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ABSTRACT 

Understanding renal transport mechanisms is essential to predicting molecular 

interactions and targeting drugs to specific transporters. This study focuses on 

characterizing rbOATl and rbOAT3 with respect to interactions with compounds that 

varied in charge, length and hydrophobicity. Straight chain dicarboxylates of five carbons 

or more inhibited both transporters well. Maximum inhibition occurred with glutarate 

(5C). Monocarboxylates interacted poorly with both transporters, yet exhibited greater 

inhibition as the chain length increased. Aromatic dicarboxylates inhibited both 

transporters optimally at a charge separation similar to that of glutarate. Both OATl and 

OATS were inhibited by reduced and oxidized 2,3-dimercapto-l-propane sulfonate 

(DMPS). To test the chemical properties of DMPS that facilitated its interaction with 

rbOATI and rbOATS, I used 3-mere apto-1-propane sulfonate and found that the SH 

groups are essential in stabilizing DMPS to the binding sites. These results indicate that 

the size, hydrophobicity, charge, and H-bonding capabilities of a molecule work together 

to stabilize it to the transporter binding site. 
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INTRODUCTION 

The organic anion (OA) transport pathway is essential in the secretion of 

endogenous and exogenous compounds such as anionic drugs and their metabolites. It is 

also one of the first lines of defense against toxic molecules such as the zwitterionic 

nephrotoxic cysteine S-conjugates S-dichlorovinylcysteine (DCVC) and S-

chlorotrifluoroethylcysteine (CTFC) [12,13]. Until recently, the classical OA transport 

pathway had been most thoroughly described in rat tubule perfusion studies which 

focused on the effect of structurally different compounds on OA secretion [26,31,32,33], 

With an increasing knowledge of how OAs are transported at the molecular level, there is 

a growing need to identify the secretory pathway of anionic molecules in detail. 

Comprehending the mechanisms that handle OA transport will help predict drug 

interactions and target OA molecules to specific transport pathways. Therefore, my 

research extends our present knowledge to include the molecular characteristics of 

transport of two such processes, the OA exchangers OATl and OAT3. 

The gene for the novel kidney transporter (NKT) also known as the organic anion 

transporter 1 (OATl) was first isolated from the mouse kidney [21], Its sequence has 546 

amino acids and was predicted to have 11 to 12 transmembrane domains (TMD). The 

gene also has a large extracellular loop with glycosylation sites between TMDl and 

TMD2 and an intracellular loop with PKC sites between TMD6 and TMD7 [21]. The 

NKT/OATl gene shares the topology and homology of several members of the "Major 

Facilitator Superfamily" (MPS), a superfamily of eukaryotic and prokaryotic nutrient 
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transporters [30], Within the MFS the NKT/OATl gene has high homology to the 

organic cation transporter (OCTl) gene. In fact OCXs and OATs not only share sequence 

similarities but also selected transport characteristics and common substrates [34,35]. 

The study of the molecular basis of OA transport has increased in parallel with the 

cloning of multiple orthologs. OATl has been cloned from the rat [25,28], human 

[14,22], flounder [36] and rabbit [2]. In addition, several homologous transporters have 

been identified within the OA Transporter family: OAT2 [11,24], 0AT3 [3,20,23] and 

OAT4 [4]. While the role of 0AT2 in the kidney appears to be relatively minor [24], both 

OATl and 0AT3 have been located to the basolateral membrane of proximal tubule [19] 

and been shown to mediate the exchange of mono and divalent OAs [29]. OAT4 has been 

localized to the luminal membrane [1], and is expected to be involved in the second step 

of epithelial membrane transport. 

It is appropriate to describe how these discrete transport processes fit into the 

current physiological model of renal OA secretion. OA secretion is a two-step process 

that occurs throughout the renal proximal tubule epithelium and involves transport of 

substrate across two membranes: basolateral and luminal. In the basolateral membrane, 

the organic anion exchangers OATl and 0AT3 exchange intracellular a-ketoglutarate for 

extracellular organic anions, a process driven by a combination of primary and secondary 

energy-requiring transporters. Sodium-dicarboxylate cotransporters account for 60% of 

the outwardly directed a-ketoglutarate gradient that drives the tertiary active transporters 

OATl and 0AT3 [6]. The remaining 40% of the gradient is maintained by metabolic 

processes. The electrochemical gradient that drives the secondary active process of 
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Na^dicarboxylate cotranspoit is established by the Na^/K^ATPase. The second step of 

secretion, which is the transport of OA's from the inside-negative intracellular 

compartment through the luminal membrane is not well understood, although it has been 

shown to be electrochemically downhill [6]. 

