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Chapter 1 General Introduction
Organic anion transporting polypeptides (human: OATP, rodent: Oatp) are
transmembrane organic solute transporters (SLCO) and part of the major facilitator
superfamily (MFS) [1]. The MFS is one of the largest families of membrane transporters
facilitating the movement of solutes across cellular membranes. The nomenclature and
classification of the OATPs is based on evolutionary sequence relationships across all
known metazoan (multicellular animals with differentiated tissues) sequences, dividing
the Oatps into families, subfamilies and individual gene products. For example, OATP’s
sharing 40% amino acid sequence identity are divided into six families OATP1, OATP2,
OATP3, OATP4, OATP5, and OATP6. Families are further partitioned into subfamilies
having 60% amino acid sequence identity. The human genome contains 11 OATP
paralogs, gene duplication events with evolved functions, which possess both structural
similarities and broadly similar substrate preferences. Each OATP protein contains 12
transmembrane alpha-helical domains spanning the plasma membrane with the amino
and carboxyl termini located intracellularly. Conserved cysteine residues in the fifth
extracellular loop are thought to form disulfide bonds and may play role in cell surface
targeting of the protein [2]. In addition, a PDZ domain, present in many OATPs, appears
to enhance plasma membrane targeting [3]. Expression level and tissue localization of the
11 OATP paralogs varies with some ubiquitously expressed, while others are selectively
expressed in specific tissues. For example, OATP/Oatp2b1 is ubiquitously express across
tissues, while OATP/Oatp6A1 is expressed primarily at the testes and OATP/oatp1b1 is
highly expressed in the liver and spleen. Tissue specific localization of OATP/Oatps
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includes the brain, kidney, intestine, liver, testes, placenta, breast and lung displayed in
Figure 1. A majority of the Oatp structure and function characteristics have come from
orthologs, different species evolved from a common ancestral gene, to the human
OATPs, including substrate preferences and transport mechanisms.
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Figure 1. Tissue distribution of Oatps displayed above. The chart displays the protein on
the z-axis, tissue on x-axis and expression level on y-axis. Expression level is determined
by the number of mRNA transcripts in the tissue.
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OATPs are promiscuous transporters mediating the bidirectional transmembrane
transport of various organic anions including thyroid hormones, bile salts, steroid
conjugates, oligopeptides and xenobiotics (i.e. drugs and toxins) [4], across tissue barriers
in a sodium independent manner throughout the body. Substrate specificity varies
between the OATP paralogs, each having overlapping but unique substrate preferences
including structurally very diverse compounds. Substrate promiscuity makes Oatps
possible drug targets for tissue directed delivery of therapeutics. Additionally, OATP
targeting or inhibiting drugs may block transport of endogenous disease propagating
substrates into cells and tissues.
Each OATP expression pattern is unique is shown in Figure 1, with some OATPs
expressed ubiquitously in cell and tissue, while other OATPs are restricted to specific
tissues. The unique expression could relate to the physiological need of substrates of the
OATP in the tissue. OATPs transport various endo and xenobiotics including: bile acids,
bilirubin, steroid hormone conjugates, thyroid hormones, prostaglandins. Pathological
environments and conditions alter the expression of OATPs and the transport of natural
substrates.
Members of the OATP family exhibit altered expression patterns in various forms
of cancer compared to non-malignant tissues, suggesting a potential role in cancer cell
biology and viability [5-7]. For example, in bone tumors the expression levels of eight
OATP paralogs were measured, OATP3A1 and OATP4A1 displayed higher than normal
expression levels [8]. mRNA quantitation of six different OATPs (OATP2A1, 3A1, 4A1,
4C1, and 5A1) in breast cancer had altered expression between tumor tissue and normal
4

breast tissue samples [9]. The altered expression of OATPs in these cancers could play a
pivotal role in the delivery and elimination of hormones and other endogenous substrates
to and from tumor tissues. OATPs could help provide cancer cells with the optimal
growth conditions required to sustain rapid growth and differentiation. Furthermore,
OATPs could alter anti-cancer agent efficacy by decreasing effective delivery to the
tumor site or increasing elimination. Several anti-cancer agents are known OATP
substrates example include: methotrexate, irinotecan, paclitaxel, and imatinib [7].
Understanding an OATP’s substrate transport requirements could play a pivotal role in
advancing the management of difficult to treat cancers. Designing a novel molecule to
inhibit OATP transport could disrupt tumor survival and growth.
In order to design OATP targeted therapeutics, substrate preference must be
determined. The chemical motifs making a molecule a high affinity substrate for one
OATP paralog and a low affinity substrate for another OATP are unknown. For example,
Oatp1c1 is a high affinity thyroxine transporter with a Km of 9.6 nM [10]. In contrast,
OATP4A1 has a Km of 8 µM for the same substrate [11], a roughly 1000-fold difference
in affinity. Understanding OATP substrate-protein interactions and substrate preferences
will allow the identification of key substrate characteristics necessary for paralog specific
OATP recognition and transport. Pharmacophore analysis and comparative molecular
field analysis (CoMFA), are two computational methods of determining key substrate
constituents needed for recognition and subsequent transport. These methods rely on the
screening of a broad range of compounds and determining their corresponding IC50 or Ki
values for OATP transport inhibition and thus determining their relative active site
5

affinity. CoMFA determines the correlation between the biological activity (Ki) and three
dimensional (3D) shape, electrostatic, hydrophobic, and hydrogen bonding properties.
Pharmacophore analysis determines a set of necessary features on a set of compounds in
an electronic charged-reduced representation. Both models provide descriptors to predict
the inhibitor potential of novel OATP substrates. As an example, pharmacophore analysis
and CoMFA have been applied to OATP1B1 with forty nuclear receptor ligands as
potential competitive inhibitors of OATP1B1 estradiol-17β-glucuronide transport.
Twenty-one of the forty compounds were identified as competitive inhibitors, with Ki
values ranging from nanomolar to micromolar. Seventeen of these inhibitors and
estradiol-17β-glucuronide were selected as the training set to develop descriptive models.
The stability and predictive ability of the models were verified by analyzing the
correlation between the predicted and experimental Ki values of four test compounds.
The CoMFA models illustrated that for strong inhibition the substrate must contain a
central hydrophobic cluster and negatively charged center at the C17 steroid position,
with another negatively charged or polar group at the C3 steroid position. Based on the
CoMFA models, the OATP1B1 binding site is thought to contain a large hydrophobic
cluster of amino acids with basic residues at opposite ends [11]. The pharmacophore and
CoMFA modeling of OATP1B1 demonstrates that substrate models can be successfully
applied to OATPs.
The

