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Abstract

Recent investigations involving experiments on intact rabbit renal proximal tubules indicated that
organic anion transporter 3 (OAT3) may be involved in the transport of DMPS. Therefore, we
have evaluated the interaction of OAT3 with DMPS to determine the impact of OAT3 on
basolateral DMPS uptake. We used stably transfected HEK293 cells, expressing human and rabbit
orthologs of the exchanger OAT1 and OATS3. Using 6-carboxyfluorescein (6-CF) as a substrate,
the 1Cgq determinations for reduced DMPS (DMPSH) revealed a stronger interaction with OAT1
as compared to OAT3 (rbOatl: 123.3+£13.7 UM, hOAT1: 85.1+8.8 uM, rbOat3: 171.7+22.3 uM
and hOAT3: 172.2+36.4 puM). However, inhibition of 6-CF uptake by the oxidized form of DMPS
(DMPSS), the main form of DMPS in the blood, showed a preference of OAT3 (rbOatl: 237.4+23
UM, hOAT1: 104.6+13.1 uM, rbOat3: 52.4+7.6 uM and hOAT3: 31.6+6.6 uM). In order to
determine if DMPSH and DMPSS are substrates for OAT3 we performed efflux studies with
[14C]glutarate and inwardly directed gradients of glutarate. The inhibitors trans-stimulated the
efflux of [14C]glutarate, suggesting that OAT3 may be able to transport both forms of DMPS.
Based on the substantial interaction of OAT3 with DMPSS we conclude that OAT3 represents the
dominant basolateral player in renal detoxification processes resulting from use of DMPS.
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Introduction

Some heavy metals, including lead, cadmium and mercury, are accumulated during urinary
excretion in renal proximal tubule cells, causing chronic renal diseases (Sabolic 2006;
Bridges and Zalups 2005b). A common procedure to increase the renal elimination of heavy
metals and thus to reduce the burden on the kidneys is the application of the drug
“Dimaval”, the active agent of which is 2,3-dimercapto-1-propanesulfonic acid (DMPS).
DMPS is negatively charged under physiological conditions and, consequently, belongs to a
structural class of compounds collectively referred to as “organic anions” (OAs). Following
oral application DMPS is found in the blood in both reduced (DMPSH) and oxidized
(DMPSS) forms, with DMPSS representing the predominant species (Hurlbut et al. 1994).
DMPS possesses two vicinal, free sulfhydryl groups with a high chelating potency for heavy
metals, particularly mercury. Its effectiveness in vivo is due to the high affinity of DMPS for
mercury and the ability of DMPS to access the intracellular compartment.

The entry of mercury into renal proximal tubule cells (RPTs) involves organic anion
transporters (OATSs), especially OAT1 and OAT3 (Lash et al. 2005b). These OATS are well
characterized OA/dicarboxylate exchangers located at the basolateral side of proximal
tubule cells, that facilitate the uptake of a broad range of organic anions into RPT cells as
the first step in renal secretion (Burckhardt and Burckhardt 2003; Wright and Dantzler 2004;
Rizwan and Burckhardt 2007). There is some evidence that OAT1 and OAT3 may also play
an important role in the detoxification process of heavy metals like mercury, mediating the
uptake of DMPS into the proximal tubule cells (Bridges and Zalups 2005a).Human organic
anion transporter 1 (hOAT1) is able to translocate both DMPSH (reduced DMPS) and
DMPSS (Islinger et al. 2001), and comparison of the uptake characteristics displayed by
rabbit OAT1 (expressed heterologously) and the uptake characteristics of the non-perfused
rabbit single proximal tubule S2 segments, further supported the idea of an involvement of
OAT1 in DMPSH uptake in vivo (Bahn et al. 2002). An extension of these studies was
recently published by Lungkaphin and coworkers (Lungkaphin et al. 2004). Based on the
fact that rabbit Oatl1 (rbOatl) and rabbit Oat3 (rbOat3) can be distinguished by their
substrates, p-aminohippurate (PAH) and estrone sulfate (ES) respectively, the authors
provided the first evidence that OAT3 may play a role in DMPS, and especially DMPSS,
uptake into proximal tubule cells. However, there was no direct proof to support this
hypothesis, showing the interaction of OAT3 with DMPS.