An immunolocalization study using rat nephrons located both rOATl and rOAT3 

to the Si, S2 and S3 segments of the proximal tubule [19], Observations from single rabbit 

tubule studies show the majority of PAH transport (an OAT 1-specific substrate in the 

rabbit) occurring in the S2 segment of the proximal tubule [27], while the majority of the 

transport of estrone sulfate (an 0AT3-specific substrate) occurs throughout the Si and S2 

segments and minimally in the S3 segment of the proximal convoluted tubule of the rabbit 

kidney [Anusom Lungkaphin, personal communication]. This is suggestive of the 

distribution of OATl and OATS transport in the renal proximal tubule. 

As noted previously, the classical process of renal OA secretion results in 

excretion from the body of a wide array of anionic xenobiotic compounds. Of particular 

interest has been the role of this process in the clearance of heavy metals (e.g., Hg, As, 

Fe), through the clinical application of anionic metal chelators, including DMPS. 

Chelation of metals involves interaction of the metal with one or more of the thiol groups 

contained in this class of compound. DMPS has been used both therapeutically and 

diagnostically [7,15]. A number of studies have demonstrated the utility of DMPS at 

clearing metals from renal tissue [8,15,17,38,39,40,41]. 

Because of the negative charge and low molecular weight of DMPS (refer to 

Table 1), it has been assumed that DMPS entry into renal cells involves interaction with 
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the classical OA transport pathway, and substantial evidence supports that assumption. 

In isolated perfused rat kidneys DMPS was not only found to be an effective chelator of 

HgCli but also found to have a net tubular secretion that was saturable and blockable by 

probenecid and p-aminohippurate [17]. In a study where rabbit renal tissue was exposed 

to HgCli and subsequently to a chelating agent it was found that DMPS was the most 

effective agent in removing Hg from both in vivo and in vitro tissue, and this effect was 

blocked by application of probenecid [15]. Studies done on S2 segments of rabbit 

proximal tubules have indicated that DMPS protects tissue from toxicity induced by 

heavy metals, and is moved from the bathing compartment into the luminal compartment 

[38]. Moreover, it has been found that DMPS is likely to be transported into proximal 

tubule cells via basolateral membrane transporters [2,16,18]. In light of the previously 

noted observation that PAH is an OAT 1-specific substrate in the rabbit [2], these 

observations implicate OATl as a pathway for DMPS entry into renal cells. In fact, both 

reduced and oxidized DMPS have recently been shown to inhibit PAH transport in 

Xenopous oocytes transfected with hOATl, with KiS of 22.4 ± 8.4 |j,M and 66 ± 13.6 pM 

respectively [16]. DMPS was also shown to inhibit fluorescein transport in Cos-7 cells 

transiently transfected with rbOATl (Kj of 102 |a,M [2]). However, the extent to which 

0AT3 interacts with the various forms of DMPS is not known. Thus I have included in 

this study experiments that assess the molecular properties of DMPS that aid in a 

favorable interaction with both transporters. Specifically, my experiments examined the 

influence of charge, hydrophobicity, and structure on binding of substrates to OATl and 

0AT3.1 have focused on the selectivity of the rabbit orthologs of OATl and OAT3 
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because of the particular advantages this species has for studies of renal OA secretion. 

The availability of rabbit kidney tissue, our ability to obtain data from intact isolated 

proximal tubules, and an 89% and 85% sequence homology to the human OATl and 

OATS respectively [2, Zhang X., personal communication] are all favorable points that 

supported the use of rabbit OA transporters for this study. 

From a broader perspective, the significance of addressing the substrate 

specificity of members of the OAT family lies in mapping out the basis of possible drug 

interactions, designing structurally similar drugs targeted for this pathway, and 

understanding the mechanism of transport for similar compounds. My hypothesis was 

that both transporters interact with compounds that possess similar chemical properties, 

yet these substrates will differ in affinity for the transporters. 
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MATERIALS AND METHODS 

L Materials 

The transport substrates included [^H]PAH (3.97Ci/mmol; Life Science Products, Inc.) 

and 6-carboxyfluorescein (Molecular Probes). Additional unlabeled substrates were 

purchased from Sigma-Aldrich. Other chemicals were obtained from routine sources and 

were typically the highest quality available. 