structural

requirements

needed

for

recognition

and

transport

by

Oatp1c1/OATP1C1 have yet to be determined, but a number of substrates have been
elucidated. Oatp1c1/OATP1c1 has been determined to be a high affinity thyroxine (T4)
6

transporter, with an affinity more than two orders of magnitude greater than other
Oatps/OATPS [12]. Oatp1c1 displays atypical transport kinetics indicating two substrate
recognition sites [10]. Shared high affinity and low affinity binding sites for T4 and
estradiol-17β–glucuronide (E217βG) were identified, with T4 and E217βG having
opposite preference for the two binding sites [10]. Oatp1c1 transports T4 but surprisingly
not structurally related triiodothyronine (T3), a change of only a single iodine substitution
around the phenyl ring. This distinguishes Oatp1c1 from other Oatps able to transport
both entities across the membrane [13]. Another distinguishing feature is Oatp1c1
location. Oatp1c1 is expressed in brain barrier cells including the endothelial cells of the
blood-brain barrier, and the choroid plexus [14-16]. Additionally, Oapt1c1 is expressed in
the leydig cells of the testes [17].
The blood brain barrier (BBB) is a unique and protective barrier separating blood
from the brain extracellular fluid in the central nervous system. The BBB occurs along all
capillaries of the brain and is composed of an extensive network of microvascular
endothelium, the properties of which creates and maintains the microenvironment of the
brain necessary for proper neuronal function. The brain’s microenvironment is
maintained by transporting polypeptides, selective ion channels, metabolizing enzymes,
minimal pinosytosis, a lack of fenestrations and the presence of tight junctions [18]. The
tight junctions are structural proteins located between the endothelial cells lining the
cerebral capillaries. Tight junctions impede polar solutes from freely diffusing between
the cerebral endothelial cells and into the brain, preventing the free exchange of solutes
between the blood and brain. Correspondingly, the tight junctions helps prevent the
7

accumulation of toxins in the brain [19]. The BBB does allow passive diffusion of some
molecules, examples include: water, some gases, and small hydrophobic molecules. The
tight junctions and consequent restricted transport and cellular diffusion create the need
for transport mechanisms to deliver micronutrients and hormones to the brain. The BBB
contains many specific transport mechanisms; including ABC transporters, Solute
Carriers (SLC) and receptor-mediated and adsorptive mediated transcytosis. The BBB is
not a static barrier but rather a dynamic barrier and will change its permeability, and
expression of proteins to provide the brain with needed micronutrients. Understanding
transport mechanisms are important to overcome drug delivery issues arising due to the
BBB. Biotechnology companies are developing different mechanisms to bypass the BBB
besides transporting polypeptides. The mechanisms being investigated include intrathecal
injections, trojan horse enzymes, and receptor mediated endocytosis. Currently, there is
limited knowledge of how micronutrients, including thyroid hormones, utilize the
different transport mechanisms located at the BBB.
Oatp1c1 knockout mice have been created to determine Oatp1c1 effect on thyroid
homeostasis [20]. The Oatp1c1 knockout mice showed there was no affect on peripheral
TH metabolism, the negative feedback loop of the thyroid axis was not impaired, and the
loss of function of Oatp1c1 did affect the thyroidal state of the brain. The T4 and T3
concentrations in the forebrain were reduced in the Oatp1c1 knockout mice. In these
mice, D2 activity was found to be elevated 3-fold, while D3 activity was reduced in the
absence of Oatp1c1. Oatp1c1 deficiency does not affect the expression levels of other TH
transporters but has been found to lead to a hypothyroid state of the CNS. Oapt1c1
8

function is to provide the CNS with T4, which cannot be fulfilled by other transporters.
MCT8 and Oatp1c1 double knockout mice were created and displayed the
abnormal serum TH profile of Allan-Herndon-Dudley syndrome (AHDS) [21]. MCT8
knockout mice did not display the same TH profile of AHDS due to other murine TH
transporters [22]. T3 and T4 uptake into the brains of the double knockout mice was
reduced. The CNS also displayed delayed cerebellar development and reduced
myelination [21]. The double knockout mice highlight the roles of Oatp1c1 and MCT8 in
maintaining TH homeostasis in the brain [21].
Structure/function relationships of conserved and variable amino acids in
Oatp1c1/OATP1C1 were investigated. Mutagenesis studies were previously performed to
provide insight into the amino acid residues required for substrate recognition,
specifically amino acid residues critical for T4 transport. Nine mutations were made in
Oatp1c1 based on amino acid conservation, localization in transmembrane domains, and
side chain functionality. Consensus membrane topology prediction and homology
modeling were used to identify the location of the mutations [23]. Three mutations were
made in Oapt1c1 transmembrane domain 2 (D85A, E89A, and N92A), and two mutations
each in transmembrane domain 5: W227F/F278F, W277A/W278A, transmembrane
domain 8: G399A/G409A, G399V/G409V, and transmembrane domain 11: R601S and
P609A. The mutations in transmembrane domain 2 resulted in intracellular trapping, and
showed no transport activity above empty vector. Wild-type (WT) transport of T4 was
observed in mutation W277F/F278F, however mutation W277A/W278A eliminated T4
uptake. The mutations in transmembrane 8 displayed near WT transport of T4,
9

G399A/G409A and G399V/G409V, with T4 uptake of 81 % and 77% compared to WT,
respectively. Reduced T4 uptake was seen in transmembrane 11 mutations R601S and
P609A. W277, W278 likely provides required steric constraints critical for substrate pore.
G399, G409 are critically important for proper Oatp1c1 function. The glycines may
produce a void volume within the pore channel. The R601 residue could serve as
counter-charge in the pore channel [23]. These mutations provide an initial basis of the
structure/function relationships in Oatp1c1, validate the predicted Oatp1c1 structural
model and suggest the location of amino acid residues critical for substrate recognition
and transport across the blood brain barrier.
The exact mechanism of how OATPS function isn’t fully elucidated, however
OATPs are believed to use a “rocker-switch” transport mechanism. The “rocker-switch”
mechanism is suggested by comparative modeling to both the well-characterized
glycerol-3-phosphate transporter, and lactose permease from Escherichia coli, in which
substrates are transported through a central positively charged pore [24-26]. The rockerswitch transport mechanism utilizes two alternating conformations, an inward facing and
outward facing conformation. Substrate binding alters transmembrane contacts and
induces the “switch” allowing the transport of substrates across the membrane.
The human body contains and produces numerous kinds of thyroid hormones (TH).
The thyroid gland synthesizes T4, T3 and rT3, with T4 being the predominant form
released [27]. Thyroxine is produced through the iodination of the tyrosine residues of
thyroglobulin and coupling of two di-iodotyrosine molecules. Thyroglobulin is produced
by the thyrocytes of the thyroid gland. The production and release of thyroid hormone
10