In the present study we explored the interaction of human OAT3 with reduced and oxidized
DMPS and compared these data with the characteristics of hOAT1 and of the rabbit
orthologs of OAT1 and OATS3 to evaluate the possible contribution of OAT3 to DMPS
transport in vivo. Our results illustrate that in both species OAT1 interacts strongly with
DMPSH, whereas OATS3 prefers the oxidized form DMPSS. Moreover, trans-stimulation
experiments provide the first molecular evidence that OAT3 may translocate both
substances, indicating that it may play a substantial role in renal basolateral DMPS uptake.
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Materials and Methods

Reagents

Materials used included fetal bovine serum, trypsin, and PBS from Invitrogen (Groningen,
The Netherlands). All chemicals were of analytic grade and purchased from Sigma-Aldrich
(Deisenhofen, Germany). 6-Carboxyfluorescein (6-CF) was purchased from Molecular
Probes (Leiden, The Netherlands). [}4C]glutarate (GA), (glutaric acid, [1,5-14C]-, 30.8 mCi/
mmol) was obtained from ICN (Costa Mesa, CA).

Handling of DMPSH and preparation of DMPSS

The reduced form of DMPS (DMPSH) in solution is rapidly oxidized (6%/h). For this
reason we always used fresh solutions of DMPSH. To obtain DMPSS, DMPSH was
oxidized overnight as previously described (Islinger et al. 2001; Lungkaphin et al. 2004).

Stable transfection and cell culture of OATs in HEK293 cells

The recombinant epithelial kidney cell lines T-REx™ HEK293-hOAT1, -hOAT3, -rbOatl
and -rbOat3 were established using the Flp-In™ expression system (Invitrogen, Karlsruhe,
Germany) according to the manufacturer’s protocol. Briefly, the cDNAs of hOAT1
(GenBank Acc.-No. AF097490), hOAT3 (BI760120), rbOatl (AJ242871) and rbOat3
(AF533644 and AJ489526) were cloned into the Flp-In™ expression vector pcDNAS/FRT,
containing a Flp recombination target site linked to the hygromycin resistance gene. These
constructs were co-transfected with the Flp recombinase expression vector pOG44 into Flp-
InN™ HEK293 cells. Cells stably expressing hOAT1, hOATS3, rbOatl or rbOat3 were
selected by maintaining cultures in the presence of hygromycin (200 pg/ml). Cells were
grown in flasks containing Dulbecco’s modified minimum essential medium (with high
glucose) supplemented with 10% fetal bovine serum, penicillin (100 units/ml), streptomycin
(100 pg/ml) and blasticidine (5 pg/ml). Cultures were maintained in a humidified
atmosphere containing 5% CO, at 37 °C. Cells were split with a ratio of 1:5 every 3 to 4
days.

Uptake and efflux experiments

The cells were harvested and plated in 24-well plastic dishes (Sarstedt, NUmbrecht,
Germany) at a density of 2x10° cells/well. Transport assays were performed 48 h post
seeding in mammalian Ringer (MR) solution (in mM): 130 NaCl, 4 KClI, 1 CaCly, 1 MgSOyq,
1 NaH,PO,4, 20 HEPES and 18 glucose at a pH of 7.4. For uptake experiments cells were
washed twice with 500 pl MR and incubated in buffer containing 5 pM 6-carboxyfluorescein
(6-CF) with or without increasing concentrations of DMPSH or DMPSS for 2 min (hOAT1
and rbOatl) and 10 min (hOAT3 and rbOat3) at RT. The incubation was stopped, and the
extracellular 6-CF was removed by washing the monolayer 2-3 times with 500 to 1000 pl of
ice-cold PBS. Afterwards, the cells were dissolved in 1 ml 0.5 N NaOH and the 6-CF
accumulation was determined in a fluorescence spectrophotometer (Hitachi, Tokyo, Japan)
at 492/512 nm (excitation/emission). For the determinations of the concentrations of DMPS
in its reduced and oxidized forms that blocked 50% of 6-CF uptake (ICsg) the following
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equation (eq. 1) was used and fitted by non-linear regression with SigmaPlot 2001 (SPSS
Science, Chicago, IL, USA).