11. Cell Culture 

a. Creation of the Chinese Hamster Ovary (CHO) cell line that stably expresses rbOAT3 

and rbOATl. The Flp-In System (Invitrogen Life Technologies, Inc.) was used to place 

the genes of interest into Flp-In CHO cells. Flp-In CHO cells were electroporated in a 

4mm gap cuvette containing 10 |a,g of pcDNA5/FRT vector with either the rbOAT3 or 

rbOATI insert and 10 |a.g of salmon sperm (Invitrogen Life Technologies, Inc.), using the 

following conditions: 260 V, 160 |xF with zero resistance. Subsequently, dilution cloning 

was performed in order to select a single clone that stably expressed the gene of interest. 

Cells that expressed transport activity were identified by exposing them for 10 min to 5 

|aM 6-carboxyfluorescein and then visualizing accumulated fluorescent substrate using an 

epifluorescence-equipped microscope. The stable cells were maintained in Ham's F-12 

Kaighn's modification media (Sigma-Aldrich) in the presence of 10% non-heat 

inactivated Fetal Bovine Serum (Hyclone, Logan, UT) and 200 |J.g/ml of Hygromycin B 

(Invitrogen Life Technologies, Inc.). 

b. Uptake Experiments. The stable cells were seeded at a density of 3.5x10^ in twelve 

well cell culture plates (Cellstar) for next-day experiments. All experiments were 
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performed at room temperature. Uptakes of fluorescent substrates were performed with 

overhead fluorescent lights turned off (to reduce photobleaching of the dye). Before an 

experiment, each well was rinsed twice with 1 ml of Waymouth's Buffer (in mM: 135 

NaCl, 13 Hepes, 2.5 CaCl2-2-H20, 1.2 MgCla, 0.8 MgS04-7-H20, 5 KCl, 28 CeHnOe). 

Uptake experiments were typically performed using 5 [aM 6-CF as a substrate in the 

presence or absence of additional test compounds. To stop transport each well was rinsed 

three times with 2 ml of Waymouth's buffer containing 1 mM probenecid and 

resuspended in 0.800 ml of 0.5 N NaOH, 1.0% SDS. An aliquot of 0.750 ml was taken 

from each well and its fluorescence was measured in a Hitachi F-2000 Fluorescence 

Spectrophotometer. In a few experiments with OAT 1-expressing cells, uptake of 

[^H]PAH was measured. The results obtained were comparable to those of experiments 

that used 6-CF as a substrate. Uptakes were typically expressed as moles per cm of the 

confluent cell monolayer. 

TIT. DMPS Solutions and the Measurement of Free Thiol Groups 

Reduced DMPS solutions were prepared immediately before experiments. Oxidized 

DMPS solutions were prepared by bubbling reduced DMPS at room temperature with 

pure oxygen for 24 hours. This solution was typically used within 24 hours. Ellman's 

Reagent was used to measure free thiol groups, employing a solution prepared by 

dissolving 39.6 mg of DTNB in 10 ml of Phosphate Buffer (100 mM, pH 7.4). Each test 

tube contained 33.3 |il of Ellman's Reagent, 2mL of Phosphate Buffer (100 mM, pH 8.0) 

and 3 ml of the oxidized DMPS solution or the glutathione standard. After two minutes 

the absorbance was measured at 412 nm. The concentration of free thiol groups in the 
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oxidized DMPS solution was determined by comparing the measured values to the 

glutathione standard curve. 
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RESULTS 

1. Time course of 6-CF uptake into Flp In and cells 

The Flp In cells were exposed to 5 jiM 6-CF at different times points: 

1,2,5 and 10 minutes (Fig. la). Accumulation of fluorescence was approximately linear 

for 10 minutes, and the 2 minute point was chosen for future experiments. The same 

experiment was done on Flp In Accumulation of fluorescence into Flp In 

cells was generally slower than that noted for the OAT 1-expressing cells and 

a 5 min point of uptake was selected to represent the initial rate of 6-CF uptake into these 

cells (Fig. lb). 