from the thyroid gland is mediated by thyroid stimulating hormone (TSH) binding to
TSH receptor on the follicular cells of the thyroid gland. TSH is released from the
anterior pituitary gland in response to circulating TH and thyrotropin-releasing hormone
from the hippocampus regulated through a TH controlled negative feedback loop [28].
TSH regulates iodide uptake into the follicular cells through the sodium – iodide
symporter [29]. T3 is the major biologically active TH in the body. Intracellular T3
nuclear receptors bind T3, implementing T3’s actions on the thyroid hormone response
element of the chromosomes [30]. T3 is produced from T4 by removing the iodine
located at the 5’ position of T4 by deiodinase D1 and D2 [31]. Deiodination of T3 and T4
is thought to be the mechanism to regulate the bioavailability and major pathway of
degradation of TH. However, there are alternative pathways of metabolism of these
compounds including cleavage of the ether linkage, and glucuronidation and sulfation of
the phenolic hydroxyl group. Decarboxylation and oxidative deamination of the amino
acid backbone side chain are other pathways of TH metabolism [32]. The potential of TH
metabolites to alter physiological function is starting to be identified. Thyroid hormones
have an important role in normal development, growth, and neural differentiation early in
life, and play an important role in influencing metabolic processes in the majority of
tissues in the body. They have been determined to mediate the metabolism of
carbohydrates, lipids, and proteins [27]. Thyroid hormones effect on lowering lipid levels
and metabolism has led to the clinical investigation of thyroid derivatives and analogs as
a treatment for hyperlipidemia and obesity.
Recently, thyronamines have been recognized as a class of endogenous signaling
11

molecules [33]. Nine different thyronamines have been identified. All missing the
carboxyl group removed from the typical TH structure, with varying degrees of
deiodination, such as T4 Am, rT3 Am, T0 Am and 3-T1 Am. 3-T1 Am and T0 Am
thyronamines were shown to induce metabolic depression, hypothermia, negative
chronotropy, negative inotropy, hyperglycemia, reduced the respirator quotient, ketonuria
and reduction of fat mass in C57BL/6 wild-type mice or Djungarian hamster Phodopus
sugorus [34, 35]. In mouse models of ischemia, 3-T1 Am and T0 Am have been shown to
produce neuroprotectant effects in stroke, with additional neuroprotectant effects for
ischemia displayed by 3-T1 Am [36]. The mechanisms of how these thyroid hormones,
and their derivatives transverse tissue barriers to the site of action are not fully
understood, but thyroid hormone transporters, such as Oatp1c1, have been suggested.
Several substrates and inhibitors have been identified as Oapt1c1 substrates, which
include estradiol-17β-glucorinide, rT3, T4S, fenamic acid, diclofenac, meclofenamic
acid, iopanioic acid, ICG, phenytoin [5, 37]. The variety of Oatp1c1 substrates
demonstrates the flexible substrate binding sites of Oatp1c1. Despite Oatp1c1 having a
flexible binding site, Oatp1c1’s binding site is refined to transport T4 [23]. What makes
T4 a high affinity Oatp1c1 substrate or what chemical motifs are needed for a compound
to act, as a competitive inhibitor for Oatp1c1 is unknown. Through the use of inhibition
studies, Lineweaver-Burk analysis and corresponding Ki values; we examine Oatp1c1’s
affinity for T4 derivatives to gain a better understanding of thyroxine preference of
Oatp1c1. Recently, high affinity T3 transporter MCT8 substrate preference has been
determined and will be compared to Oatp1c1’s substrate preference.
12

Thesis Overview
The chapters following the introduction will detail my work determining substrate
preference of Oatp1c1 through inhibition studies. Chapter 2 describes my findings of
structural components of T4 recognized by Oatp1c1 through inhibition studies by
determining Ki value for each compound. Chapter 3 describes inhibition studies of known
and unknown OATP/Oatp inhibitors. Pharmacophore analysis of competitive inhibitors
of Oatp1c1 is explored.
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Abstract
Background: Thyroxine derivatives are investigated as a possible treatment for
Allan-Herndon-Dudley syndrome, a syndrome arising from inherited X-linked recessive
mutations in thyroid hormone transporter MCT8. The overlapping substrate preference of
MCT8 and OATP1C1 suggests that therapeutic targeting of OATP1C1 may be a viable
option for T3/thyroid hormone replacement. Objective: We measured the substrate
preference/hierarchy for thyroxine derivatives, which competitively inhibit the transport
of thyroxine, and determined Ki values for each compound. Results: Molecular
characteristics essential for thyroxine recognition and transport by Oatp1c1 include the
highly polarizable outer ring iodides located at the 3’ position, 5’ position, and the
negatively charged carboxyl group. The positively charged amine group appears to be
deleterious to the substrate-protein interaction of thyroxine, as evidenced by increased
affinity for the thyroxine derivative molecule upon removal. The volume and
hydrophobicity of the two ring system of thyroxine also contributes significantly to
substrate affinity. Conclusions: Identifying the essential substrate elements necessary for
Oatp1c1 thyroxine recognition is required for the full biochemical characterization of the
Oatp1c1 substrate channel. This work will facilitate the selection of drug like molecules
targeting Oatp1c1 expressing cells of the central nervous system and specifically novel
therapeutic thyroxine derivatives.
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Introduction
Thyroid hormones exert an important role in normal development, growth, and
differentiation, and play an important role in regulating metabolic processes throughout
life. Several thyroid hormone transporters have been identified and biochemically
characterized. These transporters include the L-type amino acid transporters,
monocarboxylate transporters including MCT8, and the organic anion transporting
polypeptides (Oatps). Human mutations of MCT8 are associated with the brain
development disorder Allen-Herndon Dudley Syndrome [38-40]. Mouse models of
MCT8 mutations reveal a reduction in 3,5,3’-triiodothyronine (T3) transport into the
developing brain [41]. Recent efforts to treat this rare disorder have focused on targeting
other thyroid hormone (TH) transporters in the developing brain with TH derivatives
[42]. One TH transporter, Oatp1c1, is predominantly expressed in the central nervous
system and is a high affinity thyroxine transporter.
Oatp1c1 is expressed in brain barrier cells including the endothelial cells of the
blood-brain barrier, and the choroid plexus [14-16]. Additionally, Oapt1c1 is expressed in
the leydig cells of the testes [17]. Oatp1c1 is part of the major facilitator superfamily
(MFS), one of the largest families of membrane solute transporters [1]. Twelve human
OATP paralogs have been identified, each containing 12 trans-membrane domains [43].
OATP1c1 has been determined to be a high affinity thyroxine (T4) transporter, with an
affinity more than two orders of magnitude greater than other OATPs [12]. Several
additional Oatp1c1 substrates and inhibitors have been identified including 3,3’,5’triiodothyronine (rT3), T4 sulfate, estradiol-17β-glucuronide, fenamic acid, diclofenac,
16