Vo

1+(ﬁ)h

V=
eq. 1

Where v is the rate of 6-CF uptake in the presence of the inhibitor (DMPS in its respective
form), vq is the rate of 6-CF uptake in the absence of the inhibitor (in this case set to 100%),
I is the inhibitor concentration, and h is the Hill coefficient representing the cooperativity
between the tested substances and the transporter.

For trans-stimulation experiments, cells were preloaded with [14C]glutarate (1,8 uM) for 1h
at 37°C and the efflux was measured for 10 min at 37°C in the presence of glutarate,
DMPSH or DMPSS, each in a concentration of 500 uM, and compared to control efflux
measured in MR solution without added test agents.

Kinetic and statistical analysis

Results

Unless indicated otherwise, data are the mean (xS.E.M.) of four independent experiments
(DMPSH) or three independent experiments (DMPSS) with triplicate determinations each.
Statistical analysis was performed using Microsoft Excel (Microsoft, Unterschleiheim,
Germany) and SigmaPlot 2001 (SPSS Science, Chicago, IL, USA).

Inhibition of 6-carboxyfluorescein uptake of OAT3 by reduced DMPS (DMPSH)

In order to determine the interaction of OAT3 with the reduced form of 2,3-dimercapto-1-
propanesulfonate (DMPSH) and to match this data to OAT1 transport characteristics, we
measured the uptake of 6-carboxyfluorescein uptake by stably transfected HEK293 cells,
expressing rbOatl, hOAT1, rbOat3 or hOATS3, or by non-transfected cells - (generally
referred as mock cells), in the presence of increasing concentrations of DMPSH. These
experiments resulted in 1Cgp-values of 85.1+8.8 uM for hOAT1 and 123.3+13.7 uM for
rbOatl (see table 1). Human and rabbit OAT3 displayed a lower (compared to OAT1), but
species independent interaction with DMPSH, with ICgp-values of 172.2+36.4 uM (hOAT3)
and 171.7+22.3 uM (rbOat3)(Fig. 1A+B).

Inhibition of 6-carboxyfluorescein uptake of OAT3 by oxidized DMPS (DMPSS)

The interaction of OAT3 with the oxidized form of DMPS (DMPSS) is of importance,
because DMPS is rapidly oxidized in the blood, thereby making DMPSS the principal form
of the chelator to which the transporters are exposed in vivo. Inhibition of 6-
carboxyfluorescein uptake by increasing concentrations of DMPSS in HEK293-hOAT1 and
HEK?293-rbOat1 cells resulted in 1Cgy-values of 104.6£13.1 uM and 237.4+23 uM,
respectively (table 1). However, both human and rabbit OAT3 orthologs displayed a higher
apparent affinity for DMPSS (ICggp-values of 31.6+6.6 UM and 52.4+7.6 UM, respectively),
compared to OAT1, consistent with the evidence that OAT3 plays an important role in the
basolateral uptake of DMPSS into the proximal tubule cell (Fig. 2A+B).
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Effects of unlabeled DMPSH and DMPSS on the efflux of 14C-glutarate from hOAT3- and
rbOat3-stably transfected HEK293-cells

Since the inhibition of 6-CF-uptake by DMPSH and DMPSS does not prove that either is
transported via OAT3, we investigated the rate of [1*C]glutarate efflux of cells, in the
presence of inwardly-directed gradients of DMPSH, DMPSS or unlabeled glutarate. Efflux
in the presence of mammalian Ringer was set to 100%. As expected extracellular glutarate
trans-stimulated efflux of labelled (Fig. 3). Additionally, we observed significant
stimulation of the efflux of [1#C]glutarate by extracellular DMPSH (rbOat3: 6.8%, hOAT3:
8.6%) as well as by DMPSS (rbOat3: 6.7%, hOAT3: 4.6%), supporting the view that OAT3
may be able to translocate both substances.