In previous studies Fritzsch et. al. [10] characterized the "classical" OA transport 

pathway using a diverse set of compounds that differed in charge, length, hydrophobicity 

and aromaticity. We now know that this functionally defined pathway involves at least 

two distinct processes (i.e., OATl and OATS). Consequently, the model developed by 

Ullrich that describes the basis of substrate selectivity for renal OA transport 

[10,31,32,33,34] represents an 'average' of the separate characteristics of (at least) two 

transporters. In my characterization of OATl and OATS, I selected several sets of 

substrates that would serve to examine the influence of several parameters on selectivity 

of both transporters at the molecular level. The set of compounds included: 

dicarboxylates, monocarboxylates, aromatic anions, DMPS and molecules that were 

structurally similar to DMPS. 



<D 
CO 
a. 
o 

1000' 

800' 

•§ 600' 
Q. 

CO 

i 400' 
o 
0) s: 

200' 

2 4 6 

Time (min) 

1C 

600' OAT3 
control 

9- 500 

400' 

a. 
300' 

200' 

100 
control + block 

Time (min) 

Fig. 1. Concentration dependence of6-CF uptake in and 
The closed circles (•) represent the control uptake and the open 

circles (o) represent the control plus the block, (a) The initial rate of 
rbOATI mediated transport of 6CF was found to be 2 minutes, (b) 
RbOAT3 had an initial rate of transport of 5 minutes. 



II. Inhibition of 6-CF uptake by dicarboxylates 

As exemplified by their ability to exchange a-ketoglutarate (aKG) for a wide 

range of OAs, OATl and OATS must interact with divalent anions as well as monovalent 

anions. Moreover, because DMPS can exist in both monovalent (i.e., reduced) and 

divalent (i.e., oxidized) forms, understanding the selectivity of these transporters for 

divalent anions is relevant to understanding their role in the transport of these metal 

chelators. In previous studies [10,33] it was observed that the PAH transport system and 

the dicarboxylate transport system were most likely to interact with substrates that had a 

charge separation of 6-7A. It was also observed that the OA transport system was more 

likely to interact with the 5C dicarboxylate glutarate (identical to that for aKG). 

Compounds shorter or longer than glutarate were not as effective as inhibitors of renal 

OA transport. In my study, experiments were performed with dicarboxylic acids again 

ranging from 2 to 8 carbons in length. 

As expected there were no detectable interactions of OATl and OATS with oxalic 

acid (2C) or malonic acid (SC) (Table 1). These compounds have a distance between the 

carboxyl residues of about 1.40 A and 2.31 A, respectively. Nevertheless, as the distance 

between the carbons containing the anionic charges got closer to 4.64 A (i.e. glutaric 

acid), the compounds showed an increase in inhibition (Table 1). Succinic acid interacted 

weakly with both transporters. Glutaric acid had the lowest IC50 2.4 ± 2.0 ^M, n=2 in 

rbOATi (Fig. 2a) and 34.6 ± 2.6 |a.M, n=3 in rbOATS (Fig. 2b). In general, as the distance 

between its charges decreased below or increased above approximately 5 A, a 

dicarboxylate's affinity for the transporter decreased slightly (Table 1; Fig. 2d-f); the 
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Fig. 2. Inhibition of6CF uptake by dicarboxylic anions, (a) Glutaric acid is the best 
rbOATl inhibitor of the study, IC50 = 2.4 ± 2.0 |a,M. (b) Glutaric acid was also the best 
inhibitor for rbOAT3, IC50 = 34.0 ± 2.6 ^M. Adipic acid (c,d) and suberic acid (e,f) 
inhibited both transporters to a lesser extent. 
interactions with the transporters were the greatest at the distance of glutarate: 

succinate«glutarate> adipate. This suggests that divalent molecules that structurally 

resemble glutaric acid are more likely to interact with the both transporters. Despite 

observing the same general trends, rbOATB had a weaker affinity for all of the 

compounds in this set compared to rbOATI (Fig. 2g,h), a trend noted for the other 

compounds studies, as noted below. 
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III. Inhibition of 6-CF uptake by monocarboxylates 

Previous studies have shown that short chain monocarboxylic acids are 

comparatively poor inhibitors of the OA transport pathway and that in order for 

monocarboxylates to interact favorably with the pathway, a hydrophobic core of at least 

5A needs to be present in the molecule. My next set of experiments examined the 
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inhibitory effect on activity of rbOATl and rbOATS of straight chain monocarboxylates 

ranging from acetic acid (2C) to octanoic acid (8C). 