meclofenamic acid, iopanioic acid, and phenytoin [5, 37]. Oatp1c1 displays atypical
transport kinetics and possesses multiple substrate binding sites [10]. To better
understand the structural basis of substrate affinity for the Oatp1c1 transporter we report
the assessment of substrate preferences of several thyroid hormone derivatives.
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Methods and Materials
Cell Culture
Human embryonic kidney 293 (HEK293) cells stably transfected with Oatp1c1 –
pEF-DEST51 and empty –pEF-DEST51 vectors were cultured on 10 cm tissue culture
dishes in 1X MEM with 10% fetal bovine serum (FBS), sodium pyruvate (10mM),
nonessential amino acids (1x), penicillin-streptomycin solution (10µg/ml), and blasticidin
(3µg/ml) at 37° C with 5% CO2 [37].
Transport Assays
Confluent cells were plated onto 24 well plates (Falcon, Pittsburgh, PA),
2.1x10^5 cells/well, in complete growth media 48 hours prior to assay. 24 hours prior to
assay, media was changed to 1X MEM supplemented with 10% stripped FBS,
nonessential amino acids and 10mM sodium butyrate. Cells were washed and incubated
with Krebs-Henseleit buffer (142mM NaCl, 23.8 mM NaHCO3, 12.5 mM HEPES, 5 mM
glucose, 4.83 mM KCl, 1.53 CaCl2, 1.2 mM MgSO4, and 0.96 mM KH2PO4). Thyroxine
uptake by Oatp1c1 was initiated by applying 200 µl Krebs-Henseliet buffer containing
1nM

125

I-T4 to each well. Wells were washed twice with Krebs-Henseleit buffer in the

absence of radiolabelled substrate. 0.5% TritonX100 (Sigma Aldrich; St. Louis, Mo) was
applied to lyse cells, radioactivity was measured with a Perkin Elmer Wizard γ counter
(Perkin Elmer, Waltham, MA). Protein concentrations were determined by BCA Assay
(Pierce, Waltham, MA). For the kinetic studies, transport of 0.1-1nM

125

I-T4,

supplemented with cold T4 (100pM-400nM), was assessed after 5 minute incubation. T4
transport in empty vector transfected cells was subtracted from Oatp1c1 uptake.
18

Inhibitor Dose Response Assays
Assays were performed as described above. Inhibitors were initially screened at
two concentrations. The inhibitors were diluted in 700 µl of Krebs-Henseliet buffer
containing 1nM

125

I-T4. 200 µl of solution were placed in each corresponding well and

incubated for 5-minute intervals. Comparable empty vector transfected cell uptake was
subtracted. The x-axis represents the log molar concentration of inhibitor, and the y-axis
represents the fraction of uptake compared to control. Ki was determined by non-linear
regression (Graphpad Prism version 4, San Diego, CA). Dose-response curves followed
the "four- parametric logistic equation" of the form: Response=Bottom+(TopBottom)/[1+10(LogIC50- [Drug])]
Lineweaver-Burk Analysis
Assays were conducted as described in the transport assay section. Uptake of 1nM
125

I-T4 supplemented with cold T4 was examined at five concentrations (10, 25, 50, 75

and 100 nM T4) in presence or absence of inhibitor. Inhibitor concentrations were
selected for 10%, 25% and 40% T4 uptake inhibition. Competitive versus noncompetitive
Oatp1c1 transport inhibition was analyzed using double reciprocal linear regression with
velocity-1 on the y-axis and 1/ T4 concentration (concentration-1) on the x-axis.
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Results
Similar to Oatp1c1 transiently transfected HEK293 cells [37], Oatp1c1 stably
transfected HEK293 cells transport T4 to a greater extent than cells stably transfected
with empty vector (Figure 1). We subsequently chose the 5 minute time point for further
kinetic studies in the stably transfected cell lines. Kinetic studies revealed a Km of 0.015
µM and intrinsic clearance (Clint) of 4.2 µl/min.g for thyroxine (Figure 2). These data
reproduce our findings from transiently transfected cells and provided assurance that our
stably transfected cells were useful for subsequent studies regarding substrate specificity
[20].
To determine the structural elements contributing to the high affinity of Oatp1c1mediated T4 transport we assessed T4 transport inhibition using a variety of thyroid
hormone derivatives. Each inhibition study was repeated in triplicate to demonstrate
reproducibility. Lineweaver-Burk analysis was also used to determine whether the T4
analogue inhibition was competitive or non-competitive. T4 uptake was assessed at 5
concentration points (total T4 concentration of 10, 25, 50, 75 and 100 nm) with and
without the T4 analogue. Convergence of all four lines at the same Y –axis (Vmax-1)
intersection, indicates the T4 analogue is competitively competing for the same binding
site as T4. All T4 analogues included in this study competitively inhibited T4 transport
(Figure 3).
We next determined the Ki of Oatp1c1 dependent T4 transport inhibition. T4
inhibited T4 transport with a Ki of 0.012 µM (Figure 4). The T4 Km measured in the
kinetic study (0.015µM, Figure 2) was nearly identical to the T4 Ki (0.012 µM, Figure 4),
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as expected. We next determined the T4 transport Ki of the T4 derivatives (Figure 4 and
Table 1) and compared these results to T4 inhibition of T4 transport.
We first assessed the effect of iodine substitution on T4 transport inhibition.
Removal of an outer ring iodine (T3) resulted in a significant right shift in dose response
compared to T4 (Figure 4a) with a measured Ki of 4.5 µM (Table 1). Removal of both
outer ring iodines with the derivative 3,5-diiodo-L-thyronine (3,5-T2), resulted in an even
greater change in the dose response and measured Ki (168 µM). Conversely, removal of
an inner ring iodine (rT3) resulted in a more modest rightward shift and a measured Ki of
0.122 µM.
We next assessed the effect of the amine or carboxyl substituents on T4 transport
inhibition (Figure 4b). Removal of the amine group in the compound tetraidothroacetic
acid (TETRAC) resulted in inhibition equivalent to T4 transport inhibition (0.0066 µM vs
0.012 µM; Table 1). Consistent with the iodine substitution above (Figure 4a), removal
of the amine group and both outer ring iodines, 3,5-diiodothyropropionic acid (DITPA)
resulted in a measured Ki of 7.9 µM. In contrast with the amine group removal, removal
of the carboxyl group resulted in significant reductions in T4 transport inhibition (Figure
4c). Transport inhibition with 3,3’,5,5’-tetraiodothyronamine (T4 AM) resulted in a
significant 24-fold increase in Ki (0.287 vs. 0.012 µM T4). Similar effects were observed
with rT3 amine compared to rT3 with a 3.8-fold increase in Ki (0.46 vs. 0.122 µM).
Interestingly, removal of the carboxyl group for 3,5-diiodo-L-thyronamine (3,5-T2 Am)
resulted in a significant decrease in measured Ki compared to 3,5-T2 (Table 1).
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Figure 1. Oatp1c1 transports 125I-T4. Uptake of 125I-T4 by Oapt1c1 stably transfected
HEK293 cells (squares) compared to empty vector stably transfected HEK293 cells
(triangles) over time. Each point represents the mean uptake of 1nm 125I-T4 ± SE (n=3).
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A.

