptake of an organic anion into the cell to the release of another
organic anion from the cell. Thereby, OATs utilize existing intracellular > extracellular
gradients of anions, e. g. a-ketoglutarate, lactate and nicotinate, to drive uphill uptake of
organic anions against the inside negative membrane potential. In kidney proximal
tubules, OATs are functionally coupled to Na'-driven mono- and dicarboxylate
transporters that establish and maintain the intracellular > extracellular gradients of

lactate, nicotinate, and a-ketoglutarate (Fig. 1.1) (Rizwan and Burckhardt, 2006 ).

Lumen

e
driving 3 Na* driving
e
a-KGZ
a-KGZ~
OA-|, Cr @
OAT4 OA™
dicZ’| OA™ |« a-KGZ~
OATs @ OATs
urate OA-
URAT1 ?
lactate™ @
OA™

Figure 1.1 Schematic representation of transport processes associated with the
secretion/reabsorption of organic anions in a human renal proximal tubule cell.
The upper transporters SMCT and NaDC1 in the apical, and Na" K'-ATPase and
NaDC3 in the basolateral membrane are collectively driving the organic anion
transporters OAT4 and URATI in the apical, and OAT1 and OAT3 in the basolateral
membrane. The driving ion for OAT2 is unknown. Abbreviations: o-KG*, -
ketoglutarate; dicz', dicarboxylate (succinate, o-ketoglutarate); NaDC, sodium
dicarboxylate cotransporter; OA~, organic anion/anionic drug; OAT, organic anion
transporter; SMCT, sodium monocarboxylate cotransporter; URAT, urate transporter
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Table 1.1 Organic anion transporter (OAT) family

Gene Protein T.l ssqe . Predominant substrates

name name distribution

SLC22A6  OATI1 Kidney, brain PAH, PGE,;, urate, NSAIDs, antiviral
agents, MTX, OTA, B-lactam antibiotics,
ACE inhibitors, uremic toxins

SLC22A7 OAT2 Liver, kidney PGE,, PGF,,, tetracycline

SLC22A8 OAT3 kidney, brain ES, cAMP, cGMP, E217pG, DHEAS,
PGE,;, PGF,,, OTA, MTX, cimetidine,
tetracycline, uremic toxins

SLC22A11 OAT4 kidney, placenta ES, DHEAS, PGE,, PGF2q, tetracycline,
MTX, OTA

SLC22A12 URATI kidney urate

Slc22al9 OATS kidney ES, DHEAS, OTA

PAH: p-aminohippurate; PG: prostaglandin; NSAIDs: nonsteroidal inflammatory drugs; MTX:
methotrexate; OTA: ochratoxin A; ACE: angiotensin-converting enzyme; ES: estrone sulfate;
E217BG: estradiol 17B-D-glucuronide; DHEAS, dehydroepiandrosterone sulfate.

hOAT1
pOATI1
|_|: rbOAT1
rOAT1
mOATI1
hOAT3
_| E mkOAT3
rbOAT3
{ rOAT3
mOAT3
L d pOAT3
fOATI1

CeOAT1

mOAT6
(———————— 1OAT5
L mOATS
f hURATI

mURATI
| hOAT2

e et
rOAT2

hOAT4

Figure 1.2 Phylogenetic relations of cloned and functionally characterized organic
anion transporters. The dendrogram was constructed using PhyloDraw software
(http://pearl.cs.pusan.ac.kr/phylodraw)
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Figure 1.2 shows a dendrogram of all functionally characterized Organic Anion
Transporters that belong to the solute carrier family SLC22. Members of multispecific
organic anion transporter family SLC22 that have been identified by molecular cloning
are enlisted in Table 1.1. Also given are their tissue distribution and predominant

substrates.

1.2 Cloning and tissue expression of OAT1

The Organic Anion Transporter 1 (OAT1) was the first organic anion transporter to be
cloned from rat (Sekine et al., 1997; Sweet et al., 1997), mouse (Lopez-Nieto et al.,
1997), and flounder kidneys (Wolff et al., 1997). The human orthologue, hROAT1 was
first cloned in 1998 (Reid et al., 1998), later also by other laboratories as hOATI1
(Hosoyamada et al., 1999); (Race et al., 1999) and as PAHT (Lu et al., 1999). Later on,
the orthologues from, monkey (Tahara et al., 2005), pig (Hagos et al., 2002), rabbit
(Bahn et al., 2002), and C. elegans (George et al., 1999) were cloned. The organic anion
transporter from flounder kidney turned out to be functionally an intermediate between,
or a precursor of, OAT1 and OAT3 (Aslamkhan et al., 2006). Likewise, it is not clear
whether the C. elegans "OATI1" is an orthologue of the mammalian OATI. Figure 1.2

would rather suggest a distant relation to mOAT6.

The gene for hOAT1, SLC22A6, is located on chromosome 11q12.3 (Bahn et al.,
2000), being paired with the gene for OAT3 (Eraly et al., 2003). The mammalian
OATIs consist of 545-551 amino acids, and secondary structure algorithms predict 12
transmembrane helices with the N- and C-termini located at the cytosolic side of the
plasma membrane (Fig. 1.3). In man, a longer splice variant with 563 amino acids and
two shorter, non-functional splice variants were found (Bahn et al., 2004a; Hosoyamada

et al., 1999).

Immunohistological studies have revealed the expression of OAT1 at the basolateral
membrane of proximal tubule cells in human (Hosoyamada et al., 1999; Motohashi et

al., 2002), rat (Kojima et al., 2002; Ljubojevic et al., 2004), and mouse (Bahn et al.,
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2005) kidneys. Besides kidneys, human OAT1 has been shown to be located at the
choroid plexus (Alebouyeh et al., 2003), and recent studies on mouse brain revealed

mOAT]1 expression in neurones of cortex and hippocampus (Bahn et al., 2005).

1.3 Biopharmaceutical, physiological, and pathological roles of OAT1

Characterization of the OAT family members has brought us a step further in the
elucidation of molecular mechanisms for drug elimination and distribution. The fact that
OATs interact with numerous endogenous and xenobiotic compounds means that they
play an important role not only in drug elimination, pharmacokinetics and toxicity but

also in pathological conditions.

1.3.1 Substrates of OATSs

Substrates for the renal organic anion transport system include a number of chemically
heterogeneous weak acids with a carbon backbone and a net negative charge at
physiological pH (pKa <7). Their structures may be aromatic or aliphatic. The classical
organic anions, monovalent hydrophobic anions with a negative or partial negative
charge, interact best with the transporter. These compounds require a hydrophobic
moiety of at least 4 A in length. The system also interacts with divalent anions,
including some zwitterions, for which optimal interaction with the transporter requires a
charge separation of 6-7 A. In addition, these compounds may contain a hydrophobic
moiety of up to 10 A in length. The affinity of the transporter for both mono- and
divalent anions increases with hydrophobicity and charge strength. Finally, non-
ionizable hydrophobic compounds also interact with the transporter (Ullrich, 1997).
Historically, p-aminohippurate (PAH) has been used as a prototypical substrate for the
renal organic anion transport system. PAH is a high-affinity substrate and is almost
completely extracted by the renal organic anion transport system during a single pass
through the kidney when its serum concentration is low, which indicates active
transport. Thus, PAH is a high affinity and OAT]1 specific OA™ and is the substrate of
choice for studies on hOATTI.
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A prominent feature of OAT] is that it interacts with and transports a variety of organic
anions with unrelated chemical structures. Various endogenous organic anions, uremic
substances, drugs, and environmental compounds have been shown to be substrates of
OAT]I. Therefore, multispecificity of the OAT1 is suitable for elimination of a variety

of endogenous metabolites and xenobiotics.

Endogenous compounds - OAT1, together with OAT3, is responsible for the first step
of renal organic anion secretion, the uptake of organic anions from the blood across the
basolateral membrane into proximal tubule cells. The uptake occurs in exchange for
intracellular a-ketoglutarate (see also Figure 1.1). The transport of the following
radioactively labelled, endogenous compounds has been demonstrated for OATI: the
metabolic intermediate a -ketoglutarate (Lu et al., 1999; Sekine et al., 1997), the local
hormones prostaglandin E, and F,, (Kimura et al., 2002; Sekine et al., 1997), the
second messengers cAMP and ¢cGMP (Sekine et al., 1997), the vitamin folate (Uwai et
al., 1998), and the purine breakdown product urate (Ichida et al., 2003; Sekine et al.,
1997). Several other endogenous compounds inhibit OATI1, e.g. the hormones
corticosterone and dehydroepiandrosterone sulfate (Beery et al., 2003; Hasegawa et al.,
2003), the vitamin nicotinate (Sugawara et al., 2005), the purine metabolites xanthine
and hypoxanthine (Sugawara et al., 2005), and acidic metabolites of the
neurotransmitters norepinephrine (vanillinemandelate), dopamine (3,4-dihydroxyphenyl
acetate, homovanillate), 5-hydroxytryptamine (5-hydroxyindoleacetate), and of cerebral
tryptophan metabolism (quinolinate, kynurenate) (Alebouyeh et al., 2003; Bahn et al.,
2005). The interaction of OAT1 with neurotransmitter metabolites strongly suggests
that OAT]1 is responsible for both removal of these metabolites from the brain and for
renal excretion.

Recently, an OAT1 knockout mouse has been generated (Eraly et al., 2006). The mice
were normal and fertile. The kidneys were histologically unchanged, had a normal
GFR, salt and water excretion. PAH clearance and the excretion of 3-hydroxybutyrate,
3-hydroxyisobutyrate, 3-hydroxypropionate, benzoate, 4-hydroxyphenylpyruvate, 4-
hydroxyphenyllactate, 4-hydroxyphenylacetate and N-acetylaspartate were decreased,

indicating that these substances occur endogenously as metabolites and are secreted
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through OATI1. For some of these substances, K; values were determined: 4-
hydroxyphenylpyruvate (56 uM), benzoate (253 uM), 4-hydyroxyphenyllactate (390
uM), N-acetylaspartate (841 uM), 3-hydyroxybutyrate (3.3 mM) (Eraly et al., 2006).
Thus, OAT1 contributes to renal excretion of various metabolites, but normal life in
mice is possible without this transporter, probably because OAT3 can take over the

task.

Exogenous compounds - Numerous drugs have been tested as possible substrates of
OAT1. Either transport of radiolabeled drugs was demonstrated or inhibition of uptake
of the prototypical labelled substrate, PAH, by unlabelled drugs was shown. Table 1
gives some examples of drugs that have been found to interact with human OAT1

(Rizwan and Burckhardt, 2006).

Table 1.1 Examples of drugs interacting with human OAT1

Class Tested compounds

Antibiotics benzylpenicillin, cefadroxil, cefamandole,
cefazolin, cefoperazone, cefotaxime, ceftriaxone,
cephaloridine, cephalotin, cephradine, cinoxacin,
doxycyclin, minocycline, nalidixate,
oxytetracycline, tetracycline™

Antivirals acyclovir*, adefovir*, cidofovir*, ganciclovir*,
PMEDAPI*, PMEGI*, tenofovir*, zalcitabine™,
zidovudine*

H, antagonists cimetidine*, ranitidine*

Antihypertensives captopril, losartan

Cytostatic methotrexate™

Diuretics acetazolamide, bumetanide*, chlorothiazide,

cyclothiazide, ethacrynate, furosemide*,
hydrochlorothiazide, methazolamide,
trichlormethiazide

NSAIDs' acetaminophen, acetylsalicylate, diclofenac,
diflusinal, etodolac, flufenamate, flurbiprofen,
ibuprofen®, indomethacin*, ketoprofen®,
loxoprofen, mefenamate, naproxen, phenacetin,
phenylbutazon, piroxicam, salicylate, sulindac
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Statins fluvastatin, pravastatin, simvastatin
Uricosurics; purine allopurinol, benzbromarone, probenecid
metabolism

! abbreviations: NSAID, non-steroidal anti-inflammatory drug; PMEDAP, 9-(2-
phosphonyl-methoxyethyl)-diaminopurine; PMEG, 9-(2-phosphonyl-methoxyethyl)-
guanidine; * transport has been demonstrated

1.3.2 Involvement of OATS in toxicity

Since OATS are capable of handling an enormous variety of structurally diverse organic
anions as substrates they may be intimately involved in the distribution and elimination
of many potentially toxic endogenous and exogenous organic anions. Indeed, the nature
of these substrates suggests that proper OAT function is essential to maintaining total
body homeostasis and that altered OAT function (and/or expression) may be a key

factor in the progression of certain disease states.

Nephrotoxic drugs - It is highly likely that OAT1 and OAT3 contribute significantly to
nephrotoxicity by taking up cephaloridine and antiviral drugs from the blood into the
cells. Particularly, proximal tubule cells are exposed to cytotoxic drugs because they
express OAT1 and OAT3. B-Lactam antibiotics are in addition taken up from the apical
cell side by the H'-peptide cotransporter PEPT2 (Boll et al., 1996) and thus a high
intracellular concentration can be achieved. Strategies to prevent the nephrotoxicity of
antibiotics involve the use of inhibitors of OATs such as cilastatin and betamipron
(Tune, 1997). The use of NSAIDs (Mulato et al., 2000) and probenecid (Lacy et al.,
1998; Yarchoan et al., 1989) can reduce renal excretion of antiviral drugs and
nephrotoxicity. Thereby, intentional drug-drug interaction provides a means to prevent
organ damage. As pointed out by (Sweet, 2005), inhibition of OATs has not only an
impact on the kidneys, but also on liver and brain. Inhibition of OATs in the liver could
impair drug metabolism, and inhibition of OATs in choroid plexus and the blood brain

barrier could prevent the removal of drugs from the brain and cause cerebral symptoms.

Uremic toxins - During renal failure, several organic anions are accumulated in the

plasma and cause side effects. These compounds called uremic toxins include indoxyl
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sulfate (IS), indole acetate (IA), hippurate (HA), and 3-carboxy-4-methyl-5-propyl-2-
furanpropionate (CMPF) (Sun et al., 2006). IS and CMPF themselves cause renal
failure and aggravate the situation. HA and CMPF are made responsible for
neurological disorders accompanying the renal failure, HA interferes with the glucose
utilization in skeletal muscle, and CMPF inhibits the binding of drugs to albumin (Sun
et al., 2006). All these uremic toxins are substrates of hOATI1. Indoxyl sulfate was
transported with a K;;, of 20.5 uM , and inhibited OAT1-mediated transport with ICsg
values between 13.2 and 83 uM (Enomoto et al., 2003; Motojima et al., 2002). Indole
acetate was taken up by hOAT1 with a K, of 14 uM, and inhibited transport with ICs
values 21 and 83 uM (Deguchi et al., 2004; Motojima et al., 2002). Hippurate uptake
occurred with a Ky, of 23.5 uM, and inhibition of hOAT1 with an ICsy of 18.8 uM; the
respective numbers for CMPF are 141 pM for K, and 247 uM for ICsy (Deguchi et al.,
2004). IS and IA uptake increased the production of oxygen radicals, and probenecid
inhibited this effect (Motojima et al., 2003). Indoxyl sulfate interacted also with OAT3
[Ki 263 uM; K 169 uM (Deguchi et al., 2004; Enomoto et al., 2003)] and OAT4 [Kj
181 uM (Enomoto et al., 2003)], indole acetate (no transport, but inhibition with ICs
491 uM), hippurate (no transport, but inhibition with ICsy of 30.8 uM), and CMPF with
OAT3 [K,, for uptake 26.5 uM; ICso 27.9 uM (Deguchi et al., 2004)]. Thus, OAT1 and
OAT3 are involved in the uptake of uremic toxins and their excretion. In renal failure,
however, the capacity to excrete uremic toxins is decreased. Accumulation of the toxins
inhibits the remaining OAT1 and OAT3 progressively, which could cause severe

problems with the excretion of antibiotics, methotrexate, antivirals, etc.

Environmental toxins - The herbicide 2,4-dichlorophenoxyacetate (2,4-D) is a substrate
of hOAT1 [(Aslamkhan et al., 2006; Cihlar et al., 1999); K,, for uptake 5.77 uM
(Tahara et al., 2005)] and hOAT3 [weak transport (Aslamkhan et al., 2006)]. N-acetyl-
L-cysteine S-conjugates resulting from glutathione conjugation of toxic compounds are
substrates of rOAT1 (Pombrio et al., 2001) and probably also of human OATI1. The
cysteine conjugates S-benzothiazolcysteine, S-chlorotrifluoroethylcysteine, and S-
dichlorovinylcysteine inhibited hOAT1 with ICsy values of 9.9 uM, 177 uM, and 208
uM, respectively (Groves et al., 2003). Complexes between mercury and N-acetyl-L-
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cysteine [NAC-Hg, K, 44 uM (Aslamkhan et al., 2003); NAC-Hg-CH; (Koh et al.,
2002), Ky 79.5 uM; NAC-Hg-NAC, K,, 144 uM (Zalups and Ahmad, 2005)], L-
cysteine [Cys-Hg (144); Cys-Hg-Cys, K, 91 uM], and homocysteine (Hcy) [CH3-Hg-
Hey, K 39 uM (148); Hey-Hg-Hcy (Zalups et al., 2004)] are transported by hOATI,
and NAC-Hg by hOAT3 (Aslamkhan et al., 2006). Cell toxicity of Hcy-Hg complexes
was higher in OATl-expressing cells than in mock. These findings explain why
mercury is accumulated particularly in proximal tubule cells. Fortunately, the same
transporters, OATl and OAT3 can be used to direct an antidote, 2,3-
dimercaptopropane-1-sulfonate (DMPS), into proximal tubule cells to chelate the
mercury, greatly facilitating its excretion. Another heavy metal chelator, 2,3-
dimercaptosuccinate (DMSA, succimer), is transported by NaDC3 (Burckhardt et al.,

2002) that is also located in the basolateral membrane.

Carcinogens - Carcinogenic compounds are also transported by OATs. A prominent
example is ochratoxin A that is translocated by hOAT1 [K;, 0.42 uM (Jung et al.,
2001)], hOAT3 [Ky, 0.75 pM (Jung et al., 2001)], and hOAT4 [K,, 22.9 uM (Babu et
al., 2002)]. Recently, it has been shown that sulfoxymethyl pyrenes (SMP) are
substrates of hOAT1 and hOAT3 (Bakhiya et al., 2006). At hOATI, 2- and 4-
sulfomethoxypyrenes showed K; values of 4.4 uM and 5.1 uM, respectively; at OAT3,
the respective K; values were 1.9 uM and 2.1 uM. The expression of OAT1 and OAT3
increased the number of SMP-DNA adducts, and probenecid completely prevented this
effect. Thus it appears that at least OAT1 and OAT3 can be involved in renal
carcinogenesis by taking up ochratoxin A and SMPs from the blood into proximal

tubule cells.

1.3.3 OAT:s in pathophysiological states

Recent studies have indicated that the expressions of OATs are affected in
pathophysiological states. As mentioned in the previous section, during the progression
of renal insufficiency, various uremic toxins derived from dietary proteins accumulate
in plasma. Many uremic toxins are organic anions; their accumulation in the kidney is a

result of renal dysfunction, and this also accelerates underlying renal diseases. The
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enhanced expression of OATs in uremic circumstances indicates compensatory effects
for elimination of uremic substrances and leads to progress of the underlying diseases

by accumulation of harmful toxins in proximal tubular cells.