With the exception of octanoic acid, which inhibited with an IC50 of 5.95 ± 2.0 

IxM, n=2 in rbOATI (Fig. 3a) and 63.72 ± 91.60 [xM, n=3 in rbOAT3 (Fig. 3b), the 

monocarboxylates were poor inhibitors of both transporters. Figure 3c,d shows how 

inhibition improved with increasing chain length of the monocarboxylates; the increase in 

chain length might have facilitated an electrostatic or temporary attraction between the 

molecule and the binding sites. Also evident in Figure 3c,d is the fact that, in general, 

monocarboxylates were more effective inhibitors of rbOATI than of rbOAT3. 

Presumably, structural differences within the binding site might be responsible for 

making OATl more likely to interact with the inhibitors than 0AT3. 
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IV. Inhibition of 6-CF uptake by aromatic compounds 

Already evident in this study is the observation that charge separation and 

hydrophobic interactions play an important role in substrate interaction with the 

transporter. To further assess the influence of hydrophobic moieties on binding of 

compounds to the transporters, I tested a series of compounds that featured benzene rings 

o 

di-substituted with carboxyl residues (Table 1). Terephthalic acid (5.60 A between 

carboxyl residues) had the highest affinity for both transporters with an IC50 of 3.46 ± 

12.0 |xM in rbOATl (based on inhibition of [^H]PAH uptake) and an IC50 of 19.54 ± 6.3 

|j,M in rbOAT3 (based on inhibition of 6-CF uptake). Isopthalic acid had no effect on 6-

CF uptake mediated by rbOAT3 or PAH uptake in rbOATl. Interestingly, the distance 

between carboxyl residues in terephthalic acid corresponds closely to that in 6-CF. The 

distance between carboxyl groups and the hydrophobic mass on both compounds helps 

explain how terephthalic acid and 6CF interact well with both transporters. Thus, it is 

relevant to note that a study with a stable cell line [5] showed that uptake by 5-

carboxyfluorescein occurred at much lower levels than the uptake of 6-CF. 5-CF and 

isophthalic acid have a similar distance between carboxyl residues, <5A, and both appear 

to interact poorly with OATs. 

I also tried to examine the interaction of compounds of greater hydrophobicity, 

such as naphthalene dicarboxylate, but found that they were only slightly soluble in 

water. Nevertheless, the findings in this study agree with those in the previous study 

[10,32] in that hydrophobic interactions and distance between negative charges seem to 

aid in binding to OATl and I can also extend this reasoning to 0AT3. 
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V. Inhibition of 6-CF transport by reduced and oxidized DMPS 

DMPS is a compound of chnical relevance as it has been shown to increase the 

clearance of heavy metals both experimentally and clinically [7,16,38]. Studies have also 

shown that this compound interacts with OATl [2,16]. Figures 4a through 4d, show the 

effect of increasing concentrations of reduced (DMPSH) and oxidized (DMPSS) DMPS 

on the rate of 6-CF uptake into and cells. Both compounds 

produced a concentration dependent inhibition of 6-CF uptake and appeared to have very 

similar affinities for both transporters (refer to Table 1 for the structures of these 

compounds). The IC50S for rbOATl appeared to be similar at 52.4 ± 23 |a.M for DMPSH 

and 49.2 ± 13 p,M for DMPSS. This was also true for the interactions of both compounds 

with rbOAT3; DMPSH had a constant of 75.9 ± 22 ^M and the DMPSS had a constant of 

69.5 ± 25 ^M. 

Despite having similar apparent inhibition constants, both transporters are likely 

to have a higher affinity for the oxidized, rather than reduced, species of DMPS. This 

conclusion stems from the method by which we calculated the apparent IC50 values for 

the oxidized form of DMPS. The concentrations used to calculate these IC50S were based 

on the initial amount of reduced DMPS that was bubbled with pure O2. Therefore, the 

final concentration of oxidized DMPS, which exists principally in the form of cyclic 

dimers [16], should have been approximately half of the starting amount of reduced 