B.

Figure 2. Oatp1c1-dependent T4 transport in stably transfected cells exhibits atypical
transport kinetics. A. Uptake of varying concentrations of T4 was examined at 5 min at
37oC. T4 uptake was assessed over a full range of concentrations, including low
concentrations, in order to better reveal the initial rapid hyperbolic increase in velocity at
low concentrations. B. Data was replotted in an Eadie-Hofstee analysis for T4 transport.
Uptake and Eadie-Hofstee curves were fitted using non-linear regression (Graph Pad
Prism). Each point represents the mean uptake minus empty vector contributions ±
standard error (n=3).
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Figure 3. Lineweaver-Burk analysis of thyroxine derivatives. The line with square icons
represents the uptake of 1nM 125I-T4 supplemented with cold T4 without inhibitor. 10, 25,
50, 75 and 100 nM cold T4 was used in combination with varying concentrations of
inhibitors, including inhibitor concentrations resulting 10%, 20% and 50% inhibition
(n=3). Representative experiments were chosen for inclusion in this figure; A. 3,5-diiodoL-thyronamine (3,5-T2 Am) and B. 3,5,5’-triiodothyronine (T3).
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Figure 4. Inhibition of Oatp1c1thyroxine transport by thyroxine derivatives. A. Iodine
derivatives of thyroxine. B. Carboxylic acid derivatives, i.e. loss of amino functionality,
of thyroxine. C. high affinity amine derivatives, i.e. loss of carboxy group, of thyroxine
and D. low affinity amine derivatives.
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Table 1: Ki values as calculated from inhibition assays. As all the tested compounds
exhibited competitive inhibition, IC50 values are equivalent to Ki. Two-dimensional
structures are shown for each thyroid hormone derivative, revealing the specific
substitution in each case.
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Finally, contributions of outer ring iodines was assessed by comparing Ki values
of the thyronamine derivatives. For example, 3,5-T2 Am revealed a Ki of 23 µM
compared to 3,3’-diiodo-L-thyronamine (3,3’-T2 Am), a derivative with one inner and
one outer ring iodide, with a Ki of 14 µM. 3-T1 Am, a derivative with one inner iodine
and the carboxyl group removed, exhibited a 3.2-fold increase in Ki compared to 3’-T1
Am, a derivative with one outer ring iodine and the carboxyl group (45 µM vs 14 µM
respectfully).

27

Discussion
Structural elements of T4 contributing to recognition at the Oatp1c1 substrate
binding site were identified through inhibition assays and determination of the affinities
(Ki values) of several T4 analogs. Removing substituents from the parent T4 molecule we
observed increasing Ki values up to 14000 fold lower in affinity. The importance of the
carboxyl group in substrate recognition is revealed when comparing the Ki values of T4
to T4 Am and rT3 to rT3 Am (Table 1). Significant reductions in measured Ki are
observed. These results suggest that the negative charge provided by the carboxyl group
is critical for substrate-protein electrostatic interactions. The decrease in Ki of TETRAC
compared to T4 (0.0066 µM and 0.012 µM, respectfully) further illustrates the
importance of the negative charge at this position in the absence of the counter charge of
the amine. The decrease of Ki could be explained by TETRAC negative charge
interaction with the positive charge of the conserved amino acid R601 in channel pore of
Oatp1c1. This is further exemplified by the comparison of Ki’s of TETRAC (negative
only surface) and T4 Am (positive only surface) (0.0066 µM and 0.287 µM, respectfully).
The importance of the inner ring iodides is seen when examining the Ki values of rT3
(0.122 µM) compared to T4 (0.012 µM), a 10-fold increase in the Ki value. However, the
distinct importance of the outer ring iodides over the inner ring iodides is seen when
comparing the Ki values of rT3 (0.122 µM) and T3 (4.5 µM). A 40-fold increase in Ki is
seen by removing the outer ring iodide of T3 compared to the inner ring iodide of rT3.
The significance of the outer ring iodides is confirmed by the dramatic increase in Ki
value of 3,5-T2 (168 µM), which has both outer ring iodides removed. This demonstrates
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that

the

outer

ring

iodides

are

significantly

more

important

for

Oatp1c1

recognition/specificity than the inner ring iodides.
We speculate polarizability of the outer ring iodides of T4 is important for
providing strong induced dipole interactions between T4 and Oatp1c1. The loss of the
iodides on the aromatic rings also contributes to a decrease in the total space filling
volume of the molecule (Figure 5), thus decreasing interaction surface between the
protein and T4. The subtle changes in substituents of T4 result in significant changes in
Oatp1c1 affinity for the T4 analogs, the electrostatic surface potential changes and T4
polarizability changes influence the ability of the molecule to interact with Oatp1c1
(Figure 5). Figure 5 indicates how dramatically the physical features of thyroxine change
on substitution. Similar thyroxine derivative preferences have been measured for the
transporter MCT8 [44].
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Carboxyl