1.3.3.1 Altered expression of OATs in diseased states

The expressions of OATs are affected by several renal dysfunction models. In the
kidneys, both down- and up-regulation of OATs was observed under various conditions.
Acute arterial calcinosis induced by bolus injection of vitamin D3 increased the OATI
expression level (Quaglia et al., 2003). OAT expression in various human kidney
diseases was analyzed using a real-time PCR method (Sakurai et al., 2005). The data
indicate that OAT3 expression is decreased in patients with renal diseases. A bilateral
ureteral obstruction for 24 hrs decreased renal p-aminohippurate excretion, but

increased the amount of OAT1 protein in Western blots (Villar et al., 2005).

OAT expression is influenced not only by renal diseases but also by hepatic diseases. A
biliary obstruction for three days (Brandoni et al., 2006) did not change the abundance
of total OAT1 protein in rat kidneys, but decreased the amount of OAT1 located in the
basolateral membrane. Possibly, OAT1 was partially cleared from the basolateral
membrane by endocytosis, and protein kinase C activation may have played a role in
this process. OAT3 abundance was increased both, in the total kidney and in the
basolateral membrane (Brandoni et al., 2006). Chronic renal failure induced by 5/6
nephrectomy decreased OATI1, but not OAT3, in the basolateral membrane (Monica
Torres et al., 2005). Finally, prostaglandin E, dose- and time-dependently reduced
mRNA and protein of OAT1 and OATS3 in rat kidneys (Sauvant et al., 2006). At an
exposure time of 48 hrs, a half-maximal effect on the decrease of OAT1 and OAT3
protein was observed at 23 and 27 nM PGE,, respectively. Thus, PGE, has two
opposing functions: at short exposure times it increases, and at long times it decreases

the function of OATs.
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Some drugs and toxins were reported to down-regulate the expression of OATs in liver.
The activation of "drug-sensing receptors" AhR, CAR, PXR, and Nrf2 by their
respective ligands changed the expression of a number of transporters in the hepatocyte
(Jigorel et al., 2006). Whereas MDR1, MRP2, MRP3, BCRP and OATP-C were
upregulated, a decreased expression was found for MRP6, BSEP, OCT1, OATP-B,
OATPS8, NTCP, and OAT2. Particularly phenobarbital (acting through CAR) effectively
decreased OAT2 expression, whereas the activation of other receptors had smaller
effects (Jigorel et al., 2006). Hepatic mRNAs for OCT1 and OAT3, but not for OAT2,
were decreased in rats treated with lipopolysaccharide (LPS) (Cherrington et al., 2004).

1.3.3.2 Drug-drug interactions

OATs can be the site of drug-drug interactions during competition of two or more drugs
for the same transporter. Drugs present in plasma could affect the transport of the drugs
individually and could mutually influence the pharmacokinetics of the drugs. A notable
example is the concomitant use of probenecid and penicillin G; the half-life of penicillin
G is significantly prolonged when combined with probenecid compared with when it is

administered alone (Somogyi, 1996).

It has also been reported that the administration of methotrexate (MTX) with acidic
drugs, such as NSAIDs, and B-lactam antibiotics can result in drug-drug interaction that
causes severe suppression of bone marrow. An interaction between NSAIDs and
methotrexate has been implicated as a cause of severe side effects. Methotrexate is
transported by human OAT1 [K,, 724 uM (Uwai et al., 2004)], OAT2 [no K, available
(Sun et al., 2001)], OAT3 [Ky, 10.9 uM (Cha et al., 2001)], and OAT4 [K, 17.8 uM
(Takeda et al., 2002)]. Since all OATSs are inhibited by NSAIDs, drug-drug interaction
could occur at any of these transporters. If the free plasma concentrations are taken into
account, salicylate (K; at hOAT3 1,020 uM, free conc. 431 pM); phenylbutazone (34.7
uM / 12.5 uM); indomethacin (6.0 uM / 8.4 uM); and loxoprofen (8.7 uM / 20 uM)
could substantially inhibit OAT3-mediated methotrexate transport and, hence, uptake
from the blood into proximal tubule cells. Salicylate [ICsy values at OAT1 between 280
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uM and 1.57 mM], phenylbutazone [ICsy 47.9 uM], indomethacin [ICsy between 3.0
and 3.8 uM] and loxoprofen [ICsy 27.1 uM] should also substantially inhibit hOATI,
decreasing cellular uptake of methotrexate further. The ICsy values for hOAT2
[salicylate, >2 mM; indomethacin, 64.1 puM] and OAT4 [salicylate, >2 mM,;
indomethacin, 10.1 pM (62)] suggest that only indomethacin could substantially inhibit
OAT4 in vivo (Khamdang et al., 2002). Taken together, salicylate, phenylbutazone,
indomethacin, and loxoprofen could be responsible for methotrexate-NSAID interaction
at OAT1 and OAT3, and indomethacin also at OAT4. As a consequence, unwanted
side-effects, such as bone marrow suppression, could occur as a result of the increase in

plasma MTX levels (Asif et al., 2005; Sweet et al., 2003).

More importantly, antiviral drugs are nephrotoxic, and the expression of OAT1 renders
cells sensitive to these compounds (Ho et al., 2000). The coadministration of
probenecid or NSAIDs, i.e. intended drug-drug interaction, reduced the cytotoxicity of
antiviral drugs (Mulato et al., 2000). Therefore, intentional drug-drug interaction
provides a means to prevent organ damage. Strategies to prevent the nephrotoxicity of
antibiotics involve the use of inhibitors of OATs such as cilastatin and betamipron
(Takeda et al., 2001; Tune, 1997). The use of NSAIDs (Mulato et al., 2000) and
probenecid (Choudhury and Ahmed, 2006) can reduce renal excretion of antiviral drugs
and of nephrotoxity. Inhibition of OATs has not only an impact on the kidneys, but also
on liver and brain. Inhibition of OATs in the liver could impair drug metabolism, and
inhibition of OATs in choroid plexus and the blood brain barrier could prevent the

removal of drugs from the brain and cause cerebral symptoms (Sweet, 2005).

1.3.3.3 Single nucleotide polymorphisms (SNPs)

In addition to drug-metabolizing enzymes, drug transporters play important roles in
determining the pharmacokinetic profiles of drugs and their pharmacological effects.
Recent wide-scale sequencing analysis of the human genome has lead to identification
of the single nucleotide polymorphisms (SNPs) of drug transporters. It has been

suggested that drug transporter SNPs are responsible for the interindividual variation in
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drug elimination from the body (Ishikawa et al., 2004). With regard to OATs, there are
several reports on the occurrence of SNPs both in coding and non-coding (promoter,
introns) regions. Recently, two groups reported results of functional analysis of non-
synonymous variants of hOAT1 genes (Bleasby et al., 2005; Fujita et al., 2005). For
hOATI, the following amino acid exchanges were reported: L7P (Xu et al., 2005);
R50H; P104L; F160L; 1226T; A256V; P283L; R287G; A256W; P341L; R454Q;
K5251. The SNP R50H (located in the large extracellular loop between TM1 and TM2)
was observed in African-Americans and Mexican-Americans with allele frequencies of
0.032 and 0.01 (Fujita et al., 2005). In another study, the SNPs R50H and K5251
showed frequencies of 0.04 and 0.005, respectively (Bleasby et al., 2005). When
introduced into OATI1 and expressed in Xenopus laevis oocytes, the mutant K454Q
(located at the cytoplasmic beginning of TM11) was non-functional. All other mutants
showed probenecid-inhibitable uptake of p-aminohippurate, ochratoxin A and
methotrexate (Fujita et al., 2005). The K, values for PAH and ochratoxin A were
unchanged. When the K,, values for adefovir, cidofovir and tenofovir were determined,
R50H, showed a significantly increased affinity towards these antiviral nucleoside
phosphonates. Therefore, patients carrying the RSOH mutation may be more susceptible

to renal damage because of a more effective uptake of nephrotoxic antiviral drugs.

1.4 Current knowledge about the structure and regulation of OATs

Structural knowledge about the OATs is steadily increasing. This section delineates the
mutagenesis studies that have been reported in literature so far describing important
amino acids for structure/function (through cysteine and alanine scanning), regulation

(through glycosylation and phosphorylation) and molecular modeling.

1.4.1 Structure-function relations

Several structurally related features of OATSs are apparent upon sequence analysis. The
rat OAT1 shares 96% of similar amino acids with the mouse OAT, and 91% with the
human homologue, hOAT1. More distantly related is the flounder OAT1, which shares
57-58% of similar amino acids with rat, mouse, and human OATI1. The hOAT3 shows

17



INTRODUCTION

51-52%, and rat OAT2 45-46%, similarities, respectively, with the OAT1 proteins.
Algorithms predict 12 transmembrane domains (TMD) hOAT1 and this has also been
experimentally verified (Xu et al., 2006a; Zhou et al., 2006). Between the first and
second predicted TMDs, a long hydrophilic loop is found in all OATs (and in all
OCTs). The large extracellular loop between transmembrane helix (TM) 1 and TM2
carries several glycosylation sites, and the intracellular loop between TM6 and TM7
and the C-terminus harbour several consensus sequences for phosphorylation by protein
kinases (Fig. 1.3) (Burckhardt and Wolff, 2000). The glycosylation of human and
mouse OAT]1 is important for proper shuttling of newly synthesized transporters to the
cell membrane (Tanaka et al., 2004b). The role of phosphorylation sites is unclear:
canonical protein kinase C consensus sites were not involved in the down-regulation of
human and mouse OAT1 (Wolff et al., 2003; You et al., 2000), and the sites for casein

kinase II, protein kinase A and tyrosine kinases have not been studied so far.

1.4.1.1 Mutagenesis studies

Amino acid residues important for transport function have been analyzed by site-
directed mutagenesis. So far the amino acid residues that are involved in substrate
binding or translocation mechanisms of hOAT1 exclusively have not been investigated.
In flounder OAT, the cationic amino acid residues lysine (K) at position 394 (TMD 8)
and arginine (R) at position 478 (TMD 11) are involved in binding and translocation of
dicarboxylates (Wolff et al., 2001). In hOATI, the arginine at position 466 (TM11)
appears to be involved in the interaction with dicarboxylates and with chloride which
activates this transporter (Rizwan AN et. al,. unpublished). Recently, information

regarding functionally critical amino acid residues has been increasing.
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Figure 1.3 Model of the predicted secondary structure of hROAT1. This model
represents the topology of the hROATI1 as predicted by TopPred 2 and confirmed
experimental{z(Hong et al., 2006). The consensus sites for enzymatic modification are
also shown: ™ = N-glycosylation, * = protein kinase C, A = protein kinase A, » =
casein kinase 11,9 = tyrosine kinase.

Site-directed mutagenesis studies revealed that the following residues are important for
substrate recognition: Histidine (H) 34, K394, and R478 in flounder OAT1 (Wolff et
al., 2001) and K370 and R454 in rOAT3 (Feng et al., 2001). In the flounder OATI, it
was shown that two non-conservative amino acid mutations K394A and R478D resulted
in loss of interaction with dicarboxylates but not PAH, suggesting that these cationic
residues are important for dicarboxylate but not PAH binding. In the study by Feng et
al., the same corresponding amino acids in mouse OAT3 were mutated. Neutral and
opposite charge replacements were made as K370A, R454D and R454N. All mutants
showed considerably reduced transport of the charged substrates PAH, estrone sulfate
(ES) and ochratoxin A (OTA); no transport of the organic cation I-methyl-4-
phenylpyridinium (MPP); but uptake of cimetidine similar to that of wild type.
Interaction with the counter-ion a-ketoglutarate was not tested. Interestingly, although
the R454D mutant could not transport MPP, the double mutant R454D/K370A did so in
preference to the anion, PAH.

In hOATTI, an alanine scanning mutagenesis study revealed that residues leucine (L) 30

and threonine (T) 36 are important for OAT1 transport activities (Hong et al., 2004).
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Progressively smaller side chains at position 30 increasingly impaired hOAT1 function
mainly because of the impaired surface expression of the transporter. Substitution of T
36 by serine and cysteine (C) at this position abolished transport activity without
affecting the surface expression of the transporter. These results indicate that both the
methyl group and the hydroxyl group of T36 could be critical for hOATI1 activity.
Recently it was shown that the C-terminus of hOAT1 has two critically important
amino acids: the anionic aspartate (D) 506 and L512 (Xu et al., 2006b). D506 was
reported to be important because it may maintain structural integrity through the
formation of salt bridges with cationic amino acids elsewhere in the transporter. Since
the mutant L512V showed similar K, but reduced V,,x compared to the wild type (wt),
it was said to critically affect the turnover of hOAT1. Based on clues from a molecular
model of hOATI, alanine scanning illustrated that two residues, K431 and
phenylalanine (F) 438 (TMD 10) result in significant functional losses independent of
membrane protein expression differences in a Xenopus oocyte expression system.
Effects of these residues on p-aminohippurate (PAH) and cidofovir transport were
assessed by point mutations in a Xenopus oocyte expression system. Membrane protein
expression was severely limited for the tyrosine (Y) 230A mutant. For the K431A and
F438A mutants, ["H]-PAH uptake was less than 30% of wild-type hOAT! uptake after
protein expression correction. Reduced V¢ values for the F438 A mutant confirmed
lower protein expression. In addition, the F438A mutant exhibited an increased affinity
for cidofovir but was not significantly different for PAH. Differences in handling of
PAH and cidofovir were also observed for the Y230F mutant. Little uptake was
determined for cidofovir, while PAH uptake was similar to wild-type hOAT1 (Perry et
al., 2006).

The cysteine-modifying reagent p-chloromercuribenzenesulphonate (PCMBS) inhibits
mOATI1-mediated PAH transport in HeLa cells (Tanaka et al., 2004b). Site-directed
mutagenesis studies revealed that single replacement of cysteine (C) residues had no
significant effect on mOAT1- mediated PAH transport but that multiple replacements in
the C-terminal region (C335 /379/427/434A) resulted in a substantial decrease in

transport activity. A simultaneous replacement of all 13 cysteine residues (C-less) led to
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a complete loss of transport function. The decrease in or lack of transport activity of the
mutants C335 /379/427/434A and C-less was due to the impaired trafficking of the
mutant transporters to the cell surface. These results suggest that although cysteine
residues are not required for function in mOAT], their presence appears to be important
for targeting of the transporter to the plasma membrane. Since C49A was less sensitive
than the wild-type mOAT1, the modification of C49 may play a role in the inhibition of
mOATI1 by PCMBS (Tanaka et al., 2004b).

The counterparts of R466 in hOATI have been investigated in the organic cation
transporters as well, namely - rOCT1 (Gorboulev et al., 1999) and rOCT2 (Bahn et al.,
2004b). The effect of a charge conservative mutation and K;, determination was also
made in rOCT1. It was found that K, values remained same (MPP for OCT1) or were
decreased (choline, TEA, N'-methylnicotinamide for OCT1) whereas maximal transport

rate (Vmax) went down severely.

1.4.1.2 Molecular modeling of hOAT1

Membrane proteins are encoded by almost 30% of gene sequences, but only 89 unique
crystal structures exist for these proteins (Perry et al., 2006). Like other membrane
proteins, the lack of structural information on OATs prompted the need for a molecular
level structural model of OAT1. A structural model of hOAT1 would offer the ability to
perform hypothesis driven research, testing substrate/protein interactions experimentally
with point mutations and refining the model by experimental outcomes. It also helps, as
in the present study, to validate previous/ongoing research on the transporter.

Very recently, a fold-recognition model of hOAT1 based on the structure of the GlpT
has been proposed and some residues that align a putative active cavity and may have
potential interactions with hOAT1 substrates have been identified (Fig. 1.4) (Perry et
al., 2006).
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Figure 1.4. A molecular model of hOAT1. (A). Electrostatic potential map of the
hOATI1 model. Two perspectives are shown, the first image depicts a horizontal view of
the protein and the second image looks down on the cavity between the helices from the
cytoplasm. Blue shading indicates large positive areas while red shading indicates large
negative regions. (B). Solvent accessibility for the hOAT1 model. Blue depicts
completely buried residues, while orange and yellow residues (mostly in loops) have
greater than 50% of their surfaces accessible. (C). Putative active site of hOATI
surrounded by helices 5, 7, 10 and 11. The inset depicts residues examined within this
study along with residues 9 A from the center of the predicted binding cavity for
hOATI. Basic: K431, R466 (red), Polar: S462, (orange) Aromatic: Y230, F438, (green)
Aliphatic: L28, M31, A32, M207, 1226, Q227, V229, A465 (yellow). (Perry et al.,
20006)

According to this model:
The molecular surface indicates hOATI1 contains a large positive charge from the N-
terminal side through the central cavity, due to basic amino acids. The putative active

site for hOAT1 has a volume of 830 A, and has a large positive charge through the
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central cavity due to basic amino acids. Arginine (R) 466 sits at the opening of the
pocket while aromatic amino acids such as tryptophan (Y) and phenylalanine (F)
surround the site. New residues additional residues Y230 (domain 5), K431 (domain 10)
and F438 (domain 10) were identified and provided new aromatic and basic residues to

test for model validation and potential impact on substrate transport.

1.4.2 Regulation

1.4.2.1. Phosphorylation

Organic anion transport in intact renal proximal tubular cells in animal model systems is
reported to be downregulated by protein kinase C (PKC). All OAT isoforms cloned
have several sites for PKC phosphorylation in the large intracellular loop between the

sixth and seventh transmembrane domains.

Several studies have revealed that the activation of PKC decreases the transport activity
of OATs (Lu et al., 1999; Soodvilai et al., 2004; Takeda et al., 2000; Uwai et al., 1998;
Wolff et al., 2003; You et al., 2000). This inhibitory effect is also associated with
altered substrate selectivity. The reduced OAT-mediated transport activity is rescued by
PKC inhibitors. Furthermore, PKC-induced hOAT1 downregulation is achieved via
carrier retrieval from the cell membrane. In addition to the sites for phosphorylation by
PKC, OAT isoforms have putative sites for phosphorylation by protein kinase A (PKA),
casein kinase II, or tyrosine kinase. Among these, protein kinases, including mitogen-
activated protein kinase (MAPK), PKA, and tyrosine kinase, have been shown to be
involved in the regulation of OAT transport functions (Sauvant et al., 2004; Soodvilai et
al., 2004; Soodvilai et al., 2005). Epidermal growth factor (EGF) stimulates PAH and
estrone sulfate transport in rabbit renal proximal tubules via MAPKs, and PGE,
enhances basolateral PAH and estrone sulfate uptake via adenylate cyclase activation
and causes PKA activation. A recent study has demonstrated that OAT3-mediated
activity is also inhibited by tyrosine kinase and phosphatidylinositol 3-kinase (PI3K)
(Soodvilai et al., 2005).
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1.4.2.2. Glycosylation

Glycosylation sites in the first extracellular loop between transmembrane domains
(TMDs) 1 and 2 are conserved in OATs. Tunicamycin, an inhibitor of asparagine-linked
glycosylation, inhibits PAH transport activity in mOAT]-transfected COS7 cells.
Immunofluorescence revealed that the mOATI1 protein remained mainly in the
intracellular compartment after tunicamycin treatment (Kuze et al., 1999). This
indicated that glycosylation of the mOAT]1 protein is necessary for proper trafficking of
the protein to the plasma membrane. Other experiments have demonstrated that
disruption of N39 (one of the glycosylated sites) in mice resulted in complete loss of
transport activity of OAT1 without affecting its surface expression (Tanaka et al.,
2004a). Thus, glycosylation could also be responsible for substrate recognition.
Recently, a study investigated how the addition/acquisition and processing/modification
of N-linked oligosaccharides play a role in the functional maturation of OAT4 using a
novel approach (Zhou et al., 2005). Inhibition of acquisition of oligosaccharides in
OAT4 by mutating asparginine to glutamine and by tunicamycin treatment was
combined with wild-type OAT4 expression in a series of mutant CHO-Lec cells
defective in different steps of glycosylation processing. Zhou et al., demonstrated that
both the disruption of glycosylation sites by mutagenesis and the inhibition of
glycosylation by tunicamycin treatment resulted in a nonglycosylated OAT4, which was
unable to target to the cell surface. In contrast, OAT4 synthesized in mutant CHO-Lec
cells carrying different structural forms of sugar moieties (mannose-rich in Lecl cells,
sialic acid-deficient in Lec2 cells, and sialic acid/galactose-deficient in Lec8 cells) was
able to traffic to the cell surface. However, OAT4 expressed in CHO-Lecl cells had
significantly lower binding affinity for its substrates than did that expressed in parental
CHO cells. These results provided novel information that addition/acquisition of
oligosaccharides but not the processing of added oligosaccharides participates in the
membrane insertion of OAT4. Processing of added oligosaccharides from mannose-rich
type to complex type is important for enhancing the binding affinity of OAT4 for its

substrates. Glycosylation could therefore serve as a means to specifically regulate
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OAT4 function in vivo and in principle these findings could also be used for

investigating the role of glycosylation in hOATI.