DMPS. Consequently, the IC50S calculated for the interaction of the oxidized species with 

both rbOATI and rbOAT3 were an overestimate of their true value. 
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The IC50 values for inhibition of rbOATl and 0AT3 by DMPS were generally 

higher than those obtained in a study that evaluated the kinetics of DMPS inhibition of 

hOATl transfected into oocytes (Kired= 22.4 ± 8.4 [iM, Kioxi= 66 ± 13.6 [iM) [16]. These 

studies were performed in different experimental models (i.e., cell culture vs. oocytes), as 

well as with different transporters, therefore the difference in kinetic values was not 

unexpected. 
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iniiibited rbOATl with an IC5o= 43.3 ± 79.8 |j.M. (b) Oxidized DMPS Inhibited the 
rbOATl transporter with an IC5o= 42.25 ± 13.0 [iM. Nevertheless, the constant for the 
oxidized DMPS was calculated using the initial concentration of reduced DMPS present 
before its oxidation. Thus, the transporter is better inhibited by the oxidized DMPS. (c) 
Reduced DMPS inhibited the rbOAT3 with an IC5o= 75.9 ± 22 |aM. (d) The oxidized 
species inhibited the transporter with an apparent constant similar to the reduced IC50, 
59.5 ± 25 [iM. 
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VI. Inhibition of 6-CF uptake by Sulfonic Acids 

The acidic residue of DMPS is a sulfonyl residue rather than the carboxyl residue 

found in the test agents described to this point. To examine whether the presence of a 

sulfonyl residue exerts a systematic effect on binding to OATl or OATS, I examined the 

effect of 1-heptanesulfonic acid, which corresponds in overall length to octanoic acid. 

The OATS transporter interacted with 1-heptanesulfonic acid with an IC50 of 84.9 ± 17.9 

|j.M (Table 1) that was similar to the value obtained with octanoic acid, 6S.7 ± 91.6 |j,M. 

This suggests that the chemical properties of the SO^' group are similar to those of a 

COO" group. However, a compound containing a sulfonyl group has a greater polar 

character and is perhaps more likely to react better in aqueous conditions. This might 

explain in part how a molecule as small as DMPS (length of approximately 5.04A) is a 

better substrate for rbOATs than propionate, butyrate, valerate, and isovalerate. 

VII. Inhibition of 6-CF uptake by compounds that are structurally similar to DMPS 

Compounds structurally similar to DMPS (see Table 1) were used in order to 

identify the properties that help DMPS have a favorable interaction with the transporters 

despite its relatively short chain length. Interestingly, isovaleric acid, 3-mercapto-

propanesulfonate (MPS), and meso-2,3 dimercaptosuccinic acid (DMSA) had very little 

or no interaction with the rbOATS transporter. However, 3-MPS did interact with the 

rbOATl transporter with an IC50 = 385 ± 5 juM (Fig. 5). I believe that the SH group on 

MPS interacts with cationic residues within the OATl binding site that are harder to 

reach in the binding site of the 0AT3 transporter. Perhaps a combination of strong acidity 
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(from the SO^' group) and hydrogen bonding (to the SH groups) make reduced and 

oxidized DMPS good substrates. Nevertheless this experiment shows how the SH group 

on the second carbon of DMPS is necessary for its interaction with the rbOAT3 

transporter. 

a\T1 
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E I2i  
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I • 

1000 2000 3000 4000 5000 
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Fig. 5. Inhibition of6CF transport by 3-MPS in rbOATl. (a) 3-MPS 
inhibited rbOATI with an IC50 = 385 ± 5.0 |xM while it failed to interact 
with rbOAT3 at high substrate concentrations (5 mM MPS). 
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DISCUSSION 

The OA transport pathway has been extensively characterized in previous 

inhibition studies that employed microperfused rat tubules [10]. However the recent 

molecular cloning of individual transporters makes it possible to characterize OA 

transport at the molecular level. In this study it was my goal to test compounds that 

would help us better understand the kinds of substrates that interact with the OA-

dicarboxylate exchangers OATl and OATS. My hypothesis was that both transporters 

would interact with substrates that possess similar chemical properties. Previously, 

Fritzsch et. al. [10] described the general OA pathway by using a vast set of compounds 

that, among many properties, varied in charge, length and hydrophobicity. Due to time 

constraints, I chose a smaller set of compounds possessing similar properties and tested 

both transporters individually. Thus, I chose the following inhibitors: dicarboxylates, 

monocarboxylates, aromatic compounds, DMPS (oxidized and reduced) and other 

compounds that would help determine the basis of observed DMPS interactions with 

OATl and 0AT3. 

As expected, experimental observations showed that glutarate (5C dicarboxylate) 

had the best interaction with both transporters. Any compounds above or below this 

length had a less favorable interaction. From these results we can infer that a divalent 

anion with structural properties similar to glutarate should interact well with the binding 

site of both transporters. Aliphatic dicarboxylates longer than 5A interact with the 

transporter perhaps due to rotations about sigma bonds and changes in conformation that 
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allow them to reach into a binding site pocket containing cationic residues. 