1

> Outer Iodines

4

> Inner Iodines

3

> Amide

2

3
2

4
1

Thyroxine

3,3’,5‐Triiodo‐L‐thyronine (T3)

3,5‐Diiodo‐L‐thyronine (T2)

3,5‐Diiodothyropropionic acid (DITPA)

Thyroxine

3,3’,5’‐Triiodo‐L‐thyronine (rT3)

3,3’,5,5’‐Tetraiodothyronamine (T4 AM)

3,3’,5,5’‐Tetraiodothyroacetic acid (TETRAC)

Figure 5. Thyroxine structure and thyroxine derivative electrostatic surface. Thyroxine is
shown with functional groups labeled and a transparent solvent-excluded electrostatic
surface. The electrostatic surfaces of thyroxine and its derivatives show the dramatic
changes in molecular volume and electrostatic surface potential with the removal of
functional groups. The importance of structural motifs of thyroxine are ranked as
carboxyl > outer iodines > inner iodines > amide. The solvent-excluded volume and
electrostatic surface generation were done using UCSF Chimera [45]. The electrostatic
surface charges were calculated using the AM1-BCC model in Antechamber [46].
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Oatp1c1 and MCT8 are both thyroxine transporters located at the BBB. Recently,
structure determinants of substrate recognition by MCT8 were examined [44]. The
authors performed inhibition assays and tandem mass spectrometry-based uptake
experiments of 23 thyronine analogues. MCT8 transport was specific for Liodothyronines and substrates must contain at least one iodine per aromatic ring, a
restraint not observed for Oatp1c1 recognition. TETRAC, 3,5,3’-triiodothyroacetic acid
(TRIAC) and DITPA inhibition assays demonstrated no inhibition of MCT8 dependent
uptake of radiolabeled