1.4.2.3 Gender differences

Gender differences in mRNA and/or protein expression have been reported for OATI
(Buist et al., 2002; Ljubojevic et al., 2004), OAT2 (Buist et al., 2002; Kobayashi et al.,
2002a; Kobayashi et al., 2002b), OAT3 (Buist et al., 2002; Kobayashi et al., 2002a;
Ljubojevic et al., 2004), and Uratl (Hosoyamada et al., 2004), suggesting that some
OAT family members are regulated by sex hormones. The mouse OATI mRNA levels
were found to be higher in the male kidney than in the female kidney, and the rat OAT2
mRNA expression level was found to be higher in the female kidney than in the male
kidney or liver. In contrast, the mouse OAT2 mRNA levels were found to be high in
both male and female kidneys and low in the male liver. Rat OAT3 mRNA expression
was detected in the male liver. The mouse Uratl mRNA levels were found to be higher

in the male kidney than in the female kidney.

1.4.2.4 Oligomerization

Only one study so far has provided information on the structural assembly of a cloned
OAT to date. Using combined approaches of chemical cross-linking, gel filtration
chromatography, co-immunoprecipitation, cell surface biotinylation, and metabolic
labeling Hong et al. demonstrated for the first time that hOAT1 exists in the plasma
membrane as homooligomeric complexes, possibly trimer, and higher order of oligomer

(Hong et al., 2005).

1.5 Aims of the present study

The primary aim of this study was to evaluate the structure-activity relationships in the
human Organic Anion Transporter 1. Towards this goal, charged and conserved amino
acid residues within the transmembrane domains of the transporter would be mutated

and functionally characterized in order to ascertain their contribution in substrate
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binding and translocation. Another part of the study sought to fill gaps in the current
knowledge of the physiology of OA  transport by OATI1. This would involve
determining the effect of pH, interaction with Krebs cycle intermediates and

investigation of the chloride mediated regulation of hOAT].

26



MATERIALS

2. MATERIALS

2.1 Oligonucleotide Primers

Sequence specific primers for sequence analysis and for site-directed mutagenesis were
obtained from MWG Biotech AG (Ebersberg, Germany) and are listed in Table 2.1

below.
Amino-acid Primer Name 5’ to 3° Mutation Primer Sequence
replacement
R466K R466K-fw GGCAGCACCATGGCCAAAGTGGGCAGCATCGTG
R466K-rev CACGATGCTGCCCACTTITGGCCATGGTGCTGCC
R466D R466D-fw GGCAGCACCATGGCCGACGTGGGCAGCATCGTG
R466D-rev CACGATGCTGCCCACGTCGGCCATGGTGCTGCC
R466N R466N-fw GGCAGCACCATGGCCAACGTGGGCAGCATCGTG
R466N-rev CACGATGCTGCCCACGTTGGCCATGGTGCTGCC
K382A K382A-fw GGACCTGCCTGCCGCGCTTGTGGGCTTCCTTGTC
K382A-rev GACAAGGAAGCCCACAAGCGCGGCAGGCAGGTCC
K382R K382R-fw GGACCTGCCTGCCCGGCTTGTGGGCTTCCTTGTC
K382R-rev GACAAGGAAGCCCACAAGCCGGGCAGGCAGGTCC
K382R/R466K K382R/R466K-fw Mutation primer: K382R-fw; plasmid: R466K mutant
K382A/R466D-rev Mutation primer: K382R-rev; plasmid: R466K mutant
K431R K431R-fw CTTGCTGTGCTGGGGCGGGGTTGTCTGGCTGCC
K431R-rev GGCAGCCAGACAACCCCGCCCCAGCACAGCAAG
K431D K431D-fw GCTGTGCTGGGGGATGGTTGTCTGGCTGCCTCC
K431D-rev GGAGGCAGCCAGACAACCATCCCCCAGCACAGC
K431R/R466K K431R/R466K-fw Mutation primer: K43 1R-fw; plasmid: R466K mutant
K431R/R466K-rev Mutation primer: K43 1R-rev; plasmid: R466K mutant
D378A D378A-fw TGATCTTTGGTGCTGTGGCCCTGCCTGCCAAGC
D378A-rev GCTTGGCAGGCAGGGCCACAGCACCAAAGATCA
D378R D378R-fw TGATCTTTGGTGCTGTGCGCCTGCCTGCCAAGC
D378R-rev GCTTGGCAGGCAGGCGCACAGCACCAAAGATCA
D378R/R466D D378R/R466D-fw Mutation primer: D378R-fw; plasmid: R466D mutant
D378R/R466D-rev Mutation primer: D378R-rev; plasmid: R466D mutant
D378K/K431D D378R/K431D-fw Mutation primer: D378R-fw; plasmid: K431D mutant

D378R/K431D-rev

Mutation primer: D378R-rev; plasmid: K431D mutant

Table 2.1 Oligonucleotide primers used in this study. The codon is written in bold and the
nucleotide replacements are underlined. Abbreviations used are: fw = forward; rev = reverse;
Sequence details: A = adenosine, G = guanosine, C = cytosine, T = thymine; amino acid short-
forms: R = arginine, K = lysine, D = aspartate, A = alanine, N = asparagine.
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2.2 Enzymes

The restriction enzyme NOT I used for linearizing plasmid DNA was purchased from
New England Biolabs Inc (Beverly, MA, USA). DNA polymerase Pfu DNA
Polymerase, used for amplification of the entire pasmid in mutation PCRs, was

purchased from Stratagene (La Jolla, CA, USA).

2.3 Chemicals and radiochemicals

All chemicals were of reagent grade. p—[gchyl—2—3H]amin0hippurate (PHJPAH) 5
pCi/ml, 1 to 5 Ci/mmol was obtained from Perkin Elmer, Boston, MA. [1,5-"*C] glutaric
acid (['*CJGA) 100 pCi/ml, 55 mCi/mmol was obtained from MP Biomedicals,
Heidelberg, Germany. [°H(G)J-ochratoxin A (["HJOCTX A) 1 mCi/ml, 7.2 Ci/mmol
was obtained from Moravek Biochemicals Inc., Brea,CA. Unlabeled p-aminohippurate
(PAH), glutaric acid (GA), adipic acid (AA) and malonic acid (MA) were obtained
from Sigma, St. Louis, MO. 6-carboxy fluorescein (6-CF) [3',6'-dihydroxy-3-oxospiro
(isobenzofuran-1(3H),9'-(9H)xanthene)-6-carboxylic acid)] was purchased from
Molecular Probes (Leiden, The Netherlands).

24 Cell lines

Originally the T-REx™-HEK 293 cells (Human embryonic kidney, adherent
fibroblastoid cells in monolayers) from Invitrogen Life technologies (Karlsruhe,
Germany), were designed for use with the T-REx'™ System (Invitrogen, Life
Technologies) and they stably express the tetracycline (Tet) repressor. These T-REx -
HEK293 cells were stably transfected with hpcDNA6/TR-based expression constructs,
containing hOATT1 or only vector (negative control), and the dual selection made with

Geneticin® and blasticidin by Dr. Ugele, Universitits-Frauenklinik, Miinchen.
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2.5 Buffers

The compositions of buffers used in the experimental procedures described under

methods are given below.

Buffers used

Composition

TBE buffer
TAE buffer

Oocyte Ringer
solution (ORI)

Cl free ORI

Oocytes Barth’s
solution

Mammalian Ringer
(MR) solution

Cl free MR

Phosphate buffered
saline (PBS)

45 mM Tris, 45 mM borate, and 1| mM EDTA
0.04 M Tris, 0.001 M EDTA-Na,-salt and 0.02 M acetic acid

90mM NaCl, 3mM KCIl, 2mM CacCl,, ImM MgCl,, SmM
HEPES/Tris, pH 7.6

90mM Na gluconate, 3mM K gluconate, 2mM Ca gluconate,
ImM Mg gluconate, SmM HEPES/Tris, pH 7.6

88 mM NaCl, 1 mM KCl, 0.3 mM Ca(NOs),, 0.41 mM CaCls,
0.82 mM MgSQy4, 15 mM HEPES, 10 mg/l gentamicin, pH 7.6

130 mM NaCl, 4 mM KCl, 1 mM CaCl,, 1 mM MgSQy, 20
mM HEPES, ImM NaH,PO,, and 18 mM glucose, pH 7.4

130 mM Na gluconate, 4 mM K gluconate, ]| mM Ca
gluconate, 1 mM MgSO,4, ImM NaH,PO,4, 20 mM HEPES,
and 18 mM glucose, pH 7.4

150 mM NaCl, 10 mM Na;HPOQOy4, 2.5 mM KClI, 1.5 mM
KH2PO4, pH 7.2

Table 2.2 Buffers that were used in this study.

2.6 Cell culture media and supplements

Dulbecco’s modified Eagle’s medium (DMEM), fetal calf serum, Dulbecco’s modified
Eagle’s medium nutrient mixture F-12 HAM, Phosphate Buffered Saline (PBS), and
Penicillin/Streptomycin  10000U were from Gibco/Invitrogen Life Technologies
(Karlsruhe, Germany). 35 mm, 100 mm, 145 mm culture Petri dishes, 25 cm’ flasks, 45
cm” flasks and 75 cm? flasks were from Falcon (Lincoln Park, NJ USA). Six-well, 24-
well, 96 well culture plates, cryopreservation vials, and sterile filters 0.2 um were

purchased from Nunc (Wiesbaden, Germany).
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2.7 Plasmid vectors

pcDNAS.1 — The functional FLAG-tagged hOAT]1 used in this study was created in the
following way. The hOAT1 coding region was subcloned into the untranslated regions
(UTR) of the flounder sodium/ dicarboxylate cotransporter (fNaDC-3), which can be
well expressed in oocytes. For this, the BamHI and Xbal sites of the fNaDC-3 vector
(pSportl) were disrupted by site-directed mutagenesis. The hOAT]1 reading frame and
the fNaDC-3 UTR separated by the vector were then amplified. The primers used in this
amplification incorporated BamHI and Xbal sites for hOATI1, to enable subsequent
subcloning. The hOAT1 coding region flanked by BamHI and Xbal restriction sites,
which had been subcloned into pPCR-Script (Stratagene, La Jolla, CA), and the fNaDC-
3 UTR/pSportl amplificate were then sequentially digested with BamHI and Xbal and
were ligated together with T4 DNA ligase. For expression in mammalian cells, hOAT]I
was subcloned into the Kpnl and Notl sites of pcDNA3.1 (Invitrogen, Calsbad, CA) (see
Fig. 2.1) (Wolff et al., 2003).

Epitope tagging — for immunocytochemical detection, a FLAG epitope was introduced
in the large first extracellular loop between amino acid residues 107 and 108, with
primers containing the FLAG sequence flanked by regions complementary to adjacent

regions of hOAT1 (MWG Biotech).
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Figure 2.1 Structure of the pcDNA3.1 vector. The vector contains the following
elements: Human cytomegalovirus immediate-early (CMV) promoter for high-level
expression in a wide range of mammalian cells, Multiple cloning sites in the forward
(+) and reverse (-) orientations to facilitate cloning, and neomycin resistance gene for
selection of stable cell lines.

2.8 Bacteria

Bacteria strains used for maintenance of plasmid constructs are listed in the Table 2.2

below.

Strain Company Genotype

F’, endAl, recAl, hsdR17 (rk -, mk +), supE44, thi-1, gyrA96, relAl,

INVaF.  Invitrogen ;o017 AM15A(lacZY A-argF)U169

F’f, mcrA, A(mrr-hsdRMS-mcrBC), ®80lacZAM15

TOP10F Invitrogen AlacX74, deoR, recAl, araD139, A(ara-leu)7697, galU, galK, rpsL
(StrR), endA 1, nupG

XL1-Blue Stratagene recAl, endAl, gyrA96, thi-1, hsdR17, supE44, relAl,
lac [F. proAB lacIqZAM15 Tn10 (Tetr)]

Table 2.3 Bacterial (E.coli) strains used in the study.
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2.9 Kits

All kits used are listed in Table 2.4 below.

A. Nucleic acid purification

MinElute Gel Extraction Kit
QIAquick PCR Purification Kit
QIAprep Spin Miniprep Kit
NucleoSpin Plasmid Kit

QIAgen (Hilden, Germany)

Macherey-Nagel (Diiren, Germany)

B. Mutagenesis

QuikChange Site-directed Mutagenesis Kit
C. cRNA synthesis
T7 mMessage mMachine Kit

Stratagene (La Jolla, CA, USA)

Ambion (Austin, TX, USA)

Table 2.4 Kits used in this study.

2.10 Software

Listed below are the software and online servers used to analyze raw sequence data,

perform sequence alignments, identify putative secondary structures of protein

sequences and consensus sequences for enzyme recognition sites, and primer design.

Software

Program Use Reference

Chromas sequence reading program Technelysium Pty Ltd
Generunner primer design Hastings Software Inc
Microsoft evaluation of uptake and Microsoft Corporation
Excel efflux experiments

SigmaPlot statistical analyses Jandel Corporation
LSM image processing Zeiss

Imagel image analysis NIH

Reference managing of bibliographic Wintertree Software Inc
Manager references
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Online sequence analysis servers

Program Use Reference

Entrez Browser sequence retrieval http://www.ncbi.nlm.nih.gov/Entrez/

MAP multiple sequence alignments  http://genome.cs.mtu.edu/map.html
TopPred 2 secondary structure prediction  http://www.biokemi.su.se/~server/toppred2/
Webcutter restriction maps http://www.medkem.gu.se/cutter/
Translation N sequence to aa sequence http://www.expasy.ch/tools/dna.html

tool

Blast Sequences alignments http://www.ncbi.nlm.nih.gov/BLAST/
ClustalW Sequences alignments http://www.ebi.ac.uk/clustalw/

Table 2.5 Software used in this study

2.11 Equipment

All equipment are listed in table 2.4 below

Appliance Model Manufacturer

Automated DNA ABI Prism Applied Biosystems (Laguna Beach CA, USA)
sequencer

Centrifuges Biofuge fresco Heraeus (Osterode, Germany)

Circulating water baths
Dissection microscope
Gel chamber

Gel documentation
Electroporator
Nanoliter injector
Microwave

pH meter

Scintillation counter
Shaking incubator
Spectrophotometer

Speed vacuum

5417R

D8

Stemi1000

Midi

Gel Print 2000 I
Easyject

Privileg 8017
pH-Meter 611
1500 Tri-Carb
3031
GeneQuant II
SVC 100E

Eppendorf (Hamburg, Germany)
Haake (Karlsruhe, Germany)

Zeiss (Jena, Germany)
MWG-Biotech (Ebersberg, Germany)
Biophotonics (Ann Arbor, MI, USA)
Equibio (Monchelsea, England)
World Precision Instruments (Sarasota FL, USA)
Quelle Schikedanz (Fiirth, Germany)
Orion Research Inc (Beverly MA, USA)
Packard Instrument Co (Meriden CT,USA)
GFL (Burgwedel, Germany)

Pharmacia (Uppsala, Sweden)

Savant (Holbrook NY, USA)
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concentrator

Thermocycler PTC-200
UV transilluminator T™M40
Vortexer MS1

MJ Research (Watertown MI, USA)
UVP Inc (Upland, CA, USA)
IKA (Staufen, Germany)

Table 2.6 Equipment used in this study.
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3. METHODS
3.1.  Molecular biological methods
3.1.1 Site-Directed Mutagenesis

The QuikChange™ Site-Directed Mutagenesis Kit (Stratagene) was the method of
choice for the introduction of single base mutations into hOAT1 Loop-FLAG clone
(loop flag indicates that the FLAG epitope was introduced within the first large
extracellular loop of hOAT1) (also see section 2.1). The FLAG tag is a short,
hydrophilic 8-amino acid peptide. Because of its hydrophilic nature, the FLAG peptide
is better located on the surface of the fusion protein. As a result, the FLAG peptide is
easily accessible for detection with antibodies. In addition, because of the small size of
the FLAG peptide tag, it did not obscure other epitopes, domains, or alter function,
secretion, or transport of the fusion protein (hOAT1 Loop-FLAG). The QuikChange kit
allows site-specific mutation in any double-stranded plasmid, thus eliminating the need
for subcloning into M13-based bacteriophage vectors and for ssDNA rescue. The basic
procedure involves a double-stranded DNA (dsDNA) vector with an insert of interest
and two synthetic oligonucleotide primers containing the desired mutation. The
oligonucleotide primers, each complementary to opposite strands of the vector, extend
during temperature cycling by means of Pfu DNA polymerase (Table 2.1). This
generates a mutant plasmid with staggered nicks, and the template can be removed by
digestion with Dpnl (a methylation-dependent endonuclease, with reacts only with the
methylated template plasmid isolated from bacteria, target sequence: 5’-G™ATC-3").
The nicked vector DNA incorporating the desired mutation can be then transformed into

E. coli, where the nicks are repaired.

For introducing of each specific mutation, the mutagenic oligonucleotide primers were
designed individually according to the desired nucleotide base substitution. The
following consideration was taken for designing mutagenic primers: both primers
contained the desired mutation and annealed to the same sequence on opposite strands

of the plasmid; they were between 30 and 33 bases in length with the melting
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temperature (T,,) of around 78°C; the desired nucleotide base substitution was situated
in the middle of the primer with approximately 15 bases of correct sequence on both

sides; primers had a minimum GC content of 40% and terminated in C or G bases.