Discussion

Nephrotoxicity of mercury correlates well with the expression of the basolaterally localized
organic anion transporters, OAT1 and OATS3, in renal proximal tubule cells (Lash et al.
2005a). Mercury ions conjugated with low-molecular weight thiols as well as methyl-
conjugates are known substrates for OAT1, which facilitate an efficient renal accumulation
of these toxic compounds (Aslamkhan et al. 2003; Zalups and Ahmad 2005). Interestingly,
besides the involvement of OATS in mercury toxicity, there is increasing evidence that
OATSs and NaDC3 are also involved in detoxification processes of heavy metals (Zalups
1995; Bridges and Zalups 2005c; Burckhardt et al. 2002). In this context, medication with
2,3-dimercapto-1-propane-sulfonate (DMPS), an efficient metal chelator of low toxicity, is a
well established clinical treatment for cases of mercury or arsenic poisonings, leading to a
rapid mobilization of these heavy metals and subsequent secretion into the urine (Zalups et
al. 1991). We have recently shown that OAT1 transports both forms of DMPS found in the
body, i.e., the oxidized (DMPSS) and reduced (DMPSH) species. Using the rabbit kidney
proximal tubule as a model, we found similar transport characteristics for DMPSH with the
isolated rbOatl clone and the non-perfused single proximal tubule S2 segment, indicating
that DMPSH is a substrate for OAT1 in vivo (Bahn et al. 2002). This observation also holds
true for the isolated human OAT1 clone (Islinger et al. 2001).

Functional characterizations of rbOat1 and rbOat3 resulted in clear-cut substrate specificities
with exclusive affinities of rbOatl for PAH, and of rbOat3 for estrone sulfate (ES, (Zhang et
al. 2004)). Therefore, it became possible to discriminate between rbOatl and rbOat3
function in vivo. To determine whether OAT3 is involved in renal handling of DMPS,
Lungkaphin and coworkers examined PAH and ES transport in rabbit renal proximal tubule
S2 segments as well as in tubule suspensions (Lungkaphin et al. 2004). It was found that
DMPSH interacted with PAH (Kgpp 0f 405 M) and ES (Kgpp 0f 320 UM) transport
consistent with a possible contribution of OAT1 and OAT3 to DMPSH handling in vivo.

In terms of OATL this observation corresponds to previous reports (Islinger et al. 2001;
Bahn et al. 2002) and the results of the present study, in which we determined the interaction
of rbOat1 and hOAT1 with DMPSH in one assay system using stably transfected HEK293
cells and 6-carboxyfluorescein (6-CF), a substrate for OAT1 and OAT3 (Bahn et al. 2005).
Our data confirm our previous determination of rbOatl interaction with DMPSH (102 uM
(Bahn et al. 2002) versus 123 pM, this study), validating the assay system. The similar
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interaction of DMPSH with both human and rabbit OAT1 is consistent with the view that
OAT1 may play a similar role in both species mediating DMPS entry in renal proximal
tubule cells. However, in rabbit proximal tubules, the marked difference in inhibition of
fluorescein uptake versus PAH uptake produced by DMPSH (ICsq values of 76 uM (Bahn et
al. 2002) and Kapp 405 pM (Lungkaphin et al. 2004)), respectively), leaves open the
question of whether OAT1 is the main PAH-sensitive route for basolateral DMPSH uptake
into proximal tubule cells. An additional candidate might be OAT2 which, in humans, also
transports PAH (Sun et al. 2001). The rabbit Oat2 (rbOat2) ortholog sequence was recently
identified (Acc.-No.: DQ146940), but its PAH-affinity has not been determined yet. We
assume that rbOat2 is expressed at the basolateral side of proximal tubule cells like human
OAT2 (Enomoto et al. 2002), and works in a concerted action together with OAT1 and
OAT3 to mediate basolateral entry of organic anions (manuscript in preparation).