125

I-T3. Unlabeled uptake experiments of T3 AM and TRIAC,

using LC-MS/MS, displayed no MCT8 dependent uptake of either compound. This
indicates that MCT8 requires an intact L-amino acid backbone for recognition. Oatp1c1
recognition of TETRAC, DITPA and T3 AM as competitive T4 transport inhibitors
shows that Oatp1c1 does not strictly require either the carboxy or amino moieties. MCT8
has a stricter set of substrate parameters needed for recognition. Oatp1c1 appears to
transport a wider variety of substrates, consistent with other OATP/Oatp transport
measurements. Interestingly, the less restrictive transport parameters of Oatp1c1 suggest
Oatp1c1 may be preferred as a drug target over MCT8 for the delivery of therapeutics
into the brain.
Mutations in MCT8 leads to Allan Herndon-Dudley syndrome, which is
characterized by severe mental retardation, lack of speech development and poor
communication skills, proximal hypotonia and spastic paraplegia [38-40]. Male MCT8
knockout mice display a compensatory increase in the expression of other thyroid
hormone transporters in the cortex and the liver during the perinatal period of
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development. The mice also show an increase in tissue concentration of T4 and T3 [41].
Increased expression of Lat2, Oatp1c1, Oatp3A1 in the cortex and Lat2 and Oatp1b2 in
liver, suggests a compensatory role of these transporters to attempt to maintain
physiological homeostasis of the thyroid hormone. A multicenter report of four children
affected by MCT8 deficiency were given DITPA on a compassionate basis for 26 to 40
months in three divided doses [47]. A dose of 1 to 2 mg/kg/d of DITPA normalized
thyroid tests, with reduction of serum T3 and TSH levels to normal levels, with
increasing rT3 and T4 levels, and reduced hypermetabolism and tendency for weight loss
and the need for gastric tube feedings. Two children of family #8 demonstrated increases
in psychomotor function [47]. This could be due to multiple factors, including transport
and action of DITPA in the brain. DITPA has been found to alter the markers of TH
deprivation in mice [48]. Our data suggests that DITPA has significant affinity for
Oatp1c1, with a relatively moderate Ki value.
The expression of Oatp1c1 in the developing brain has been examined in studies
that specifically looked at the cerebral cortex and the hypothalamus. Human fetal tissue
of the cerebral cortex displays low levels of OATP1C1 mRNA transcripts during weeks 1
through 16 of gestation when compared to adults. Oatp1c1 mRNA levels started to
increase at mid-gestation of 17 through 20 weeks [49]. The increase in Oatp1c1 mRNA
levels corresponds to the development of higher organization within the brain. This
suggests a possible role of Oatp1c1 in delivering T4 to the brain to be converted to T3
during development.
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The comparative substrate preferences of Oatp1c1 and MCT8 recapitulate the
known promiscuity of the OATPs/Oatps. This promiscuity of substrate binding suggests
Oatp1c1 may be a strong candidate for novel drug targeting both for the relatively rare
Allan Herndon-Dudley syndrome.
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Chapter 3
Structural Elements of Substrate Molecules Determined by Inhibition Studies with
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Abstract
Organic anion transporting polypeptides (Oatps) are part of the solute carrier
(SLCO) superfamily, which include 12 human OATPs paralogs. Oatps contain 12 transmembrane domains, which mediate the uptake transport of a broad range of compounds
in a sodium independent manner. These compounds include bile salts, hormones, steroid
conjugates, organic dyes, anionic oligopeptides, and xenobiotics. Oatps are expressed in a
variety of tissues which include; intestine, liver, kidney, blood brain barrier (BBB), heart,
testis, placenta, lung. Our group has been studying Oatp1c1, a high affinity thyroxine
(T4) transporter expressed primarily in the BBB and testis. We are interested in defining
Oatp1c1 substrate preference more broadly with a goal to utilize Oatp1c1 as a BBB
transporter of novel neurologically active drugs. We present Ki values for a number of
additional potential Oatp1c1 substrates. A compilation of these results will be used to
generate an Oatp1c1 specific pharmacophore and comparative molecular field analysis
(CoMFA). The measured compounds and corresponding Ki values include: BSP: 0.81
µM, Estrone-3-sulfate: 2.5 µM, 4-hydroxytamoxifen: 33.1 µM, simvastatin: 15.9 µM,
taurocholate: 29.1 µM, mifepristone: 6.7 µM, probenecid: 42.9 µM, WY-14643: 15.1
µM. The Ki determined from the inhibition studies and Ki from previous work were used
to create an Oatp1c1 pharmacophore model. The pharmacophore model identified two
hydrophobic and one negatively charge center.
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Introduction
Organic anion transporting polypeptides (OATP: Humans; Oatp: rodents) are bidirectional membrane transporters. OATPs/Oatps transport a diverse set of solutes,
ranging from bile salts, toxins, conjugated sterols, hormones, endobiotics and xenobiotics
[1]. OATPs/Oatps are expressed in barrier cells throughout the body including the brain,
liver, kidney, and intestine playing important roles in the deposition and elimination of
solutes in these organs.
Research on drug transporting proteins such as OATPs/Oatps is an important part
of the drug discovery and development process. The differences in drug transporting
enzyme tissue distribution and substrate specificity must be taken into account during the
drug development process when translating to humans [50]. Drug transporting proteins
have a profound effect on a drug’s pharmacokinetic profile including the absorption,
distribution, metabolism and excretion [51, 52]. Safety profiles of drugs are also affected
by transporting proteins [51]. OATPs/Oatps affect a drug’s pharmacokinetic profile and
have been linked to a variety of drug-drug interactions [53-56]. The tissue distribution
and various substrates of OATPs/Oatps lead to possible clinical pharmacotherapy
implications are yet fully elucidated.
To best understand a transporting enzyme’s effect on a drug’s pharmacokinetic
and safety profile, the relationship from both the protein and substrate perspective have to
be examined [57]. Understanding the protein structure and substrate relationship is
important in the design of novel molecules targeting OATPs/Oatps. Examining the
protein substrate relationship from the protein perspective is difficult for membrane
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proteins. Crystal structures of the membrane proteins have proven difficult to construct
[58]. Examining OATPs/Oatps structure and function is dependent upon targeted
mutagenesis of the protein and homology modeling. Investigating the protein substrate
relationship from the substrate prospective can provide information regarding substrate
preference as well as structural information about the protein.
Comparative molecular field analysis (COMFA), quantitative structure-activity
relationship (QSAR) and pharmacophore analysis are used to assess transporter substrate
relationships. QSAR is an approach to identify the relationship between chemical
structures and biological activity. COMFA is a 3D-QSAR technique that is applied to
derive a correlation between the biological activity of a set of molecules and their 3D
shape, electrostatic and hydrogen bonding properties. Pharmacophore analysis
summarizes steric and electronic features needed for recognition of a substrate by the
transporting protein [59].
Substrate structure-based studies have been performed in OATPs/Oatps. Chang et
al. performed a meta-pharmacophore analysis of Oatp1a1 and OATP1B1 [60]. The study
pooled data on substrates for Oatp1a1 and OATP1B1 from the literature. The training set
for Oatp1a1 and OATP1B1 contained 26 molecules with a range of Km values ranging
between 0.0076 to 268 µM. The meta-pharmacophore developed for Oatp1a1 and
OATP1B1 contained two hydrogen bond acceptors and three hydrophobes. Yarim et al.
performed 3D-QSAR analysis on Oatp1a5 using a training set of 18 molecules [61]. The
pharmacophore generated contained a negatively charged group on one end, a
hydrophobic domain in the center, and a hydrogen bond donor on the opposite end. The
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results reported by Yarim et al. and Chang et al. are in agreement, generally speaking.
Gui et al conducted CoMFA analysis on OATP1B1 [11]. The training set of the CoMFA
model contained 18 molecules, which were newly identified through a screen of 39
known nuclear receptor ligands. The authors concluded that an OATP1B1 substratebinding site contains a central hydrophobic region, with basic residues at each end. The
CoFMA results indicate that a substrate for OATP1B1 should contain both hydrophobic
and negatively charged centers with another negatively or polar group on the end.
OATPs/Oatps have overlapping substrate specificities due to the poly-specificity
of individual OATPs/Oatps members [43, 60]. The polyspecific nature OATPs/Oatps can
be seen in the results of the substrate analysis studies of OATP1B1, Oatp1a1, and
Oatp1a5. The results of these studies have overlapping features of their computational
models, however each of the models have subtle differences, which could explain the
differences in substrate preference. Examples of this include the substrate thyroxine,
which is transported by several OATPs/Oatps, with different affinities.
In our study, we are interested in defining Oatp1c1 substrate preference more
broadly with a goal to utilize Oatp1c1 as a BBB transporter of novel neurologically active
drugs. We present Ki values for a number of additional potential Oatp1c1 substrates. In
addition, Ki data from chapter 2, where we identified thyroxine’s structural motifs for
recognition by Oatp1c1 transport ia incorporated into the analysis. Compilation of these
results is finally used to generate an Oatp1c1 specific pharmacophore and comparative
molecular field analysis.
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Methods and Materials
Cell Culture
Human embryonic kidney 293 (HEK293) cells stably transfected with Oatp1c1 –
pEF-DEST51 and empty–pEF-DEST51 vectors were cultured on 10 cm tissue culture
dishes in 1X MEM with 10% fetal bovine serum (FBS), sodium pyruvate (10mM),
nonessential amino acids (1x), penicillin streptomycin (10µg/ml), and blasticidin
(3µg/ml) at 37° C with 5% CO2.
Transport Assays
Confluent cells were plated onto twenty-four well plates at a concentration of
2.1x105 cells/well in complete growth media forty-eight hours prior to the assay.
Twenty-four hours before the start of the assay, the media was changed to 1X MEM
supplemented with 10% stripped FBS, nonessential amino acids and 10mM sodium
butyrate. To perform the assay, the cells were washed and incubated with KrebsHenseleit buffer (142mM NaCl, 23.8 mM NaHCO3, 12.5 mM HEPES, 5 mM glucose,
4.83 mM KCl, 1.53 CaCl2, 1.2 mM MgSO4, and 0.96 mM KH2PO4). Investigation of
the uptake of thyroxine by Oatp1c1 was initiated by applying 200 µl of Krebs-Henseliet
buffer containing 1nM 125I-T4 to each well and incubating to a set time point. At the end
of the incubation period, the wells were washed twice with Krebs-Henseleit buffer
without radiolabelled substrate. 0.5% TritonX100 (Sigma Aldrich; St. Louis, Mo) was
applied to lyse the cells, and the associated radioactivity was measured with a Perkin
Elmer Wizard γ counter (Perkin Elmer). Protein concentrations were determined with a
BCA Protein Assay Kit (Pierce).
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Time Course
The assays were established and performed as described above. Uptake of 1nM
125