Reagents used

Pfu DNA 2.5U0/ul
polymerase

10x reaction buffer 100 mM KCI, 100 mM (NH4),SO4, 200 mM Tris-HCI (pHS8.8),
20 mM MgSOy, 1% Triton X-100, 1 mg/ml BSA

Oligonucleotide Forward and reverse primers, specific for each mutation, 125
primers ng/ul
dNTP mix Composition not supplied by manufacturer

Dpn | restriction 10 U/ul

enzyme
Competent cells Epicurian Coli XL1-Blue supercompetent cells, 50ul
SOC medium 10 mM NaCl, 2.5 mM KCI, 10 mM MgCl,, 10 mM MgSQO,, 20

mM Glucose, 2% Tryptone, 0.5% Yeast Extract

All primers, used for mutagenesis are listed in the materials section. The cycling
reaction mix consisted of Syl of 10x reaction buffer, 50 ng of template plasmid (2ul of
25ng/ul diluted plasmid DNA), 125 ng of each oligonucleotide primer, 1ul of ANTP
mix, 1ul of Pfu DNA polymerase (2.5 U/ul) and ddH,O was added to a final volume of
50pul. Cycling parameters were: 95°C for 30 seconds, followed by 18 cycles of: 95°C for
30 seconds, 55°C for 1 minute, and 68°C for 13 minutes. Following temperature
cycling, the reaction was placed on ice for cooling to less than 37°C. Afterwards, the
template DNA was digested by adding of 1ul of the Dpn I restriction enzyme (10 U/ul)
to amplification reaction and incubation at 37°C for 1 hour. Once Dpn I digestion was
complete, 1 pl of the extension mix was added to pre-thawed Epicurian Coli® XL1-Blue
super-competent cells, gently mixed and incubated on ice for 30 min. The cells were
then exposed to a 45 seconds heat shock at 42°C, and then transferred immediately on
ice. After 2 minutes incubation on ice, 500 pl SOC medium was added and the tube

with cells were shaken horizontally at 37°C at 220 rpm for 1-2 hours. Afterwards, 200
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ul aliquot was spread on a pre-warmed LB agar plate, supplemented with ampicillin
(specific for the plasmid used) and incubated at 37°C overnight. On the following day
colonies were picked and cultured in LB medium (overnight). Plasmid DNA was

isolated and sequenced to verify the presence of desired mutation.

3.1.2 cRNA synthesis

cRNAs for the oocyte microinjection were synthesized by means of the T7
mMESSAGE mMACHINE kit (for hOAT1 in pcDNA3.1(+) plasmid). These kits
enable the synthesis of large amounts of capped RNA from a linearized cDNA template,
by incorporation of cap analog (m;G(5”)ppp(5)’G) during polymerization reaction.
Capped RNA mimics most eukaryotic mRNAs found in vivo, because it has a 7-methyl
guanosine cap structure at the 5' end. mMMESSAGE mMACHINE reactions include cap
analog [m7G(5")ppp(5')G] in an ultra high-yield transcription reaction. The cap analog is
incorporated only as the first or 5' terminal G of the transcript because its structure

precludes its incorporation at any other position in the RNA molecule.

Reagents used

Enzyme Mix Buffered 50% glycerol containing RNA polymerase,
SUPERase+In, and other components

10x Transcription T7 Reaction Buffer, salts, buffer, dithiothreitol, and other

Buffer ingredients

2x Ribonucleotide Mix  T7 kit: 15 mM ATP, CTP, UTP, 3mM GTP and 12 mM Cap
Analog; SP6 kit: 10 mM ATP, CTP, UTP, 2mM GTP and

8mM Cap Analog
TURBO DNase RNAse-free (2 U/pul), supplied in 50% glycerol buffer
Template DNA Linearized with Notl restriction enzyme
Precipitation solution 7.5 M LiCl, 75 mM EDTA
Water nuclease free provided with the kit

Before cRNA synthesis, the double-stranded DNA template should be digested to
completion with a suitable restriction enzyme that cleaves distal to the promoter,
downstream of the insert to be transcribed. Notl was the restriction enzyme of choice.

The composition of digestion reaction was: Sug of template cDNA, 3 ul of 10x
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NEBuffer 3 (100 mM NaCl, 50 mM Tris-HCI, 10 mM MgCl,, 1 mM dithiothreitol, pH
7.9 at 25°C), 3 ul of 10x BSA (to final concentration of 100ug/ml), 2.5 pul of 10U/l
Notl restriction enzyme (5-fold overdigest condition) and H,O to a final volume of
30ul. Digestion was carried out at 37°C for 3 hours, and its efficiency was checked on
agarose gel. The linearized product was purified by ethanol precipitation, re-suspended
in 10ul of nuclease-free H,0 and measured for the DNA concentration. For the cRNA
synthesis, transcription reaction was assembled at room temperature, and consisted of:
2ul of 10x reaction buffer, 10 pl of 2x ribonucleotide mix, 1 pg of linear template DNA,
2ul of enzyme mix, and nuclease-free H>O to a final volume of 20ul. The reaction was
incubated at 37°C for 2 hours, after with template DNA was removed by the addition of
I pl Rnase-free TURBO DNase and incubation at 37°C for 15 minutes. Following
incubation, the synthesized cRNA was precipitated by adding of 30 pl of nuclease-free
H,0, 30 ul of LiCl precipitation solution, and chilling the sample at -20°C for at least 2
hours. Afterwards, the cRNA was collected by centrifugation for 30 min at 4°C, 2 times
washed and re-centrifuged with 1 ml of 70% ethanol. After removal of the ethanol, the
cRNA was dried at room temperature for ~ 20 minutes and re-suspended in 20 pl of
nuclease-free H,O. The concentration was determined and adjusted to either 1 pg/ul (23

ng of cRNA per 23 nl injection volume). The cRNA samples were stored at -80°C.

3.1.3 Restriction digestion

Restriction digestion was used as a part of linearization of cDNA template in the
procedure of site-directed mutagenesis. Plasmid DNA had to be linearized with a
restriction enzyme downstream of the insert to be transcribed since circular plasmid
templates will generate extremely long, heterogeneous RNA transcripts because RNA

polymerases are very processive.
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Reagents used

DNA template 1-5ug

10x Enzyme Buffer 10% v/v; composition depends on enzyme used

100x BSA 1% v/v; added when necessary for enzyme activity
Restriction Enzyme 2-5 U/pg DNA; less then 10% of the final reaction volume
Nuclease-free H,0 Up to required volume

After setting, the reaction was incubated at 37°C for 1-4 hours, depending on efficiency
of enzyme wused. The completion of digestion was controlled through gel

electrophoresis.

3.1.4 DNA isolation and purification
3.1.4.1 Agarose gel electrophoresis

Agarose gel electrophoresis was used for visualization or/and isolation of DNA after
PCR amplification. Agarose gels were cast at concentrations of 0.7% to 1.5%,
depending on the size of the DNA molecule to be separated. Agarose was dissolved in
TBE buffer (45 mM Tris, 45 mM borate, | mM EDTA) by heating in a microwave for ~
I minute. After cooling to 60-70°C, 10mg/ml ethidium bromide solution was added to a
final concentration of 0.5 pg/ml, mixed thoroughly, and the solution was immediately
poured into the mold. The gel was completely set after 30-45 minutes at room
temperature and run at 60-100 V for 1-2 hours, depending on the size of the DNA to be
separated. Results of electrophoresis were visualized using Dual Intensity Ultraviolet
Transilluminator (UniEquip) and photo-documented. Required DNA fragments were
excised with a scalpel from gel, and isolated using the NucleoSpin®™ Gel Extraction kit
(Macherey-Nagel) or the MinElute™ Gel Extraction kit (Qiagen), according to the

protocols provided.

3.1.4.2 Isolation of plasmid DNA

E.coli colonies, transformed with the plasmid of interest (as described previously under

section 3.1.1), were cultured overnight in 5-7 ml of LB medium (10 g/l trypton, 5 g/l
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yeast extract, 10 g/l NaCl, pH adjusted to 7.3 with NaOH, medium sterilized by
autoclaving), containing 100pg/ml ampicillin. Cells from 3-6 ml of culture, depending
on culture density, were harvested by centrifugation. Plasmid DNA was isolated by the
principle of SDS/alkaline lysis, according to the manufacturer’s instructions
(NucleoSpin Plasmid kit; Macherey-Nagel). Therefore, the cells were resuspended in
250 wl of buffer Al, containing RNAse, and lysed by addition of 250 pl of A2 buffer,
containing SDS. Once lysis had occurred, 300 pl of neutralizing buffer A3 was added
and mixed until formation of precipitate. Afterwards the SDS precipitate and cell debris
were pelleted by centrifugation at maximum speed for 10 min, and the supernatant was
loaded onto a NucleoSpin Plasmid column. Contaminations were washed away by
centrifuging first with 500 pul of pre-warmed to 50°C AW buffer and then 600 pl of
ethanol-containing buffer A4. The remaining ethanol was removed by additional
centrifugation for 2 minutes and drying at 37°C for 5 minutes. Finally, plasmid DNA
was eluted with 50 pl of buffer AE (5 mM Tris-HCL, pH 8.5) by centrifuging the

column for 1 minute.

3.1.4.3 Ethanol precipitation

Precipitation with ethanol was used as the rapid technique for concentrating nucleic
acids. Therefore 3M sodium acetate (pH 5.2) to a final concentration of 0.3 mM and 5
volumes of ice-cold ethanol were added to the DNA solution. After mixing the
ethanolic solution was placed on -20°C for 15-30 minutes to allow precipitation of
DNA. Afterwards DNA was recovered by centrifugation at 4°C at maximum speed for
20 minutes and supernatant was carefully removed without disturbing the pellet of
nucleic acid. The pellet was washed 2 times by recentrifuging with 250 ul of 70%
ethanol at 4°C at maximum speed for 5 minutes, and dried at room temperature or 37°C
until the last traces of fluid were evaporated. DNA was dissolved in the desired volume

of Nuclease-free water or TE buffer (pH 8.0).

3.1.5 DNA sequencing and analysis

The sequencing was performed by automated dye terminator cycle sequencing method

(Applied Biosystems), at a centralized facility within the university. In this method a
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premix solution, containing four didesoxynucleotides (ddNTPs), each labeled with a
different fluorescent dye, and unlabeled desoxynucleotides was mixed with the template
DNA and one sequencing primer. Therefore in the sequencing reaction DNA fragments
of different size labeled at their 3’-ends with base specific fluorescent dyes were
synthesized. After ethanol precipitation and denaturation, the probes were loaded on the
gel (4.75% polyacrylamide DNA sequencing gel) and electrophoretically separated in
the sequence service laboratory. The fluorescence of dye-containing polynucleotides
was stimulated by 40 mW argon laser (488 nm and 514 nm) and the fluorescent signal
was identified by the detector system of the DNA sequencer (automatic sequencer: ABI

Prism, Applied Biosystems) and quantified.

Composition of sequencing reaction

DNA template 300-400 ng

Primer 10 pmol

Sequencing premix 2.5 pl (Ready Reaction BigDye Terminator Kit: AmpliTag®
DNA polymerase FS, thermostabile pyrophosphate, dNTPs,
dITP, BigDye labeled ddNTPs and buffer with not specified
composition (PE Biosystems)

HPLC H,O To make up 10 pl

The sequencing reaction comprised 25 cycles of: 96°C for 30 seconds, 50°C for 50
seconds and 72°C for 4 minutes. After completing of reaction, amplification products
were precipitated by addition of 1/10 volume of 3M Na acetate and 5 volumes pl of
100% ethanol, followed by centrifugation for 20 minutes at 14000 U. Supernatant was
discarded carefully, without disturbing the pellet. Afterwards the product was washed
with adding of 250 pl of 70% ethanol and centrifugation for 10 minutes at 14,000 U.
Supernatant was removed completely and pellet was air dried and finally resuspended in
30 ul of HPLC grade H,0O. The sequence was assembled and analyzed with various
software packages, as listed in Table 2.4. Sequence homology searches were performed

using the BLAST network service.
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3.2 Cell biological methods

3.2.1 Expression of hOAT1 in Xenopus laevis oocytes

The Xenopus laevis oocyte expression system was used for functional characterization
the mutations produced in hOAT1. Oocytes were injected with cCRNA synthesized from
the cDNA of interest (wt or mutant hOAT1) and, after a 3 day expression period, uptake
assays were carried out as described below. Figure 3.1 illustrates a schematic

representation of the oocyte assay system.

3.2.1.1 Preparation of oocytes

Reagents used

Barth’s 88 mM NaCl, | mM KCI, 0.3 mM Ca(NO3),, 0.41 mM
CaClp, 0.82 mM MgSO,4, 15 mM HEPES, 12 pg/ml
gentamycin, pH set at 7.6 with NaOH

ORI 90 mM NaCl, 3 mM KCl, 2 mM CacCl,, | mM MgCl,,

(oocyte Ringer’s solution) 5 mM HEPES, pH set at 7.6 with 1 mM Tris

Individual stage V-VI oocytes were defolliculated by collagenase treatment. It involved
overnight incubation of several ovarian lobes in 20 ml Barth’s solution containing 0.5
mg/ml collagenase (Type CLSII, Biochrom KG) at 18°C. On the following day, oocytes
were washed several times with oocyte Ringer’s solution (ORI), incubated for 10 min in
Ca®" free medium and then washed again 2-3 times with ORI solution. Oocytes were

sorted and the ‘“healthy” looking oocytes were used for the cRNA injection.
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Injection with cRNA

Translation

A

Uptake-assay Trans-stimulation

OA*

Figure 3.1 Schematic representation of the oocyte assay system. Xenopus laevis
oocytes are injected with in vitro synthesized cRNA, with cap and poly-A tail. Then
follows the expression period, necessary for translation of the polypeptide encoded by
the cRNA, its processing and insertion into membrane. On the 3" day, the functions of
transporter could be studied by: (A) uptake assay, when the uptake of radioactively
labeled substrates (OA*) in the absence or presence of inhibitor compounds (I) was
measured or (B) trans-stimulation, when oocytes were preloaded by injecting with
glutaric acid (GA), and then trans-stimulation of labeled OA* (PAH) uptake was
measured.
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3.2.1.2 Oocyte injection

cRNA were injected into the oocyte cytoplasm using a nanoliter microinjector with
glass capillaries (World Precision Instruments). Oocytes were injected with 20-30 ng of
cRNA in a 23-46 nl volume, or the equivalent volume of water as a control. Oocytes
were arranged on a specially designed plastic support chamber with grooves to facilitate
the injection process. Injection was carried out in ORI solution, and upon injection, the
oocytes were incubated for three days at 18°C in Barth’s solution. On the third day after
injection, surviving oocytes were sorted to remove unhealthy or maturated oocytes and

used for transport assays.

3.2.1.3 Transport experiments

The selected oocytes were divided into groups of 9-12 and after equilibration in ORI
medium, transferred to a 10 ml vial with 1 ml of ORI uptake medium, containing
radioactively labeled substrate. Radio-labeled substances used were: ["HJPAH (5
uCi/ml) (aminohippuric acid, p-[glycyl-2-"H]-, 1-5 Ci/mmol, NEN), [1,5-"*C]glutaric
acid (["*C]JGA) 100 pCi/ml, 55 mCi/mmol, or [’H(G)]-ochratoxin A ([*H]JOTA) 1
mCi/ml, 7.2 Ci/mmol. Uptake was assayed at room temperature for time periods of 15
minutes to 1 hour, as required. After completion of the incubation period, the uptake
was terminated by aspiration of the incubation medium and 3 x 4 ml washes with ice-
cold ORI buffer. Individual oocytes were then transferred to 5 ml scintillation vials and
dissolved in 100 pl of 1 N NaOH for 2 hours with shaking and, after neutralization with
100 pl of 1 N HCI and addition of 2.5 ml Lumasafe scintillation fluid (Lumac-LSC), the

14 . .. . .
*H or "*C content was assayed in a scintillation counter over 5 minutes.

3.2.1.4 Transport under chloride free conditions

CI” free ORI was prepared by substitution with gluconate (90 mM Na' -gluconate, 3
mM K'-gluconate, 2 mM Ca*"-gluconate, 1 mM Mg*"-gluconate, 5 mM HEPES-Tris,
pH 7.6). For transport assays in the absence of CI™, oocytes were initially washed three

times with CI™ free ORI over 15 min, and then incubated at room temperature for the
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appropriate time periods, in the CI” free ORI containing the radiolabel. Following the
incubation, oocytes were washed with ice cold CI™ free ORI essentially and the same

procedures as described in the previous section were followed.

3.2.1.5 Cis-inhibition experiments

For cis-inhibition experiments ImM malonic, glutaric or adipic acid solutions were
prepared in ORI and pH was adjusted to 7.6. Uptake of ["H]PAH was assayed, in the
presence of each dicarboxylate, at room temperature for 1 hour using uptake in
[*H]JPAH in ORI without any dicarboxylate as control. The same general protocol for

transport experiments described in section 3.2.1.2 was followed.

3.2.1.6 Trans-stimulation experiments

Trans-stimulation experiments were performed by injecting oocytes with 46 nl of 5 mM
unlabeled glutaric acid solution in water (pH adjusted to 7.6). They were then washed
and kept over ice for 15 minutes and then transferred to a 10 ml vial with 1 ml of ORI
uptake medium, containing radioactively labeled substrate. Uptake of [’H]JPAH was
assayed over one hour. Uninjected oocytes and oocytes not preloaded with glutarate

served as controls.

3.2.1.7 Kinetics

Apparent K;, determinations — An indirect approach was applied for determining
changes in substrate affinity between mutant and wild type transporters under normal
and chloride free conditions (Malo and Berteloot, 1991). For the determination of the
kinetics of PAH transport in wt and mutant hOAT1, oocytes expressing the respective
transporter were assayed for 1uM ["H]PAH uptake over 30 min in ORI with or without

chloride and in the presence of increasing concentrations of unlabeled PAH (0-500

uM).
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For both processes, the addition of unlabeled PAH inhibited uptake of ["THJPAH by a
process adequately described by the Michaelis-Menten equation for competitive

interaction of the labeled and unlabeled substrate:

Vmax [*S]
V=—o——+C
K, +[*S]+[S]
where V is the rate of [’H]PAH transport from a concentration of labeled substrate equal
to [*S]; Viax 18 the maximum rate of mediated PAH transport; K; is the PAH
concentration that resulted in half-maximal transport (Michaelis constant); [S] is the
concentration of unlabeled PAH in the transport reaction; and C is a constant
representing the component of total PAH uptake that was not saturated (over the range

of substrate concentrations tested) and presumably reflected the combined influence of

diffusive flux, nonspecific binding, and/or incomplete washing.
3.2.2 Expression of hOAT1 in HEK293 cells

HEK-293 cells present the advantage of being of human origin rather than of canine
(MDCK) or porcine (LLC-PK;) origin. We selected these well-differentiated human
renal epithelial cells because previous studies have demonstrated their suitability in such
type of physiological investigations and similar to findings with intact renal proximal

tubular cells.