Monocarboxylates, however, interact better with the transporter as the carbon backbone 

or hydrophobic core increases. This was found to be true in both rbOATl and rbOATB. A 

possible explanation is that hydrophobic interactions with the binding site help stabilize 

the molecule. Although both transporters share a high degree of homology, probable 

structural differences in the binding site permit gained stability due to these weak forces 

to differ between OATl and 0AT3. 

Because hydrophobicity was a factor in stabilizing the interactions of the 

monocarboxylates and dicarboxylates to both transporters, I tested a series of ring 

constrained dicarboxylic acids. There was a two-fold purpose: to test for the influence of 

hydrophobicity and to test for the steric effect of a planar molecule with a fixed charge 

distance. It was found that both transporters had a high affinity for terephthalic acid, 

which has a charge separation distance similar to that of glutarate. However, neither 

transporter interacted well with compounds of shorter charge separation: pthalic or 

isopthalic acid, both of which are isomers of terephthalic acid. The main conclusion 

drawn from this set of compounds is that the binding sits of both transporters probably 

contain positively charged residues separated by a fixed distance that is close to 5A. This 

hypothesis helps explain how both the cis and trans forms of oxidized DMPS (separated 

by 6.33A and 7.20A, respectively) interact well with both OATl and OAT3. 

DMPS is a dithiol compound that has been used clinically for the chelation of 

heavy metals. Nevertheless, the secretory transport pathway of this molecule remains 

unknown. It is important to discern which transport pathways are used for the secretion of 
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DMPS in order to better understand the renal handling of this compound, as well as that 

of similar drugs. There are numerous factors that influence the way in which a substrate 

interacts with transporters. For OATl and OAT3, the major players seem to be 

hydrophobicity and steric interactions that usually render a molecule more or less likely 

to interact with the binding site. DMPS is a highly acidic molecule that has a modest 

amount of hydrophobicity. Thus it is not only able to hydrogen bond but it is also able to 

interact with cationic residues and with "greasy" sidegroups (i.e., SH groups). The results 

obtained indicate that the reduced form interacts well with both transporters, although the 

oxidized form is likely to interact somewhat better. 

Interestingly, structurally similar molecules such as DMSA and 3-MPS did not 

interact with rbOAT3. However, the absence of an interaction of 3-MPS indicates that 

both thiol groups of DMPS have a key role in stabilizing the molecule to the binding site 

of rbOAT3 and that only one thiol group is sufficient to have DMPS interact with OATl. 

This explains how the second SH assures a better interaction and thus a slightly lower 

IC50. Further characterization of the transport of DMPS was not possible since we had no 

way of quantifying the amount of substrate transported. 

In general all of the compounds interacted better with rbOATl than with rbOAT3. 

Because both transporters have slight variations in the amino acid make-up of the protein, 

this difference was expected. Nevertheless, both exhibit the same trends with respect to 

the properties tested. From this study we can hypothesize that the binding site of both 

transporters should have cationic (probably arginine and/or lysine) residues separated by 

a distance of about 5A. The binding site is likely to have a length and hydrophobicity 
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requirement associated with it as well. Lastly, several side chains with the following 

properties may also be present: atoms that can hydrogen bond, interact with the greasy 

"S" or contain a full or partial cationic charge that can interact with ionized SH groups. 

A limitation of this study was not ascertaining whether or not the compounds 

tested were transported. Therefore, further studies should include testing the transport of 

several compounds from this study along with DMPS and its heavy metal chelates. 

Testing the transport of radiolabeled DMPS into cells would confirm existing evidence 

that DMPSH is indeed transported via rbOATl and rbOATB and that DMPSS is only 

transported via rbOATB [16, Lungkaphin, et. al.]. Also, with this study there was no way 

to confirm the net activity of all organic anion transport processes. Thus, I propose that 

further experiments be done in rabbit renal proximal tubules. At the molecular biology 

level, it would be interesting to do site directed mutagenesis on conserved cationic amino 

acid residues of rbOATI and rbOAT3. Altering the function of the exchangers will help 

predict which cationic residues are involved in the anionic selectivity of the transporters. 

In a study by Gerhardt et. al. [37], 3 cationic amino acids present in all OATs but absent 

in the OCTs were selected and mutated. The three amino acids found in the flounder 

sequence were histidine (H34), lysine (K394) and arginine (R478). Replacing these 

residues with those found in OCTs did not result in organic cation transporter, however 

the transport of anions such as PAH was weakened, and the interaction with glutarate was 

eliminated. A similar study in rOAT3 confirmed these results [9]. 