Rabbit Oat3 as well as hOAT3 exhibited a substantial interaction with DMPSH with 1Cgg-
values of 171 uM and 172 uM, respectively, indicating a species independent involvement
of OAT3 in DMPSH transport. This observation is further supported by trans-stimulation
experiments, providing the first evidence that OAT3 may support exchange of DMPSH for
glutarate, a well-known substrate for OAT3 (Bakhiya et al. 2003; Sweet et al. 2002). The
ICso-values for all four transporters for DMPSH are close to the apparent K, values for the
single tubule measured with fluorescein (76 uM, (Bahn et al. 2002)) consistent with the
evidence of a significant role of OAT1 and OAT3 in basolateral DMPSH uptake in vivo.

For oxidized DMPS (DMPSS) we found a clear difference in the interaction between rabbit
and human OAT1, suggesting different contributions of these transporters in these species in
vivo. Both an 1C5gp-value of 105 uM for DMPSS inhibition of hOAT1, and the fact that
hOAT1 facilitates DMPSS/glutarate exchange, provide evidence of an involvement of
hOAT1 in DMPSS uptake in vivo, which is not reflected by the high Ky, value found for
the PAH-dependent transport system in single rabbit tubules (Lungkaphin et al. 2004). We
observed a similar discrepancy in DMPSS interaction with the isolated OAT3 clones studies
here and the ES-transporting systems in vivo measured by Lungkaphin and co-workers.
Whereas a Kqpp value of 696 pM for single rabbit tubule segments suggests a limited
involvement of OAT3 in DMPSS uptake in vivo, we found on the other hand a relatively
high, and species-independent, affinity of OAT3 for DMPSS. Additionally, the significant
trans-stimulation of glutarate efflux of OAT3-expressing cells induced by DMPSS suggests
that OAT3 may be an important mediator of DMPSS uptake at the basolateral side of
proximal tubule cells.

A reason for the high Kapp values in single rabbit tubules compared to the low 1Csq values
for the interaction of DMPS determined in this study may be the involvement of other, not
yet identified, low affinity transport systems, or differences in expression levels of OAT1
and OAT3 in different systems. Along this line, with a plasma concentration of 70 uM
detected in patients treated with DMPS (Maiorino et al. 1991), we suggest that OAT3 is
most probably the main basolateral route for excretion of both forms of DMPS (Fig. 4),
particularly because OAT3 expression exceeds that of OAT1 in human kidney ((Motohashi
et al. 2002; Groves et al. 2006; Lungkaphin et al. 2006)).
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Fig. 1.

Concentration dependence of rbOAT3 (A) and hOAT3 (B) mediated uptake of 5 uM 6-CF
into HEK293-OAT cells using various concentrations of DM PSH for 10 min at RT. Each
point represents the mean of triplicate measurements from 4 separate experiments.
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Fig. 2.
Concentration dependence of rbhOAT3 (A) and hOAT3 (B) mediated uptake of 5 uM 6-CF

into HEK293-OAT cells using various concentrations of DM PSS for 10 min at RT. Each
point represents the mean of triplicate measurements from 3 separate experiments.
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Fig. 3.

Ef?‘ect of inwardly directed gradients of glutarate, DMPSH, or DMPSS (each in a
concentration of 500 uM) on 14C-glutarate efflux in stably transfected HEK293 cells
(rbOAT3, hOAT3). HEK293-OAT cells were preloaded with 14C-glutarate for 1h at 37°C.
The efflux was calculated as percentage of 14C content recovered in the supernatant
compared with the sum of total radioactivity recovered in the medium and that remaining in
the cells at the conclusion of a 10 min efflux period at 37°C, where OAT-expressing cells in
Ringer’s solution were set to 100%. Data are expressed as means SE of triplicate
measurements from 3 separate experiments. If not otherwise noticed all tested substances
showed a highly significant (P < 0.001) efflux of [}4C]glutarate. *P < 0.05; **P < 0.01;
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Model for basolateral entry of DMPSH and DMPSS via OATs and NaDC-3.
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Table 1
OAT1 OAT3
rabbit human rabbit human
DMPSH | 123.3+13.7 85.1+8.8 171.7+£223 | 1722+36.4
DMPSS 237.4+23 104.6 +13.1 524+76 31.6+6.6
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