3.2.2.1 Cultivation of HEK-293 cells stably transfected with hOAT1

Tetracycline-Regulated Expression (T-REx™) HEK293 cells, stably expressing OAT]
were used for radioactive uptake inhibition studies as an expression system, alternative
to Xenopus laevis oocytes. Originally, the T-Rex cells were designed for using with the
T-REx™ System (Invitrogen, Life Technologies) and they stably express the
tetracycline (Tet) repressor. These T-REx"M-HEK293 cells were stably transfected with
hpcDNAG6/TR-based expression constructs, containing OAT1 or only vector (negative
control), and the dual selection made with Geneticin® and blasticidin by Dr. Ugele,

Universitits-Frauenklinik, Miinchen.
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Reagents used for cell culture maintenance

T-REx culture DMEM high glucose, 2mM L-glutamine, 1% Pen/Strep stock

medium solution, 10% heat-inactivated FCS, 5 pg/ml blasticidin

“Milieu C” I mM EGTA, 85 mM NaCl, 17.5 mM NaHCO3, 3.9 mM KCI, 0.8
mM KH,PO4and 10 mM glucose

Freezing 45% of complete medium, 45% of conditioned medium (medium

medium one day feed by the cells) and 10% DMSO

Polylysine 0.1 ml polylysine per 1 ml PBS

solution

PBS buffer 0.9% NaCl, 10 mM sodium phosphate buffer, pH 7.2

HEK-293 cells were grown in 100 mm culture plates at 37°C with 5% CO,. Cells were
cultivated routinely in T-REx culture medium, and passaged 1:5 every forth or fifth day.
Before splitting, medium was removed and cells were rinsed once with PBS. Then, 2.5
ml of pre-warmed EGTA-containing “milieu C” was added per 100*20 mm culture
dishes. After incubation at 37°C for 2-3 minutes (time required for detachment the cells
from the plate), 2.5 ml of complete medium per culture dish was added and the cell
suspension was transferred into a sterile 15 ml Falcon tube. The cells were collected by
centrifugation at room temperature at 1000 rpm for 5 minutes. Supernatant was
aspirated and cells were resuspended 1:2 in fresh complete medium, counted using the
Hemacytometer (before the counting, 20 pul of cell suspension was diluted with 180 pl
of medium for better accuracy) and seeded in the required density. Because of the
property of the HEK293 cells to easily come off the plate, culture dishes were coated
with polylysine (Sigma). Therefore, 200 pl of polylysine solution was pipetted onto
each well of 24 well plates shortly before seeding and aspirated after a few minutes.
Cells were seeded directly onto the polylysine-wet surface. For using in transport
experiments cells were plated into the 24 well plates at the density of approximately 2 x

10° cells per well upto 72 hours before the experiment.

3.2.2.2 Uptake of radiolabeled substances in HEK-293 cells

For the uptake experiments, confluent cell cultures were used. Therefore, cells were

cultured in 24-well plates for at least 48 hours before the beginning of transport studies.
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Reagents used

Mammalian 130 mM NaCl, 4 mM KCI, 1 mM CaCl,, 1 mM MgSQO,, 20 mM
Ringer solution =~ HEPES, I mM NaH,PO,, 18 mM glucose, pH 7.4

Radio-labeled [PH]ES (0.44 pCi/ml) (estrone sulfate, ammonium salt, [6,7-
substrates *H(N)]-, 40-60 Ci/mmol) and [*’H]PAH (5 uCi/ml) (aminohippuric
acid, p-[glycyl-2-*H]-, 1-5 Ci/mmol, NEN),

Directly before uptake, cells were washed three times with 1 ml of mammalian Ringer
solution, pre-warmed to 37°C. The transport media was pre-warmed mammalian Ringer
solution, containing radioactively labeled substance (I puM [*HJPAH or 1.8 nM
['*C]glutarate). The volume of 500 ul of uptake solution was carefully added in each
well, not directly on the cells, but on the well wall, not to cause cells detachment. Cells
were incubated in the transport media at the room temperature for the required time
period (usually 90 s). In the case of trans-stimulation experiments cells were passively
preloaded by the addition of glutarate to a final concentration of SmM directly to the
culture medium. The cells were then left at 37°C for 2 hours, rinsed with warm
mammalian Ringer and transport was initiated. After finishing the incubation, the
uptake was terminated by aspiration of transport solution and washing the cells 3 times
with 1 ml of ice-cold Ringer solution. Then 500 pl of 1 N NaOH was added in each well
and the plates were incubated in this solution for 1 hour. After complete cells lysis, of
500 pl of 1 N HCl was added for neutralization and the solution was mixed. From this 1
ml of cell lysate, 100 ul were transferred into Eppendorf tubes for the subsequent
protein estimation using the Bradford method. The Lumasafe scintillation fluid (2.5 ml)
was added to the rest 900pul of solution and the *H or '*C content was assayed in a

scintillation counter over 5 minutes.

For measuring transport in CI” free conditions, CI~ free mammalian Ringer’s was
prepared by substitution with gluconate (90 mM Na" -gluconate, 3 mM K '-gluconate, 2
mM Ca’"-gluconate, 1 mM Mg”'-gluconate, 5 mM HEPES-Tris, pH 7.6). Cells were
initially washed three times with CI™ free MR, and then incubated at room temperature

for the appropriate time periods, in the CI™ free MR containing the radiolabel.
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3.2.2.3 Uptake of 6-CF in HEK-293 cells

For transport experiments using the fluorescent organic anion 6-CF essentially the same
method as that in the uptake radiolabeled substrates was followed, with a few
differences. Directly before the experiment, cells were washed three times with 1 ml of
mammalian Ringer solution, pre-warmed to 37°C. The transport media comprised of 6-
Cfl dissolved in MR in the appropriate concentration with the pH adjusted to 7.4. The
volume of 500 pl of uptake solution was carefully added in each well, not directly on
the cells, but on the well wall, not to cause cells detachment. Cells were incubated in the
transport media at the room temperature for the required time period (usually 90 sec).
After finishing the incubation, the uptake was terminated by aspiration of transport
solution and washing the cells 3 times with 1 ml of ice-cold Ringer solution. Then 1 ml
of 1 N NaOH was added in each well and the plates were incubated in this solution for 1
hour with shaking. After complete cells lysis, HCI was not added for neutralization as 6-
CF needs a basic pH to produce florescence. From this 1 ml of cell lysate, 100 pl were
transferred into Eppendorf tubes for the subsequent protein estimation using the
Bradford method. The remaining 900ul was used to assess intracellular 6-CF
accumulation. Fluorescence was measured in a fluorescence spectrophotometer

(Hitachi, Tokyo, Japan) at 492-nm excitation/512-nm emission.

3.3 Immunocytochemistry

Immunocytochemistry involved the use of antibodies that recognize epitopes on the
transporter, in this case the FLAG tag (the ‘primary antibody’) incorporated in the first
large extracellular loop of hOATI. A second antibody that recognizes antibodies
generated in a particular animal species is then allowed to bind to the first antibody.
This ‘secondary antibody’ has a fluorescent molecule attached to it so that it can be
detected, for example by fluorescence confocal microscopy. In this way, the location
and relative expression of transporters expressed on the surface of Xenopus laevis

oocytes could be studied.
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3.3.1 Immunocytochemical detection of mutant and wilt-type transporters

To study hOATI trafficking, oocytes were injected with the cRNA of wt or mutant
hOAT]1 or an equivalent volume of water (mocks). On day 3 after injection, they were
manually devitellinized after 5 to 10 min of incubation in 200 mM K" aspartate
(hypertonic) and then fixed in Dent's solution (80% methanol, 20% DMSO) overnight at
-20°C. The fixative was washed out, and oocytes were incubated with mouse anti-
FLAG M2 IgG monoclonal antibody (Sigma, Deisenhofen, Germany) (dilution 1:1000)
in the presence of 10% goat serum at 4°C for 12 h. After being washed with phosphate-
buffered saline, incubation with secondary Alexa 488 goat anti-mouse IgG antibody
(Molecular Probes, Eugene, OR) (dilution 1:200) was performed at room temperature
for 3 h. After being washed with phosphate-buffered saline, stained oocytes were
postfixed with 3.7% paraformaldehyde for 30 min. Then an embedding procedure in
acrylamide (Technovit 7100, Heraeus Kulzer, South Bend, IN) was carried out
according to the manufacturer's instructions. Embedded oocytes were cut into 5-pm
sections by a microtome and mounted on glass slides. They were then covered with
entellan (an adhesive mounting media) and a coverslip placed on top. Samples were

stored at 4°C untill fluorescence microscopy was performed.
3.3.2 Fluorescence microscopy

In fluorescence microscopy, the sample is itself the light source. The technique is used
to study specimens, which can be made to fluoresce. The fluorescing areas can be
observed in the microscope and shine out against a dark background with high contrast.
The Alexa488 goat anti-mouse IgG antibody used as a secondary anti-body in this study
has a green fluorescent dye conjugated to the goat anti-mouse IgG antibody that acts as
a fluorophore making it visible under a fluorescence microscope (495 nm absorption
and 519 nm emission wavelengths). Embedded oocytes were cut into 5-um sections
and analyzed with a fluorescence microscope (Nikon Optiphot, Nikon, Natick, MA) to

detect trafficking to the cell membrane.
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34 Statistical analyses

All data presented are the means + SE of the number of observations indicated in the

2

text or figure legends. ‘n’, is given as the number of experiments on oocytes from
different donor animals, with the number of oocytes used per treatment in each
individual experiment being 9-12. In case of experiments performen on cell lines ‘n’
denotes the number of experiments on cells from different passages with the number of
wells used per treatment being 4-8. Statistical analysis was performed using SigmaPlot
version 10 (Systat Software GmbH, Erkrath, Germany). Significant p values are
indicated and were calculated by Student's t test or one way analysis of variance

(ANOVA) where applicable.
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4. RESULTS

4.1.  Use of a fluorescent organic anion to characterize hOAT1-mediated
transport in a cell line stably expressing hOAT]1.

HEK 293 (human embryonic kidney epithelial cell line) is a permanent line of primary
human embryonal kidney transformed by sheared human adenovirus type 5 (Ad 5)
DNA and was first described in 1977 (Graham et al., 1977). They have since been
demonstrated to be a useful cell type to produce adenovirus, other viral vectors, and
effectively glycosylated human recombinant proteins. HEK-293 cells present the
advantage of being of human origin rather than of canine (MDCK) or porcine (LLC-
PK,) origin. We selected these human renal epithelial cells because previous studies
have demonstrated their suitability in such type of physiological investigations and
similar to findings with intact renal proximal tubular cells (Ashokkumar et al., 2006;

Bahn et al., 2005; Fernandes et al., 1999).

4.1.1 Transport of 6-carboxy fluorescein (6-CF) in HEK-293 cells stably
expressing hOAT1

6-carboxy fluorescein (6-CF), [3', 6'-dihydroxy-3-oxospiro(isobenzofuran-1(3H),9'-
(9H)xanthene)-6-carboxylic acid)], a membrane impermeant derivative of carboxy
fluorescein, is an organic anion at physiological pH and is known to be transported via
OATs. The structure of 6-CF and physicochemical properties are described below. The
fact that it is membrane impermeant and fluoresces makes it an ideal candidate to study
OATI1-mediated transport especially since the need to work with radioactivity can be
avoided. For all experiments HEK 293 cells stably transfected with hOAT1 (described

in materials) were used and non-transfected cells served as negative controls.
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Structure and physicochemical properties of 6-Carboxyfluorescein. Mw: 376.319,
Molecular formula: C;;H;,07, pKa: 6.5 ( about 1.5 ionized groups at pH 7.4), yellow
orange solid soluble in pH > 6 water. Absorption 475 nm at neutral/acidic pH; 492 nm
at basic pH. Emission 517 nm.

4.1.1.1 Time course of 6-carboxy fluorescein uptake

In order to characterize hOAT1-mediated 6-CF transport in the stably transfected cell
line, we first started with measuring the accumulation of 6-CF over time. 6-CF uptake
was assayed over 10, 30, 60, 180, 120, 240, 600 and 1200 seconds and relative
fluorescence measured, after lysing the cells in 1IN NaOH, in a flourimeter (lysis
solution was not neutralized as 6-CF fluoresces at basic pH only). Results showed rapid
and linear uptake for up to 240 seconds using uSM CFl in mammalian Ringer’s (MR)
(Fig. 4.1 B). Therefore, 2 minutes (120 seconds) was taken as the time for further
determinations of K;. Mock cells which served as controls did not appreciatibly
accumulate 6-CF over this time frame and furthermore the uptake of 6-CF could also be
inhibited by probenecid (Fig. 4.1 A). Therefore, the uptake was determined to be
hOAT-mediated.
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Figure 4.1 hOAT1-mediated 6-CF uptake in stably transfected HEK-293 cells. (A)
Probenecid sensitive transport of 6-CF. (B) Time course of 6-CF uptake. The
uptake of SuM 6-CF dissolved in MR was assayed at room temperature for 2 min (A) or
30 to 1200 s (B) in hOAT1- or non (mock)- transfected cells. Uptake was terminated by
washing with ice cold MR and cells were lysed with 1ml 0.5 N NaOH. Fluorescence
was measured at 492-nm excitation/512-nm emission and is reported as average from 4-
8 wells in each group. The figures show mean + SE values from 2 experiments each (*
p <0.05 as compared to mock)
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4.1.1.2 Determination of K,, of hOAT1 for 6-CF

Figure 4.2 shows the concentration dependence of hOATI1 for 6-CF obtained from 3
separate experiments. The K, value, calculated from Sigma Plot 10, indicates that 6-CF
is a high affinity substrate of hOAT1 with a Ky, of 5.5 + 2.1 uM. This is consistent with
other reported K, values for hOAT1, for example 3.93 uM reported by Cihlar T and Ho
E.S in another stably transfected cell line (Cihlar and Ho, 2000).

600

500 H
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K, = 55%2.1puM
300 -

Arbitrary Fluorescence Units

0 10 20 30 40 50 60
6-Carboxyfluorescein (uM)

Figure 4.2 Concentration dependence of 6-CF transport for hOAT1. The uptake of
increasing concentrations of 6-CF was assayed for 2 min in HEK-293 cells stably
expressing hOAT1 (white circles) or no transporter (mocks) (black circles). Uptake was
terminated by washing with ice cold MR and cells were lysed with Iml 0.5 N NaOH.
Fluorescence was measured at 492-nm excitation/512-nm emission and is reported as
average from 4-8 wells in each group. The figure shows the mean = SE values from 3
experiments.

4.2 Interaction of hOAT]1 with intermediates of Krebs cycle

It has been established that OATI1 is an exchanger that is functionally coupled to
Na'/K" ATPase and sodium dicarboxylate transporter 3 (NaDC3), which generate the

necessary driving forces for OA™/a-ketoglutarate exchange via OATs (see Introduction
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Fig. 1.1). Since a-ketoglutarate is a dicarboxylate that is present intracellulary in a high
concentration as a product of metabolism through Krebs cycle, we sought to investigate
whether other byproducts of Krebs cycle also interact with hOAT1. We hypothesized
that if these substances were transported through hOAT1 then they would inhibit the
uptake of 6-CF from the cis side (called cis-inhibition).

4.2.1 Cis-inhibition by Krebs cycle intermediates

Based on the K, value of about 5.5 uM and linear uptake for upto 4 minutes, a 6-CF
concentration of 2 uM and uptake for 2 minutes was used for these cis-inhibition
studies. The substances tested were: a-ketoglutarate, malate, citrate, and succinate at
concentrations of 1 and 10 mM each. Results show that the inhibition of 6-CF uptake
was most marked with o-ketoglutarate (the physiologically preferred substrate and
exchange partner of hOAT1) and followed the order: a-ketoglutarate > succinate >
citrate > malate (Fig. 4.3). The inhibitions are summarized in Table 4.1. In the presence
of 1mM test compound a significant inhibition was seen for all the compounds tested.
The maximal cis-inhibitory effect of a-ketoglutarate could already be seen at 1 mM
concentration and only a slight increase in inhibition was seen at 10 mM (95.9 £1.4 vs.
96.69 +0.6 %). Malate produced the least inhibition at 1 mM. At 10 mM the inhibition
was increased further but was not significant. Citrate and succinate showed significant
inhibition at 1 mM concentrations and the inhibition were increased significantly at

10mM concentration (see table 4.1).
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Figure 4.3 Influence of Krebs cycle intermediates on 6-CF transport by hOAT1.
The figure above shows percent uptake of 2uM 6-CF over 2 minutes in the presence of
I mM (black bars) or 10 mM (grey bars) of the substance indicated above the bar.
Uptake was terminated by washing with ice cold MR and cells were lysed with 1ml 0.5
N NaOH. The values are compared to the uptake of 2uM 6-CF only (control). Uptake
by non-transfected cells was subtracted and mean = SEM values are shown from 3

experiments (*p<0.05 vs. control, Tp<0.05 vs. uptake in the presence of 1mM test
compound).

Test compound % Inhibition vs. control
1 mM 10 mM
a-ketoglutarate 95.90 £1.4* 96.69 +0.6*

malate 27.92 +7.2% 3227 +4.8"
citrate 27.90 £1.9* 64.74 +£8.0
succinate 38.90 £ 4.5* 75.72 ﬂ:2.4T

Table 4.1. Cis-inhibition of 6-CF uptake by Krebs cycle intermediates. Shown are
the % inhibition of 6-CF uptake produced upon addition of 1 or 10 mM of test
compound (*p<0.05 vs. 6-CF uptake, Tp<0.05 vs. uptake in the presence of ImM of
test compound, n = 3)
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4.2.2 1Cs5¢ determination of Krebs cycle intermediates

Since significant Cis-inhibition was seen with the compounds tested, we chose to
determine their ICsy values. The ICso values obtained are summarized in Table 4.2.
Since malate did not produce significant inhibition even at 10 mM and even further up

during attempts to determine its ICso, only the inhibition at 1 and 10 mM is reported (see

Fig. 4.4 : A, B, and C, and Table 4.2).
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B. Citrate
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Figure 4.4 1Csy determination of Krebs cycle intermediates. A- a-ketoglutarate; B-
succinate; C- citrate. Values shown are mean + SEM of one representative experiment.
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ICso
a-ketoglutarate 9.9 £ 0.0005 uM
malate N.D
citrate 1.90 + 0.09 mM
succinate 2.37+1.23 mM

Table 4.2 ICsy values of the inhibition of 6-CF uptake by Krebs cycle
intermediates. Values shown are mean = SEM of 3 independent experiments
experiments. N.D: not determinable.

4.3 The influence of pH and chloride on hOATI1, characterized in stably
transfected HEK-293 cells

Time course of PAH and glutarate uptake
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Figure 4.5 Time course of PAH uptake in hOAT1 stably transfected HEK-293
cells. Uptake of 1uM [’H]PAH was assayed at different time points upto 5 min. Uptake
was terminated by washing with ice cold MR. Following uptake cells were washed,
lysed and assessed for radioactivity. Y-axis values represent the average uptake
calculated as pmols/mg protein. Values shown are mean = SEM from two experiments.
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In Figure 4.5 the hOAT1-mediated incorporation of labeled PAH in HEK-293 cells is
shown. The process was determined to be linear upto 2 minutes using 1 uM [’H]PAH in
the uptake buffer. A similar time course was performed for 1.8 pM ['*C]glutarate and is
shown in Figure 4.6. The 90 second time point was chosen in both cases for further

investigations.
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Figure 4.6 Time course of glutarate uptake in hOAT]1 stably transfected HEK-293
cells. Uptake of 1.8 pM ["*C]Glutarate was assayed at different time points upto 5 min.
Uptake was terminated by washing with ice cold MR. Following uptake cells were
washed, lysed and assessed for radioactivity. Y-axis values represent the average uptake
calculated as pmols/mg protein. Values shown are mean + SEM from two experiments.