In conclusion both rbOATI and rbOAT3 prefer the divalent anions over the 

monovalent anions. Although they both accept a wide variety of monovalent anions (i.e.. 
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PAH and probenecid), straight chain dicarboxylates are likely to inhibit the transporters if 

the backbone is long enough. Bulky anions such as the aromatic dicarboxylates are good 

o 
inhibitors if the distance between the carboxyl groups is adequate (~5A). Lastly both 

transporters are inhibited by compounds with very different properties, for instance 

DMPS, 6CF, and probenecid. Presumably chemical interactions other than the properties 

assessed in this study aid the compound in interacting with the transporter, thereby 

explaining the observation that PAH interacts more effectively with rbOATl than with 

rbOATS and estrone sulfate interacts more effectively with rbOAT3 than with rbOATl. 

This is indicative of distinct yet related functions that each transporter has in the proximal 

tubule. 
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Table 1 

Mono 
carboxylate 

Chain 
length ICso rbOATI ICSO rbOAT3 Structure 

Acetic acid 2 ND »2niM, n=3 

O 

X HgC OH 

Propionic acid 3 ND »2mM, n=l 

O 

^OH 

Butyric acid 4 »lmM, n=2 »3mM, n=l 

0 

Valeric acid 5 »2mM, n=2 »5mM, n=3 

0 

^OH 

Hexanoic acid 6 »lmM, n=2 »10niM, n=5 

O 

Heptanoic acid 7 ND »5niM, n=4 

0 

H3C. JL 
^OH 

Octanoic acid 8 
5.95 ±2.05, 

n=2 
63.72 ±91.60, 

n=3 

0 

Di carboxylate 
Chain 
length Ic50 rbOATI Ic50 rbOAT3 Structure 

Oxalic acid 2 ND ND 

0 

»v 
0 

Malonic acid 3 ND ND 

0 0 

Succinic acid 4 
»1.5 mM, 

n=2 »5 mM, n=3 0 

Glutaric acid 5 2.40 ± 2, n=2 
32.80± 2.04, 

n=2 

0 0 

Adipic acid 6 
9.10±0.1, 

n=2 
181.48 ±91.9, 

n=3 

0 

0 

Pimelic acid 7 ('H) 
176.01± 15.41, 

n=3 

Suberic acid 8 
33.2 ± 1.7, 

n=2 
224.50 ± 23.8, 

n=3 

0 

0 

DMPS 
Chain 
length Ic50 rbOATI IcSO rbOAT3 Structure 
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DMPS reduced 3 
52.4 ± 23, 

n=2 
43.83 ±75.89, 

n=4 

SH 

HS ^ 

D 
1 
i"~OH 

) 

DMPS oxidized 6 60±21,n=2 
114.56 ± 14, 

n=3 

-

o=^o 

T S 

Aromatic 
anions 

Chain 
length Ic50 rbOATl Ic50 rbOAT3 Structure 

Pthalic acid (o) 4 
»lmM, n=3 

('H) »5niM, n=3 

C :̂ 

Isopthalic acid 
(m) 5 

»lmM n=3 
('H) »350|j,M, n=2 

Terepthalic acid 
(P) 6 

3.46 ± 2.0, 
n=3 (^H) 

19.54 ± 6.3, 
n=3 

2,6 Napthalene 
dicarboxylic 
acid 8 

slighdy 
soluble 

slightly 
soluble 

o 

HO 

OH 

Chelator like 
anions 

Chain 
length Ic50 rbOATl Ic50 rbOATS Structure 

Isovaleric Acid 3 ND 5mM, n=3 
CHg 

Y" 
O 

3-Mercapto-
propanesulfonat 
e 3 385 ± 5, n=2 »5mM, n=3 

HS^ ^ 

L„ 
1 0 

Meso-2,3 
dimercaptosucci 
nic acid 4 ND »7.5mM, n=2 

SH 

VY 
0 SH 

other 
compounds 

# o f C  
atoms Ic50 rbOATl Ic50 rbOAT3 Structure 

1-
Heptanesulfonic 
acid 7 ND 84.90 ± 17.90 

o 
W/OH 

o 

Probenecid 13 0.7 i^M, n=l 5.0 laM, n=l 
o 

V° 

H3C 
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