4.3.1 Stimulation of hOAT1-mediated transport by acidic pH

There have been references to the stimulation of the “PAH transport system” under
acidic pH (Eveloff J 1987). We tested the effect of lowering pH upon PAH and
glutarate transport in HEK-293 cells stably transfected with hOAT1. A significant
stimulation of both PAH (91.14 %) and glutarate (62.09 %) uptake was observed under
acidic conditions (Fig. 4.7) whereas no significant difference was seen in the null-

transfected HEK-293 cells. The effect of increasing the hOATI1-mediated PAH and
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glutarate uptake by lowering the pH could be due to the ability of hOAT1 to exchange
for hydroxyl ions for which there exists an outwardly directed gradient at acidic

extracellular pH.
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Figure 4.7 Stimulation of hOAT1-mediated transport by acidic pH. The uptake of
1uM [PHJPAH (left panel) or 1.8 uM ['*C]glutarate (right panel) was assayed over 2
minutes at pH 7.4 and 6. Uptake was terminated by washing with ice cold MR.
Following uptake cells were washed, lysed and assessed for radioactivity. Values
represent the average uptake calculated as pmols/mg protein and are mean + SEM from
three experiments (*p<0.05 vs. uptake at pH 7.4)

4.3.2 Stimulation of hOAT1-mediated transport by chloride

The following sets of observations were concerned with investigating chloride
dependence in hOATT. Inhibition of hOAT1 mediated PAH transport upon substitution
of chloride with the anion gluconate has been reported for a number of the cloned OATSs
(Hosoyamada et al., 1999; Race et al., 1999; Wolff et al., 2003). While OAT1 and
OAT3 have been reported to be dependent on chloride such that the rate of transport
decreases in the absence of chloride, other transporters like hOAT4 have been reported
to be stimulated under chloride free conditions suggesting CI/OA exchange (Hagos et
al., 2006). PAH (2-[(4-aminobenzoyl)amino]acetic acid) is a mononvalent organic
anion at physiological, pH. So far it had only been established that PAH transport is
chloride dependent in OATs rather than organic anion transport. The aim of these

studies and subsequent studies later on was to establish whether transport of other
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substrates was also stimulated by chloride. For this reason glutarate was chosen which a
divalent organic anion at physiological pH. As shown in figure 4.8 in the absence of
chloride PAH transport went down by 70.6 % and glutarate transport by 93.6 %,

whereas no significant difference was seen in the null-transfected HEK-293 cells.
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Figure 4.8 Stimulation of hOAT1-mediated transport by chloride. The uptake of
1uM [PH]PAH (left panel) and 1.8 uM ["*C]glutarate (right panel) was assayed over 2
minutes in the presence (+) or absence (—) of chloride. Uptake was terminated by
washing with ice cold MR. Following uptake cells were washed, lysed and assessed for
radioactivity. Values represent the average uptake calculated as pmols/mg protein and
are mean = SEM from three experiments (*p<0.05 vs. in the presence of chloride)

4.3.3 Combined effects of pH and chloride replacement upon hOAT1-mediated

transport

Figure 4.9 and 4.10 show hOATI1-mediated uptake of radiolabeled PAH or glutarate by
HEK-293 cells stably expressing hOATI, at pH 7.4 and 6.0, and in the presence and
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absence of chloride. In the absence of chloride PAH transport went down by 70.6 % and
glutarate transport was reduced by 93.6 %. However, for both PAH and glutarate the
lowered transport under chloride free conditions could be significantly stimulated upon
acidification of the external medium. The resultant stimulations were 91.14 % and

62.09 % for PAH and glutarate, respectively.
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Figure 4.9 Uptake of PAH by HEK-293 cells stably expressing hOAT1, at pH 7.4
and 6.0, and in the presence and absence of chloride. The uptake of 1uM ["H]PAH
was assayed over 2 minutes in the presence (+) or absence (—) of chloride and at pH 7.4
and 6.0 in hOAT1 (black bars)- or non (grey bars)- transfected cells. Transport was
terminated by washing with ice cold MR. Following uptake cells were washed, lysed
and assessed for radioactivity. Values represent the average uptake calculated as
pmols/mg protein and are mean + SEM from three experiments (*p<0.05 vs. control,
"p<0.05 vs. uptake at pH 6.0)
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Figure 4.10 Uptake of glutarate by HEK-293 cells stably expressing hOAT]1, at
different pH and in the presence and absence of chloride. The uptake of 1uM
['*C]glutarate was assayed over 2 minutes in the presence (+) or absence (—) of chloride
and at pHs 7.4 and 6.0 in hOAT1 (black bars)- or non (grey bars)- transfected cells.
Transport was terminated by washing with ice cold MR. Following uptake cells were
washed, lysed and assessed for radioactivity. Values represent the average uptake
calculated as pmols/mg protein and are mean + SEM from three experiments (*p<0.05
vs. control, 'p<0.05 vs. uptake at pH 6.0)

4.3.4 Effect of increasing chloride concentration on PAH uptake by HEK-293
cells stably transfected with hOAT1

In order to quantify the effect of chloride, hOAT1-mediated uptake of labeled PAH was
measured by sequentially increasing chloride concentration from 0 mM to 200 mM. As
in the previous experiments the chloride salts in the buffer were replaced by the
respective gluconate salt. When uptake at 130 mM (that present in mammalian ringer)
of chloride, was set to 100% and plotted versus chloride concentration in the uptake
buffer, a sigmoidal relation was observed (Fig. 4.11). Half maximal transport could be
seen at a chloride concentration of 103.45 + 20.5 mM with a Hill coefficient of 2.72 +

0.99, which indicates a positive co-operativity in the binding of chloride.
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Figure 4.11 Stimulation of hOAT1 mediated PAH transport by chloride. The
uptake of 1uM [HJPAH was assayed over 2 minutes in MR with 0 to 200 mM of
chloride. Uptake at 130 mM chloride was set to 100%. Transport was terminated by
washing with ice cold MR. Following uptake cells were washed, lysed and assessed for
radioactivity. Values represent the average uptake and are mean = SEM from three
experiments.

We have shown in the previous experiments that presence of chloride stimulates both
PAH and exchange partner glutarate, transport. Acidification of the uptake buffer leads
to further increase in transport, both in the presence and absence of chloride. The next
step was to ascertain whether trans-stimulation could be observed with either substrate
in the absence of chloride as well. In Fig. 4.12 are seen the trans-stimulatory effects of
PAH and glutarate preloading observed in the absence and presence of chloride. An
increase in transport of radiolabeled PAH was observed by both PAH and glutarate
preloading. However, in the absence of chloride a trans-stimulatory effect was

considerably more with PAH preloading than with glutarate preloading.
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Figure 4.12 Effects of PAH and glutarate preloading on hOATI1-mediated
PH|PAH uptake in the presence and absence of chloride. The uptake of 1pM
["H]PAH was assayed over 2 minutes in the presence (+) or absence (—) of chloride in
hOAT1 (black bars)- or non (grey bars)- transfected cells, with and without PAH or
glutarate preloading (indicated). ctrl+ and ctrl— represent uptakes in non-preloaded cells
in the presence and absence of chloride, respectively. Values represent the average
uptake calculated as pmols/mg protein and are mean £ SEM from three experiments
(*p<0.05 vs. ctrl+, 'p<0.05 vs. ctrl-).

4.4  Mutational analysis of hOAT1

Mutational analysis of hOAT1 was undertaken in an attempt to elucidate the
contribution of positive charges in substrate binding and the overall transport process.
To this end a combination of point mutations were generated, and the effect of these
alterations on hOAT1-mediated uptake was observed. Mutations of interest were then
further characterized in order to determine the effect of the mutation on transporter

activity and membrane trafficking.
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4.4.1 Alignments and sequence characteristics of OATs: identifying important

amino acid residues

As a first step towards mutational analyses, the online tool ClustalW
(http://www.ebi.ac.uk/clustalw/) was used to generate the protein sequence alignments
of all the known and characterized OATs with a view to identify the conserved and
charged amino acids within the transmembrane domains (TMDs) of hOATT1.

In order to identify key residues that may be involved in substrate binding and
translocation in the human OAT1 we reasoned that, since anions are negatively charged,
positive charges embedded within transmembrane helices of the transporter should be
involved. Through sequence alignment of all mammalian OATs we could identify
positively charged amino acids that were completely conserved amongst all OATs.
Upon close examination of the alignment of the related OATs and OCTs we found that
certain cationic amino acid residues within/close to (putative) transmembrane domains
that are conserved in all members of OATSs, are substituted in OCTs for a residue of
opposite or neutral charge. Three positions satisfy this criterion completely in hOAT1;
the H (histidine) at position 34, the K (lysine) at position 382, and R (arginine) at
position 466 in hOAT]I, align with isoleucine (neutral), alanine (neutral) and aspartate
(positive) residues found at the corresponding positions in OCTs. The figure below

shows parts of an alignment of OAT1 and OCT1 from different species.

68



RESULTS

CE I I I I A I I
W W w0 W 0w o ul o wn W un W
DN WM OO Ownn-wan
L o T . S L I I, D |
ZZZZZVZZULVODOUNZZZWww
AdFrdad<d g4 << <C0aC0<O <
OOTIZZZ0o0ZZZZ AZ _J>==>
g <<« <TIOLDLO S IO000
annnnnulLnnnnnnnnne
Lo TALCLALATAadnoon
ool -OCWwenZ
rrerrxzccreer e ced
VOO OLOOOLOVOOLOLOLOOLOOOLOOD
IIIII > IITITTNKLNDImw:-r
p b df dF JE Ak dF JE S SEAE 4F Jf dF Sk F < 4F 4
Al >N>00cnn00 @
LOLAALALCALnOlAal.
||||| A L]l Ll P P ] ] il
L f L d - T o W
A C L cCLLCOOO
| S el = = o S e e S s R R |
(PR Iy [ M P | B P VI TR VI | VIR VI Py VI TR T T R T
ZZZZZZ ||| = ZZZ [ >
000000 0 O0C0 T Wwow . -
T | i | e Ve ]
FEEEEadaddaddddd-ZS>a>
ZZZZZZWLLZZZZEZZ0N 0> >
WHHHHHHHHHHHQHGIII_

MWW IZETZZZZMWOE0LA0
Tad <4 C<00 €< <L €0 <€ L
= S S N o . - - T
d A E A aZOBOE a0
T I e e e [ I 4 A o
|- ] 4 S P e I )
(VI WY I Y N TS S Y T Y N DI,
N A P | | | A= P [P )
=220 0acad _>Z2000
- BRI - ) ) ] T
dJdJEE A0 d o dddFE a2
FE-rFHFFFC<>Cd-FF a2 344
>>E>>>>>a>>>>>>F L
OO0JCOIZZIIITIOOd <k«
||||| IL A L R I R IR« s |
OOE 30> 3 LW >>_1>%5%y
OCoQooOo000COCOOoOCOoCao0
| PR Uy Ty VI Wy V) I TR Vi T IS U Vg VI T E Ui T N T
CEEEXXoLILen axe=EE
QOO0 000C0OIOO0O00a0
>>>>>FLLEEEE>> 0000
VOO0 WIOOWLWN OO0 WWwW
VOOV OLUOLOODOOLO O
S>> ASD >
Q000000 rere OO0 OO0
Jo¥ ¥ Wuwoo0oowsxowww
| | |
[ | R S N | | N [ e e e g -0
O00D0WWO WWWwWwxowooo
ZZZZZOUWUBLO®OOMZOnoOOo
[ PO TR TV T TR T THS THRY 'Y TR T THS T TR -
<AL LLLDO-FKHFCaLa-F K
s e SRS EEEEEEEEEEnnon
ol alolofalalolalolalalula|alo=fE
CEECEcfppEmErECEE
5285853235853853£838
hpmmmmh@hmmmthhmm

ig2

Wil

Wil
LCLSMLWFATSFAYYGLVMDLQGFGVSI YL

LCLSLLWXATSFAYYGLVMDLQGFGVSI
LCLELLWFATSFAYYGLVMDLQGFGVSI

399
399
399
393
41

NSLGRRPAQM 3959
NTMGRRPAQM
NSLGRRPAQM
NSMGRRPAQM
NSMGRRPAOQL
GRRRSQC

405
405
387
387
387
387
406
393

MYYFLVRRLGRRLTEA

LSELSYLGRHTTQA

LSELSYLGRHI

T

TAQG
TQs
TQG

T

LELSYLGRRI
LS|

T

SYLGRRI

T

QA

NSMGRRPAQL

10
407

YPMA

TI DRVGRI

ALl

L(V|T|I

LVTI DRI GRI YPI A 408

PAKIVYVVVVEMSLI

hOAT2 LCCVVVWFGVNFSYYGLSLDVSGLGLNVYQTQLLFGAVELPSIKILLYVYLSVRYAGRRLTQA

rOAT2

LCLEMLWFATSFAYYGLVMDLQGFGVEMYL
LCLSEMLWFATSFAYYGLVMDLQGFGVSMYL

hOAT1
pOAT1
rhOAT1
rOAT1

mOAT1

LCCMMVWFGVNFSYYGLTLDVSGLGLNVYQTQLLFGAVELPSIK|

FGGVYDVPAIKIFI
FGGVDI

Lal
Lal
LaQl
Lal

hOAT3 FCLSLAWFATGFAYYSLAMGVEEFGVNLY]|

mOAT3 LCLELAWFATGFAYYSLAMGVEEFGVNI

rOAT3

P AIKIF I
P A|KIF I
P AIK|F I

Yl

FGGV DI

Y

FCLSLAWFSTGFAYYSLAMGVEEFGVNI

FGGV DI

Y

mOATS FCLSLAWFATGFAYYSLAMGVEEFGVNI

hOAT4 CAMLVVMNFSLLI

FLLQALFGAVDFLGRATTALLLSFLGRRTI

SYYGLVFDLQSLGRDI

FGAVDLPAIKIFVCFLVI

avi

mOATE LCLSMLWFATSFAYYGLVMDLQGFGYVSMYLI

URAT1
hOCT1

PAIKMGALLLLSHLGRRPTLA

GVVDI
P GIA|F |

FLLAQMFI

STLCWFAFGFTFFGLALDLQALGSNI

LMYLWFTDSVLYQGLI

ci

LHMGATSGNLYLDFLYSALVEI

Fl

LHMGATGGNVYLDFFYSSLVEFPAIAFVI

LMFLWFTCSVLYQGLI|

bOCT1 F I
rocT

Vil

MHYGATGANLYLDFFYSSLVEFPAIAF|

LMYLWFSCAVLYQGLI

XN

4 6 6

P P P P o= O8O0 0 WD D WD WD WD e a0 WD W~
sadbhathatbathatis b5 BUs IE=J0 =20 =10 =2 o Dl o Mo M BN 2 |
W WU W W WU WD WD W DWW wu
OCOQ0COo0000wwwwo oo xwuw .
o o S ) = - o
[ L L Ll el Ll e e el Ll e el st el
O0O0D00WWWwWwwooo www .
(1Y W I Y TS R T Y Y
[ R DN | R | R RN | RN NN | RN | RN ) RN | RN D | R DN | RN | N hpu )
coooond0nononao <<
Q0000 >ac00ErE a0 0>>>
QOO0 00XYxZZZZ000n000
o AN a0 a0
FhFkFEFFRFFRFRFREFERFRFERRREE
LT T Ty T Ty T WO T AT Ty T WOy TR YT
LOOL0LO0O0LO0 JJ0a0non
|/ [EUQUSS| RN | N | R DN | R | N | DU | RN N ) DN RN | U | )
L T o g T T g [
- AL . AL P R R | VI TR . s e |
FrrrFa g Ca>F<kF
SAC>>d L CC>>a>ZZ
Lada< LS 00O ON o« 300 <«
DO 000N OO
LA L LD DD DDA ) LT
A I R S P e
— R ) ] S I e
cocOoolCCCcg <AL OOO
=>>>>d_ _F>FE_>> 44
LA L L0000 _FiFkF>adkF >>>
CLUOLUOLIOLIOOOOL0 OO
I T T S Sl TR TH S T S T TR T
IIIIII e | = > 0
Bl el o 3 3 e e e
- DD ZTZZZM
o000 ooooofoooo
== 0 _ .
L T I T T T Ty -
cooooa0 sasoooc0on 3OO0
>>>>> EEC0C0a>0E2E
B T T = [ I T
Wwwwwodowwwwdw>www
CANCcL OO0 EESE
FEFFFRFJJOFFRFRFDE_ 33
- BRRNRnNRnnRnnnnaeL 44 4
SIS T . - M MR
DO NWN L JNE > >
>>>>_>dL>>>> __>_= =
| [ - R ) ) O ] ) ) | " [ TR TR
oo ool
DO LLLHDNLLOWNO -
- e e ] PR -3 - ] - ) TS
— || = | D E [ E[Z [ E || | ||
D nmmacOcwnmwncn D00
0000000000000 0000
>>>>>_dd>>>>a>0_ >4
Ereeeereeeeeexee oo
LA AL L LV O LLDCcO000
= U EES5E5>=2E2ZZ>Z<a a4
FFFFZE 34033 FF3W0ag
DN ZZZZT00WNn!m
Q0000 >FrFHwn®m®Nn aDO00a0
EEEECZE oAy e A
FEErE-faPrlel2s @ CF -
$5353585585353838%8
hpmmmmh@hmmmthhmm

id multiple

1S an amino aci

Figure 4.13 Alignment of OATs with OCTs. Shown above

sequence alignment of OATs with OCTs. Single letter abbreviations are used for amino

f hOATI1

1m regions o

the abbreviations section. Transmembrane doma
are shaded grey and numbered in Roman numerals. The conserved positively charged

ds as given in

acl

OCTs are shown

in
along with their position in hOAT1. Positions of the residues identified for hOAT1 in

(blue) or neutral (green) charge

1vE

ds that bear negat

1mo aci

(red) am

f for flounder, h for human, m

this study are numbered. The species are abbreviated as

for mouse, p for pig, r for rat, and rb for rabbit.
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Figure 4.14 Secondary structure model of human OAT1 and conservation of the
arginine residue. The currently accepted topological model of hOAT1 shows 12
transmembrane helices with N- and C-termini located intracellularly. The dotted arrow
indicates the position of arginine 466 in the 11" transmembrane helix. The conserved,
positively charged amino acids and histidine residue that are oppositely charged or
neutral in OCTs, are indicated by @ and ®, respectively.

4.4.2 Generation of R466 mutants

We chose first to investigate the role of R466 since secondary structure analysis
predicted that this residue lies approximately at the center of TMD 11, a segment that is
known to be critical for the functioning of hOAT1 (hOAT1-3 and 4 isoforms lacking
this TMD are nonfunctional) and is also replaced by an opposite charge in OCT1s (Figs.
4.13 and 4.14). We therefore investigated what effect charge conservative, i.e. replacing
arginine (R) 466 with lysine (K), and then non-conservative i.e. replacing R466 with
oppositely charged aspartate (D) or neutral asparagines (N), would have on the
transporter. These mutants, were sequenced to ensure polymerase fidelity, and
expressed in oocytes (Fig. 4.15 below is shown as an example of successful

mutageneses).
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seq_1 ATCTTCCTGTATACTGGGGAACTGTATCCCACAATGATCCGGCAGACAGGCATGGGAATG 154
seq_2 ATCTTCCTGTATACTGGGGAACTGTATCCCACAATGATCCGGCAGACAGGCATGGGAATG 152
seq_3 ATCTTCCTGTATACTGGGGAACTGTATCCCACAATGATCCGGCAGACAGGCATGGGAATG 142
seq_4 ATCTTCCTGTATACTGGGGAACTGTATCCCACAATGATCCGGCAGACAGGCATGGGAATG 174
RABBK_FW ~ mmmmmmm oo oo
hOAT1_orf ATCTTCCTGTATACTGGGGAACTGTATCCCACAATGATCCGGCAGACAGGCATGGGAATG 1380
seq_1 GGCAGCACCATGGCCICGAGTGGGCAGCATCGTGAGCCCACTGGTGAGCATGACTGCCGAG 214
seq_2 GGCAGCACCATGGCCCGAGTGGGCAGCATCGTGAGCCCACTGGTGAGCATGACTGCCGAG 212
seq_3 GGCAGCACCATGGCCAAAGTGGGCAGCATCGTGAGCCCACTGGTGAGCATGACTGCCGAG 202
seq_ 4 GGCAGCACCATGGCCAAAGTGGGCAGCATCGTGAGCCCACTGGTGAGCATGACTGCCGAG 234
R466K_Fw GGCAGCACCATGGCCAAAGTGGGCAGCATCOTG-—————————m—mm oo 33
hOAT1_orf GGCAGCACCATGGCCICGAGTGGGCAGCATCGTGAGCCCACTGGTGAGCATGACTGCCGAG 1440
seq_1 CTCTACCCCTCCATGCCTCTCTTCATCTACGGTGCTGTTCCTGTGGCCGCCAGCGCTGTC 274
seq_2 CTCTACCCCTCCATGCCTCTCTTCATCTACGGTGCTGTTCCTGTGGCCGCCAGCGCTGTC 272
seq_3 CTCTACCCCTCCATGCCTCTCTTCATCTACGGTGCTGTTCCTGTGGCCGCCAGCGCTGTC 262
seq_4 CTCTACCCCTCCATGCCTCTCTTCATCTACGGTGCTGTTCCTGTGGCCGCCAGCGCTGTC 294
RAGBK_FW mmmmmmmmm oo
hOAT1_orf CTCTACCCCTCCATGCCTCTCTTCATCTACGGTGCTGTTCCTGTGGCCGCCAGCGCTGTC 1500

Figure 4.15 Identification of successful mutations. Mutations were confirmed by
sequencing and aligning with the open reading frame of hOAT1 and the mutagenesis
primer. The above alignment shows the R466K mutation as an example. Sequence 3
and 4 which have the mutation align perfectly with the mutation primer (and the rest
with the wild type hOAT1) whereas unsuccessful mutations do not align perfectly with
the mutation primer. The codons are boxed and successful mutations are shown in red.
Abbreviations used are: seq_1- sequence 1 and so on; R466K Fw- forward primer used
for mutagenesis; and hOAT1 orf- open reading frame of hOAT].

4.4.3 Functional characterization of R466 mutants
4.4.3.1 PAH transport by R466 mutants

When expressed in Xenopus laevis oocytes, the wild type human OAT]1 transports the
model anion, p-aminohippurate (PAH) with high affinity. The results of uptake
experiments involving each mutant are shown in Fig 4.16. In comparison with wild-type
hOATI1, R466K-, R466D- and R466N- mediated uptakes of PAH were considerably
lower. Amongst all the R466 mutants, percent uptakes relative to that by wild-type
hOAT1 were 12.11 £1.0 % for R466K, 6.46 +0.84 % for R466D, and 5.84 +0.75 % for
R466N respectively. Uptake by mocks was 3.0 £0.32 %. Hence, amongst the mutants,
the mutant R466K which had the most conservative mutation showed maximal

transport of PAH.
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Figure 4.16 Effect of mutating arginine 466 to lysine (R466K), aspartate (R466D)
or asparagine (R466N) on the uptake of PAH. Oocytes were injected with the wild-
type (black) or mutant (grey) hOAT1 cRNA, or an equivalent volume of water (mock,
white). After three days of incubation, the uptake of 1 pM [*’H]PAH was determined for
30 min. Values shown are means £ SEM from three separate experiments with 10-12
determinations each (* p <0.05 as compared to mock).

4.4.3.2 Trans-stimulation of PAH transport by mutations of arginine 466

Physiologically, OAT1 exchanges extracellular organic anions with intracellular o-
ketoglutarate. Therefore oocytes preloaded with glutarate, the non-metabolizable
analogue of a-ketoglutarate should be able to stimulate PAH uptake. As shown in Fig.
4.17 this preloading significantly stimulated hOAT1-mediated PAH uptake into wt-
hOAT1 cRNA injected oocytes. This increase in PAH uptake is termed trans-
stimulation, because glutarate was offered from the trans-side, and labelled PAH from
the cis-side, of the oocyte’s cell membrane. When the same experiment was done on the
mutants, a trans-stimulation of PAH uptake by intracellular glutarate was observed with
the mutant R466K only, and not with R466D or R466N. This suggested that the
replacement of arginine 466 by lysine did not impair the interaction of OAT1 with
glutarate, however, a replacement of arginine by the oppositely charged aspartate

(R466D) or neutral asparagine (R466N), not only decreased PAH uptake below that
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observed with R466K, but in addition abolished the trans-stimulation by glutarate (Fig.
4.17).
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Figure 4.17 Trans-stimulation of PAH uptake by intracellular glutarate. Oocytes
expressing no transporter (mock, white), wt hOAT1 (black) or the mutants (grey)
R466K, R466D or R466N, were microinjected with 46 nl of 5 mM unlabeled glutarate
(indicated by “+” below the panel) or uninjected (designated by “—). Thereafter,
oocytes were rinsed with ORI, and after 15 min uptake of 1 uM [’H]PAH was assayed
for 1 hour. Percent [’HJPAH uptake by non-preloaded (control), wt-hOAT]1 (set to
100%) or mutants is shown. Values shown are means + SEM from three separate
experiments with 9-12 determinations under each experimental condition (* p<0.05
versus non-preloaded control group).

4.4.3.3 Membrane trafficking of the R466 mutants

Since the lowered transport rate because of the mutations could also be the result of a
decreased expression of this mutant at the cell membrane, we used the loop-FLAG
epitope in the wt hOAT1 and its mutants, to detect the protein at the cell membrane
using anti-FLAG antibodies. As shown in Fig. 4.18, mock oocytes did not show any
immunoreactivity, excluding a non-specific labelling of endogenous proteins by anti-

FLAG antibodies. Oocytes expressing the flag-tagged wt OAT1 revealed a clear
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fluorescence labelling at their plasma membrane. Likewise, the mutants R466K, R466D
and R466N (also Fig. 4.18) appeared at the plasma membrane. Hence, the low transport

rate by the mutants was not due to a strongly decreased expression of the transporter

protein at the cell membrane.
R

Figure 4.18 Effect of mutating arginine 466 to lysine (R466K), aspartate (R466D)
or asparagines (R466N) on transporter expression at the cell membrane.
Immunocytochemical detection of wt hOAT1 and mutants R466K, R466D and R466N
in Xenopus laevis oocytes is shown. Devitellinized oocytes expressing no transporter
(mock) or wt hOAT1, R466K, R466D or R466N containing a FLAG epitope were
immunostained with anti-FLAG mouse IgG, followed by secondary Alexa 488 goat
anti-mouse IgG. Thereafter, the oocytes were embedded in acrylamide, and 5 pM
sections were analysed by fluorescence microscopy.

4.4.4 Characterization of the R466K mutant

The mutant R466K of hOAT1 was singled out for further characterization as it was the
only one which showed appreciable PAH uptake and could also function as an

exchanger.
4.4.4.1 PAH transport by the R466K mutant

The transport of labelled PAH by the mutant R466K has been shown earlier in section
2.3.1 “PAH transport by R466 mutants”. 1uM ['HJPAH uptake into wt-hOATI

expressing oocytes was 2.7 = 0.4 pmol/oocytes - 30min and that by mutant R466K was
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0.30 + 0.05 pmol/oocytes - 30min. These values represent approximately 31 fold and
3.5 fold increases in PAH uptake over mocks by wt- and mutant R466K-hOAT1

expressing oocytes, respectively.
4.4.4.2 Trans-stimulation by glutarate

The charge conservative mutation R466K was the only one which could be trans-
stimulated by intracellular glutarate. This has been shown earlier in figure 4.17 and a
part of it is repeated here to maintain continuity. In figure 4.19 below this trans-
stimulatory effect can be seen, when 46 nL of 5 mM glutarate was preinjected into
oocytes. This lead to a 1.3 fold and 2.4 fold increase in PAH uptake in wt and R466K
cRNA injected oocytes, respectively.
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Figure 4.19 Trans-stimulation of PAH uptake in the mutant R466K. Oocytes
expressing no transporter (mock, white), wt hOAT1 (black) or the mutant R466K
(grey), were microinjected with 46 nl of 5 mM unlabeled glutarate (indicated by “+”
below the panel) or uninjected (designated by “—). Thereafter, oocytes were rinsed
with ORI, and after 15 min uptake of 1 uM [’H]PAH was assayed for 1 hour. Percent
[’H]PAH uptake by non-preloaded (control), wt-hOAT1 (set to 100%) or mutant is
shown. Values shown are means £ SEM from three separate experiments with 9-12
determinations under each experimental condition (* p<0.05 versus non-preloaded
control group).
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4.4.4.3 Cis-inhibition

Another signature of the OATsl is that PAH transport is Ccis-inhibitable by
dicarboxylates with a minimum chain length of 4-5 carbon atoms. We next tested how
the mutant R466K interacts with dicarboxylates of different chain lengths. This would
also reflect any change in substrate selectivity that the mutant may have. Figure 4.20
(left panel), left panel, shows the effect of 1 mM malonate (3 carbons backbone),
glutarate (5 carbons) and adipate (6 carbons) on hOATI1-mediated PAH transport.
Malonate slightly inhibited the uptake of PAH, whereas glutarate and adipate
completely abolished it. This result is in agreement with fig. 4.3 and the previously
observed dependence of inhibition on the chain length of dicarboxylates. Similar to the
wild type, the mutant R466K was slightly, but not significantly inhibited by malonate
(Figure 4.20, right panel) whereas, glutarate and adipate significantly decreased PAH

uptake.
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Figure 4.20 Effect of dicarboxylates of different chain lengths on PAH uptake by
wild type hOAT1 (left) and mutant R466K (right). Oocytes expressing no transporter
(mock, white), wt-hOAT1 (black) or mutant R466K (grey) were incubated for 1 hour
with 1 pM [H]JPAH in the presence of 1 mM of unlabeled malonate (3 carbons),
glutarate (5 carbons), or adipate (6 carbons). [’HJPAH uptake into wt- or R466K-
expressing oocytes under control condition (no dicarboxylates present in the incubation
medium) was set to 100% in their respective panels. Values shown are means £+ SEM
from three separate experiments with 9-12 determinations under each experimental
condition (* p<0.05 versus control).
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4.4.4.4 The effect of chloride upon wt- or mutant R466K-hOAT1 mediated

transport

The characterization of mutant R466K revealed, so far, that it seemed to be similar to
the wild-type hOAT]1 in all regards except that it became slower. Therefore we decided
to test the chloride dependence of the transporter since hOAT1 it was established in
experiments with the hOATI-stably transfected cell line that the transporter is
stimulated by chloride and therefore becomes slow in the absence of chloride (see
section 4.3). Upon removal of chloride, PAH uptake by the wt OAT1 was decreased by
~87% from 2.7 £ 0.4 pmol/oocytes - 30min to 0.35 = 0.09 pmol/oocytes - 30min, but
was still significantly higher than PAH uptake in mock cells (Fig. 4.21 left panel). In
mock cells, chloride removal had no effect, excluding non-specific effects on the
oocytes. As opposed to the wild type, chloride removal in R466K-expressing oocytes
did not alter PAH uptake (Fig. 4.21 right panel). PAH uptake by R466K was 0.30 +
0.05 pmol/oocytes - 30min in the presence of chloride, and 0.30 + 0.06 pmol/oocytes -
30min in its absence. Thereby, PAH uptakes by wt in the absence of chloride, and by
R466K in the presence of absence of chloride were of the same magnitude, suggesting

that arginine 466 is required for the chloride mediated stimulation of hOAT].

77



RESULTS

1.0

- 0.8

- 0.5

- 0.3

0.0

=

E 47

o

03 wt hOAT1 R466K
2 3

<

K

©

S

£ 2

Q * %
8

[«X

= 1 i

T mock

a . *

:Il: moc |_T_| |_T_|

« 0 [ s T e |

chloride + - + - + - + -

Figure 4.21 Effect of chloride on PAH uptake by wt hOAT1 and mutant R466K.
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The uptake of 1 uM [*HJPAH was measured for 1 hr in oocytes Ringer buffer

(chloride +) or in a buffer in which all chloride was substituted with gluconate

(chloride —). Values shown are means + SEM from three separate experiments with 9-
12 determinations under each experimental condition. Note the different scales for the

left and right panels (* p<0.05 versus mock).

To verify these results more conclusively we measured chloride dependence of wild

type and mutant R466K under simulated V. conditions using a total PAH

concentration of 100 uM; comprising 5 uM labelled and 95 pM unlabeled PAH. To

account for non-specific uptake we subtracted uptake in the presence of 10 mM

unlabeled PAH. As shown in Figure 4.22, hOAT1 mediated PAH uptake was reduced

by > 80% in wt hOATI in the absence of chloride, but remained unchanged for the

mutant R466K.
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Fig. 4.22 Effect of chloride on PAH uptake under V,,x conditions. The uptake of 5
uM [*H]-PAH was measured for 1 hr in oocytes Ringer buffer (chloride +) or in a
buffer in which all chloride was replaced by gluconate (chloride —); an additional 95 uM
unlabeled PAH was also added to the uptake buffer to make the total PAH
concentration equal to 100uM. Finally, the saturable component (uptake in the presence
of 10mM unlabeled PAH) was subtracted from each data set. Values shown are means +
SEM from three separate experiments with 9-12 determinations under each
experimental condition. (* p<0.05 versus wild type).

4.4.4.5 The effect of chloride upon wt- or mutant R466K-hOAT1 mediated

transport of other substrates

The mutation of R466 may influence the chloride sensitivity of only the PAH uptake, or
of organic anion transport in general. Therefore we investigated the effect of chloride on
the uptake of radiolabeled glutarate (Fig. 4.23, left panel) and ochratoxin A (right
panel), two compounds with unrelated chemical structures. Chloride removal clearly
reduced glutarate uptake as well as ochratoxin A uptake in wt-expressing oocytes.
However, mutant R466K uptakes of both glutarate and ochratoxin A, were found no
longer to be dependent on the presence or absence of chloride. These results suggest

that optimal transport of PAH, glutarate, and ochratoxin A requires chloride in wt
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hOATI, but not in the mutant R466K. It is important to note that Fig. 4.23 (left panel)
also shows the direct transport of radiolabeled glutarate by mutant R466K.
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Figure 4.23 Chloride-sensitivity of glutarate and ochratoxin A transport by wt
OAT1 and mutant R466K. The uptake of 1.8 pM ['*C]glutarate (left panel) or of 200
nM [*H]ochratoxin A (right panel) was assayed following 1 hr incubation of mock
oocytes or oocytes expressing wt hOAT1 or mutant R466K in oocytes Ringer solution
(chloride +) or in a buffer in which all chloride was replaced by gluconate (chloride —).
Values shown are means + SEM from three separate experiments with 9-12
determinations under each experimental condition. (* p<0.05 versus mock).

4.5 Kinetic analyses of wt and R466K-hOAT1

The strongly decreased hOAT1-mediated uptake of PAH in the absence of chloride, and
by R466K both in the presence and absence of chloride, could also be due to a decrease
in affinity for PAH, apart from decreased surface expression. Having ruled out surface
expression as a possible reason, we proceeded to determine K, and V., of PAH uptake

by both the mutant and wild-type hOATT in the presence and absence of chloride.
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4.5.1 Determinations of K;, of mutant R466K and wild type hOAT1 for PAH, in
the presence and absence of chloride
An indirect approach was applied for determining changes in affinity between mutant
and wild type transporters, and between normal and chloride free conditions. For the
determination of the kinetics of PAH transport in wt and mutant R466K, oocytes
expressing the respective transporter were assayed for 1uM [PH]PAH uptake over 30
min in ORI with or without chloride and in the presence of increasing concentrations of
unlabeled PAH (0-500 uM) (see Methods section for details). With the wt hOAT]I, the
K, was 3.1 £ 0.8uM in the presence of chloride, and 4.0 £ 1.5uM in its absence (Fig.
4.24 A and 4.25 A). Hence, chloride removal did not affect the apparent affinity of
OATI1 for PAH. The decrease in uptake by chloride removal must, therefore, be due
solely to a decrease in V.. on the orther hand, the mutant R466K exhibited an
apparent K, for PAH of 6.4 + 0.2uM in the presence of chloride and 4.5 £ 1.1uM in its
absence (Fig. 4.23 B and 4.25 B). Therefore, with the mutant, chloride removal did not
change significantly the K, for PAH. Since the apparent K,, values of wt and R466K
did not differ significantly, the mutation itself appeared to have no impact on the
affinity of OAT1 for PAH. Again, the decreased PAH uptake by R466K must be due to
a decrease in V.. Taken together, chloride removal does not affect the affinity of

OATI1 to PAH, but, in the wt, decreases the maximal velocity.
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Figure 4.24 K,;, determination for PAH in (A) wt- and mutant (B) R466K- hOAT1
expressing oocytes, in the presence of chloride. Oocytes expressing the respective
transporter were assayed for 1pM ["H]PAH uptake over 30 min in ORI in the presence
of increasing concentrations of unlabeled PAH (0-500 uM). A representative graph
from each is shown above. Values shown are means + SEM.
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Figure 4.25 K,,, determination for PAH in (A) wt- and mutant (B) R466K- hOAT1
expressing oocytes, in the absence of chloride. Oocytes expressing the respective
transporter were assayed for 1pM [’H]PAH uptake over 30 min in chloride free ORI in
the presence of increasing concentrations of unlabeled PAH (0-500 puM). A
representative graph from each is shown above. Values shown are means + SEM.
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Kinetic parameters of wt hOAT1 and mutant R466K in the presence and absence
of chloride

hOAT1 Uptake buffer Kn (ULM) Vmax (pmol/30mineoocyte)
Wt +CI” 3.1+0.8 7.17 £2.11
-CI” 40=+1.5 0.99 £0.06
R466K +CI™ 6.4+0.2 1.10+£0.15
- CI” 45+1.1 0.55+0.11

Table 4.3 Transport kinetics of PAH in wt- and mutant R466K-hOAT1 expressing
oocytes, in the presence (+ Cl ) and absence (- Cl ) of chloride. Values represent

mean + SEM from three separate experiments. (No significant difference in K,, between
groups by ANOVA, p< 0.05)

4.6  Mutations of other charged residues in hOAT1

Following the characterization of the R466 mutations, we proceeded to mutate other
charges in the transporter with the same strategies and aims. Shown below is the
secondary structure model of hOAT1 with all the combinations of point-mutants and
double mutants generated and functionally tested. The rationales for creating these

mutants are explained in the sections to follow.
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Figure 4.26 Point mutations produced in hOATI1. The figure above shows the
currently accepted secondary structure model of hOAT]1. Glycosylation sites are shown
by “Y” symbols, for depicting amino acids the following abbreviations are used: A-
alanine, D-aspartate, K-lysine, R-arginine. Positive and negative charges are marked as
encircled “+” and “—” respectively. The mutations produced in this study are indicated
by dotted arrows and the double mutations are given in the lower left-hand corner.

4.6.1 Generation and functional testing of K382 mutants

The K382 mutant was produced since it was the second amino acid that satisfied the
conditions we set for amino acids that may contribute towards substrate binding in
hOATI. K382 is cationic and is also completely conserved in all OATs and in OCTs the
counterpart is a neutral alanine (A). We therefore made a mutant hOAT1 bearing this
replacement, denoted as K382A, as well as a charge conservative replacement, denoted
as K382R. When these mutants were tested for PAH transport it was found that PAH
accumulation was not significantly different from mocks. Immunocytochemistry,

however, showed that both these mutants were still expressed on the cell membrane
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(Fig. 4.27). This suggests to us that this residue is also key for transporter activity since

no change at this position could be tolerated.

K382R K382A

Figure 4.27 Effect of mutating lysine 382 to arginine (mutant K382R) or alanine
(mutant K382A) on expression at the cell membrane. Immunocytochemical
detection of K382R and K382A in X. laevis oocytes is shown. Devitellinized oocytes
expressing no transporter (mock), wt hOATI1, K382R, or K382A containing a FLAG
epitope were immunostained with anti-FLAG mouse IgG, followed by secondary Alexa
488 goat anti-mouse IgG. Thereafter, the oocytes were embedded in acrylamide, and 5
UM sections were analysed by fluorescence microscopy.

4.6.2 Generation and functional testing of R466K+K382R double mutant

Having already identified R466 and K382 as key residues we then proceeded to test
whether the deficiency in length of arginine made in the R466K mutant could be
compensated (in substrate binding) by increasing the length of lysine 382. We therefore
made a double mutant R466K+K382R. When tested for PAH transport this mutant was
also non-functional, with uptake not significantly over mock. In this case too,
immunocytochemistry revealed that this double-mutant was still expressed on the cell

membrane (Fig. 4.28).
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Figure 4.28 Effect of the double mutation R466K+K382R on hOAT1 expression at
the cell membrane. Immunocytochemical detection of the double mutation
R466K+K382R in X. laevis oocytes is shown. Devitellinized oocytes expressing
hOATT1 bearing double mutation R466K+K382R and containing a FLAG epitope were
immunostained with anti-FLAG mouse IgG, followed by secondary Alexa 488 goat
anti-mouse IgG. Thereafter, the oocytes were embedded in acrylamide, and 5 pM
sections were analysed by fluorescence microscopy.

4.6.3 Generation and functional testing of mutations in other charged residues

Other residues of interest in hOAT]1 are lysine at position 431 (K431, TMD 10) and
aspartate at position 378 (D378, TMD 8). K431 could potentially be important for
substrate recognition because it is also a conserved charged residue within TMD 10. On
the other hand D378 is a conserved negatively charged residue within TMD 8. We
tested for several possibilities to ascertain the possible functional roles of these residues.
The mutant K431R was generated, functionally tested and found to be inactive.
Thereafter, the double mutant K431R+R466K was generated and it was seen whether
the K431R mutant could be rescued as in the case of the R466K+K382R mutation (see
section 4.6.2). This mutant was inactive as well.

Considering that with all three, even the subtle, mutations that were made in cationic
residues lead to greatly reduced transport function it could be possible that these
residues are involved in structural stabilization of the transporter through interaction
with an anionic residue. hOATI has a conserved cationic residue in TMD 8. The
molecular model of hOAT]1 proposed by Perry et. al predicts that this cationic residue
D378 may form salt bridges with R466 or K431. We therefore made the mutations in

which these residues were exchanged to test this interaction. However, upon functional
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testing no significant PAH transport could be measured in the double mutants
D378R+R466K and D378K+K431R. The results of PAH transport by all the mutations

mentioned above are shown in the combined figure below.
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Figure 4.29 PAH transport by following mutation of other conserved charged
residues in hOAT1 in various combinations. Oocytes were injected with the wild-
type (black) or mutant (grey) hOAT1 cRNA, or an equivalent volume of water (mock,
white). After three days of incubation, the uptake of 1 pM [*’H]PAH was determined for
30 min. Values shown are means = SEM from at least two separate experiments with
10-12 determinations each. Except for wild-type hOATI1, none of the other PAH
uptakes were significantly higher than mock.
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S. DISCUSSION

5.1 Characterizing hOAT1-mediated transport in stably transfected HEK-293
cells

5.1.1 Use of 6-carboxyfluorescein as a substrate for hOAT1-mediated transport
studies

It has been demonstrated earlier that renal proximal tubules are able to accumulate
fluorescein (Miller et al., 1996; Sullivan et al., 1990). The accumulation was inhibited
by probenecid and various competing organic anions, suggesting that fluorescein and
possibly some other fluorescent anions may be substrates for the OAT system and, thus,
serve as suitable probes to assess hOATI1 transport activity (Sullivan and Grantham,

1992).

A fluorescence based assay for characterizing hOAT1 mediated transport was first
demonstrated by Cihlar and Ho in 2000. They developed a fluorescence-based, 96-well
format assay using CHO cells stably expressing hOATI, which allowed for the
evaluation of interactions between small molecules and hOAT]1. The assay was based
on the inhibition of the transport of 6-carboxyfluorescein (6-CF), which was identified
as one of several fluorescent organic anions. The relative inhibition potency of various
known hOAT1 substrates determined using the 6-carboxyfluorescein based inhibition
assay correlated well with their K,, values, indicating that this fluorescent assay

exhibited a proper specificity for hOAT1 (Cihlar and Ho, 2000).

We used the stably transfected HEK-293 cell line (HEK293-hOAT1) to characterize
hOAT]1 mediated transport of 6-CF because HEK-293 cells present the advantage of
being of human origin rather than of rodent (CHO), canine (MDCK), or porcine (LLC-
PK,) origin and are well-differentiated human renal epithelial cells. Previous studies
have also demonstrated their suitability in such type of physiological investigations and
were similar to findings with intact renal proximal tubular cells (Ashokkumar et al.,
2006; Bahn et al., 2005; Fernandes et al., 1999). In our experiments the stably
transfected cells were capable of accumulating hOAT1 substrates to levels many fold

higher than those non-transfected cells. The expressed transporter exhibited the
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expected substrate specificities as well as susceptibility to inhibitors and functioned as

an organic anion/dicarboxylate exchanger.

As demonstrated by the time-course curve in Fig. 4.1, the fluorescent signal of 6-CF in
the cell lysate (after the transport assay) shows an approximately linear time
dependence during the first 4 min of the incubation. The transport was almost
completely brought down to he level of mocks by the addition of 100 uM probenecid
demonstrating that most 6-CF was transported via hOAT1 (Fig. 4.1A). The high
efficiency and low background of hOAT1-mediated transport of 6-CFL allowed these
experiments to be performed in the 24-well plates at room temperature. To determine
the affinity of 6-CF toward hOAT]1, kinetic parameters of the transport were analyzed.
Using a 2 min endpoint, a K, value of 5.5 uM, was estimated (Fig. 4.2). This is in
agreement with other reported Km values of 6-CF for hOAT1 (Cihlar and Ho, 2000).

5.1.2 Interaction of hOAT1 with intermediates of Krebs cycle

This system was then used to characterize the interaction of Krebs cycle intermediates
with hOAT1 in the HEK293-hOATI1 cell line. Krebs cycle intermediates such as
succinate, citrate, and a-ketoglutarate are transferred across plasma membranes of cells
in the proximal tubule epithelium, by secondary active transporters that couple the
downhill movement of sodium to the concentrative uptake of substrate. Several
transporters have been identified in isolated membrane vesicles and cells based on their
functional properties, suggesting the existence of at least three or more
Na'/dicarboxylate cotransporter proteins in a given species (Pajor, 1999). In human
kidneys, di- and tricarboxylates are taken up from both the luminal and the basolateral
side through sodium-coupled transport systems, thereby allowing maintenance of
intracellular concentrations of dicarboxylates three- to fourfold higher than those in the
plasma. In humans this job is done by NaDC3 and NaDCI in the basolateral and
luminal membranes respectively (Burckhardt et al., 2005; Markovich and Murer, 2004).
By Na'-coupled uptake, NaDC-3 provides intracellular o-ketoglutarate used for organic

anion/dicarboxylate exchange through OAT1 and OAT3. Recently the substrate

90



DISCUSSION

specificity of the human analogue of NaDC3 was tested and it was reported that the
dicarboxylates glutarate, a-ketoglutarate, succinate, malate, fumarate and oxaloacetate
were appreciably translocated as indicated by the respective substrate-induced currents.
In contrast tricarboxylates, in the Krebs cycle like citrate, iso-citrate and cis-aconitate
showed a considerably slower translocation (Burckhardt et al., 2005). We tested a-
ketoglutarate, malate, citrate and succinate for interaction with 6-CF transport and
found that only a-ketoglutarate cis-inhibited 6-CF transport in the micro-molar range
with an ICsy of about 10 pM, followed by citrate (ICsp: 1.9mM) and succinate (ICso:
2.4mM) and malate did not produce a significant inhibition. Therefore we conclude that
only a-ketoglutarate is the intracellular exchange partner for hOAT1 among the Krebs

cycle intermediates tested.

5.1.3 The influence of chloride substitution on hOAT1 mediated transport

The HEK293-hOAT1 cell line was again used for testing the chloride and pH
dependence of hOAT1 mediated transport. Previously, pH dependence data only existed
in studies from vesicles prepared from basolateral membrane of the renal cortex
(Eveloff, 1987). The inhibition of PAH transport upon chloride substitution was
reported in studies that reported the initial cloning of the transporter (Hosoyamada et
al., 1999; Race et al., 1999) and earlier in a study in renal cortex basolateral membrane
vesicles (Pritchard, 1988). Our results established some key points. We report that
OAT]I is stimulated by chloride and that chloride binding shows positive co-operativity
with a Hill coefficient of about 2.7. Chloride dependent stimulation is applicable for
substrates of OAT1 that are structurally very different, like PAH (monovalent),
glutarate (divalent) and ochratoxin A (monovalent bulky), which has not been shown
previously. We showed that in the absence of chloride (like in its presence) an acidic pH
and preloading with the exchange partner could enhance substrate transport. Therefore
functional properties were intact. Later on it is discussed that the affinity for PAH did

not change in the absence of chloride.
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5.2 Mutational analysis of hOAT1

5.2.1 Mutation of charged residues in hOAT1

Mutational analyses of hOAT]1 in this study involved four charged amino acid residues,
and mutations were made with different combinations of amino acid substitutions to test
different hypotheses. R466 and K382 were selected because they were the only cationic
amino acids in a transporter that predominantly transports anions, which were
completely conserved amongst OATSs, corresponding amino acids in the organic cation
transporter were oppositely charged, and were within (R466) or at (K382) putative
transmembrane helices of hOATI1. The third and fourth residues namely the cationic
K431 and anionic D378 were selected based on correspondence with a group that was
involved with producing a molecular model of hOAT1. According to them K431 could
be involved in substrate binding and both K431 and both R466 and K431 could possibly
form salt bridges with D378 and thereby play a structural role. Therefore we made the
double mutation constructs R466D/D378R and K431D/D378K to see whether we could
mimic this interaction (if it were there) by simply exchanging amino acids. Both sets of
double mutants as well as the respective single mutations did not show PAH transport
significantly above that by mocks. This showed that the purpose of these residues was
not only to serve as charge neutralizing pairs. Coming back to the original residues
identified by us, mutations K382A and K382R turned out to be non-functional as well
with respect to PAH transport. In all, only the very subtle mutation where arginine at
position 466 was replaced with lysine, R466K, showed transport capability (about 15%
that of wild type hOAtl) that lent itself to further characterization and will be discussed
in detail in the next section.

The residues mutated by us lie in the 8™ and 11™

transmembrane domains (TMDs) that
we believe are domains involved in substrate recognition and translocation. The recent
three-dimensional model of hOAT1 confirmed this hypothesis and inferences drawn
from our mutational analyses fitted well with the proposals made by this model (Perry

et al., 2006). Firstly, TMDs 8, 10 and 11 were shown to be involved in charge
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recognition and substrate translocation. The residues R466 (TMD 11), K382 (TMD 8),
and K431 (TMD 10) were recognized to be amongst the ones that formed the substrate
binding site. Therefore, it is reasonable that all but the most subtle mutation produced in

these critical residues translated into considerable loss of function.

5.2.2 Characterization of mutations produced in arginine at position 466

We showed that R466 is important for both, binding of dicarboxylates and
conformational changes required for substrate translocation. Mutation of this positively
charged residue R466 to a negative aspartate D or neutral asparagine N, led to severely
reduced transport of PAH. No trans-stimulation of radiolabeled PAH influx could be
seen upon preloading with the exchange partner glutarate, suggesting that interaction
with dicarboxylates was abolished. In earlier studies with the flounder OAT1 (11) it was
shown that this mutation led to loss of interaction with dicarboxylates and no trans-
stimulation or cis-inhibition of PAH transport could be demonstrated along with a
reduction of PAH affinity. Because of the extremely low uptake of R466D mutant in
hOAT1 we were unable to measure affinity. Since in flounder OATI1 only a non-
conservative R to D substitution was made in the present study we made a conservative
mutation wherein the cationic arginine 466 in hOAT1 was mutated to lysine (K),
another cationic amino acid. We report that this conservative mutation could rescue the
R to D mutant in many ways. Firstly, the transport rate was increased; secondly, the
affinity remained similar to the wild type transporter; thirdly cis-inhibition profile of the
mutant by a series of dicarboxylates of increasing chain lenghths remained qualitatively
similar to the wild type; and fourthly, the mutant transported glutarate and could also be

trans-stimulated by it.

The counterparts of R466 in hOAT1 have been investigated in other transporters of the
SLC22 family, namely, in fOAT1 (mentioned previously), rOCT1 (26), mOAT3 (12)
and rOCT2 (27). In the above cases, both, a conservative mutation and K
determination was only made for hOAT]1 (present study) and for rOCT1. In both cases
it was found that K, values remained same (PAH for OAT1 and MPP for OCT1) or
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were decreased (choline, TEA, Nl-methylnicotinamide for OCT1), whereas maximal
transport rate (Vma) went down severely, suggesting that the arginine is key for
conformational changes required for substrate translocation, which may explain the low
turnover number and unaltered affinity (for PAH) in a charge conservative mutation.
Since the low V. could have been due to reduced surface expression, we checked for
membrane trafficking and found similar expression of the mutant and wild type

transporters.

Since arginine is ~1.5 A longer than lysine, and has a different pK, and hydrogen
bonding profile, one possible explanation why lysine does not substitute for arginine is
that R466 plays a role in conformational change via short range interactions and
shortening the residue even by this little is not able to rescue the reduced turnover. The
low turnover number indicates that this residue also contributes structurally to the
transporter apart from its interaction with dicarboxylates. Due the broad substrate
specificity of hOATI, it is likely that a number of residues will contribute to substrate
binding. The 3-dimentional model of hOAT1 proposes that hOATI has a large
positively charged molecular surface from the N-terminal side through the central
cavity, due to cationic amino acids and R466 sits at the opening of this pocket. The fact
in the R466K mutant affinity for PAH remained unchanged and interaction with
glutarate could be rescued by simply manipulating the charge implies that this residue is
important for binding of dicarboxylates and may or may not be a player in PAH
binding. Altogather, it can be concluded from the results that R466 is a charge

recognizing residue in OATI.

Our second set of observations were concerned with determining what role chloride
plays in OATs. Chloride-dependent regulation has been reported for a number of the
cloned OATs (6,18,28), and an earlier study using basolateral membrane (BLM)
vesicles from rat kidney (29). While OAT1 and OAT3 have been reported to be
dependent on chloride such that the rate of transport decreases in the absence of
chloride, other transporters like hOAT4 have been reported to be stimulated under

chloride free conditions suggesting CI"”/OA™ exchange (Hagos et al., 2006). Firstly, we
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quantified the transport of OATI1 substrates of different physicochemical properties
namely: PAH (monovalent anion), glutarate (divalent anion), and OTA (bulky
monovalent anion), all high affinity substrates of OAT1, in the presence and absence of
chloride. For PAH we found that chloride removal brings down transport rate to ~13%
of the original value. This was also the case for the other substrates namely, glutarate
and ochratoxin A. Therefore, we conclude that the chloride effect is a general

phenomenon on hOAT1 and not dependent upon the substrate.

Kinetic analyses of PAH transport in wild type hOAT], in the presence and absence of
chloride showed no significant change in affinity but greatly reduced V.. Since
affinity for PAH did not change in the absence of chloride, it can be considered that
chloride does not interact with the PAH binding site. There arise two ways of
interpreting these findings. One, chloride is co-transported with organic anions via a
binding site different from that of PAH; two, chloride binds to OATI but is not
transported and serves other purposes important for turnover. The possibility of chloride
transport has been tested in the earlier study by Pritchard, JB using basolateral
membrane vesicles and it was found that °CI” uptake by renal cortex basolateral
vesicles was not altered by PAH transport nor could a chloride gradient (in > out)
stimulate PAH entry. Therefore chloride is not co-transported. We favor the other
possibility that chloride binding stimulates the transporter through conformational
changes resulting in increased turnover of the transporter. That is why chloride
depletion leads to lowered V. at unaltered K;,. Based on our results, it is likely that
chloride exerts these effects through the amino acid arginine 466, since the mutant
R466K essentially behaves like hOAT1 under chloride free conditions - it has similar
affinity for PAH, it can be cis-inhibited and trans-stimulated by dicarboxylates,

however it is not stimulated by chloride.
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5.3 Outlook

To date at least 43 residues have been mutated and functionally tested for transport in
different isoforms of the OATSs, and more have been identified in the form of single
nucleotide polymorphisms in the human population. These range from residues that are
important for substrate binding and translocation, residues that modify substrate
selectivity, and residues that are involved in glycosylation or regulation of the
transporter through kinases. Species differences in OATs with respect to substrate
selectivity and even membrane sorting have been identified. Role of OATs in drug-drug
interactions has been recognized and screening for interaction with OATs for new drug
entities has been made mandatory by drug regulatory authorities. Nonetheless, many
questions remain to be answered. First, several uncharacterized (orphan) transporters in
the SLC22A superfamily remain, and further investigation is therefore required to
determine their functions. Second, knowledge of the mechanisms by which OATs are
regulated is lacking. Third, clarification of the three-dimensional (3D) structures of
OATs is necessary to understand the broad substrate recognition of OATs so that a valid
pharmacophore may be proposed. Because of difficulties in the purification and
crystallization of membrane transporter proteins, the 3D structures of transporters have
yet to be clarified. Fourth, a comprehensive understanding of the apical exit pathway for
organic anions in the kidneys and the PDZ interaction on apical OATs is an important
issue. Finally, the pathological significance of OATs is of great interest. Originally,
studies on OATs were focused on the molecular mechanisms that underlie the
elimination of xenobiotics. However, recent studies have unveiled the reabsorptive roles
of endogenous compounds, such as urate, for OAT isoforms. This implies that the
fundamental roles of OATSs are not restricted to pharmacological and toxicological

roles. Thus, genetic defects of OATs might give rise to pathophysiological states.
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