I-T4 by stably transfected Oatp1c1–pEF-DEST51 and empty–pEF-DEST51 vector

HEK293 cells was examined at several time points from 0 min to 90 min.
Kinetic Measurement
The assays were established and performed as described above.
determination assays, uptake of 0.1-1nM

125

In Km

I-T4 supplemented with cold T4 (total T4

concentration = 100pM-400nM), was measured at 5 min time points. In the experiment,
empty vector uptake at equivalent substrate concentrations and times points were
subtracted from Oatp1c1 uptake.
Inhibitor Dose Response Assays
The assays were established and performed as described above. Inhibitors were
initially screened at two concentrations to determine the range of concentrations of
inhibitors to be tested. This ensured capture of the complete dose response curve. The
selected inhibitor concentrations were mixed with 700 µl of Krebs-Henseliet buffer
containing 1nM

125

I-T4. Two hundred microliters of this solution were placed in each

corresponding well and incubated for 5-minute intervals. In the experiment, empty vector
uptake at equivalent inhibitor concentrations and times points was subtracted from
Oatp1c1 uptake with the results graphed in Prism GraphPad version 4. The x-axis
represents the log molar of concentration of the inhibitor, and the y-axis represents the
fraction of uptake compared the control. Zero inhibition correlates to one fraction of
control or one hundred percent uptake compared to the control, while complete inhibition
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correlates to zero fraction of control or zero percent uptake compared to control. Nonlinear regression analysis allows the determination of an IC50 for the inhibitor.
Lineweaver-Burk Analysis
The assays were established as described above. Uptake of 1nM

125

I-T4

supplemented with cold T4 was examined at five selected concentration points containing
a total concentration of 10, 25, 50, 75 and 100 nM T4 in absence of selected inhibitor, in
the presence of inhibitor at a concentration which 10%, 25% and 40% inhibition occurs.
These experiments were done to determine if the selected inhibitors are competitive
inhibitors of Oatp1c1. By establishing that the T4 has the same Vmax with or without the
presence of inhibitors, it can be determined that they are competitive inhibitors. The
analysis was done on a linear regression graph as a double reciprocal plot with velocity-1
on the y-axis and concentration-1 on the x-axis graphed in Prism GraphPad version 4.
Pharmacophore Analysis
The structures of the list of compounds were identified and imported from
pubchem. The structures in isometric SMILES were uploaded into Chemdraw 3D
(Cambridgesoft), and energy minimizations were performed using MOPAC 6.0 program.
Point charges were then assigned to each of the molecules. Structural alignment was
performed using GALAHAD (Tripos, Inc.).
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Results
Recently, our group investigated multiple thyroxine analogues to determine which
structure elements of T4 are essential for recognition by Oatp1c1. To a better characterize
Oatp1c1’s high affinity T4 binding site, we investigated an expanded set of drug like
molecules. The expanded set of drug like molecules were compiled based on a literature
search of known OATP/Oatp substrates and our own data. The selected drug like
molecules have a variety of structures and biological activities that do interact with
Oatp1c1’s binding site differently than T4, as shown in Figure 1.
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Bromosulfophtalein (BSP)

Estrone 3 sulfate

Fluorescent orange 550

Mifepristone

Pyrenesulfonic acid

WY-14643
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Simvastatin

Taurocholate

Sulindac

4- Hydroxytamoxifen

Probenecid

Pravastatin

Figure 1. Chemical structures of Oatp1c1 substrates and inhibitors tested.
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Dose response inhibition studies were performed as described previously. T4 was
used to inhibit 125I-T4 to determine the Ki of T4. The baseline Ki of T4 was 0.012 µM. By
determining the baseline Ki of T4, we could then determine the substrate’s inhibitor
potential by comparing the Ki values. Estrone-3-sulfate (E3S) is a known substrate of
several OATP/Oatps. E3S demonstrated a Ki value of 2.5 µM. The Ki value of E3S is
significantly higher then T4 indicating that the substrate-binding site of Oatp1c1 prefers
the amino acid backbone structure of T4 compared to the sterol backbone of E3S.
Mifepristone had a Ki value of 6.7 µM, significantly higher than E3S. Taurocholate had a
Ki value of 29.1 µM. Taurocholate, mifepristone and E3S have a similar sterol backbones,
but each has a varying degree of inhibitory potential. Simvastatin was found to have a Ki
value of 15.9 µM. In contrast, another HMG COA reductase, pravastatin had a Ki value
of 197.3 µM. Probenecid was found to have a Ki value of 42.9 µM. Compound WY14643 had a Ki value of 15.1 µM. 4-hydroxytamoxifen was found to have to a Ki value of
33.1 µM. BSP was found to have an Ki value of 0.81 µM. Pyrenesulfonic acid was found
to have a Ki value of 6.7 µM. Fluorescent orange 550 had a Ki value of 1.8 µM. Nonsteroidal anti-inflammatory drugs (NSAIDs) have been previously described by our
group as being competitive inhibitors of Oatp1c1. The NSAID set of molecules was
expanded to include sulindac and was found to have a Ki of 40.1 µM. Dose response
graphs and a comprehensive list of Ki values of the substrates identified can be seen in
Figure 2 and Table 1 respectfully. Lineweaver burk experiments were performed to
determine the type of inhibition the drug like molecules had on Oatp1c1. Figure 3
provides an example of 4 different experiments on the expanded set of molecules. The
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results of these experiments indicate the substrates have mixed inhibition properties for
Oatp1c1. Mixed inhibition means that the substrate has both competitive and noncompetitive properties. Mixed inhibition of Oatp1c1 could be expected due to the fact
that Oatp1c1 has multiple binding sites.
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A.

B.

C.

D.

E.

F.

G.

H.
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I.

J.

K.

L.

Figure 2. Inhibition of Oatp1c1 mediated
Uptake of 1 nm

125

125

I-T4 transport by selected inhibitors.

I-T4 was tested in the presence of increasing concentration of

inhibitors, incubated for 5 minutes at room temperature. Dose response curves were fitted
using non-linear regression (Graphpad Prism). Each point represents the mean uptake of
125

I-T4 (n=3)
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A.

B.

C.

D.

Figure 3. Lineweaver-Burk plots of selected inhibitors. The line with square icons
represents the uptake of 1nM

125

I-T4 supplemented with cold T4 without inhibitor. 10,

25, 50, 75 and 100 nM cold T4 was used in combination with varying concentrations of
inhibitors, including inhibitor concentrations resulting in between 10% and 60%
inhibition (n=3). Each point represents the mean velocity (n=3). Inhibitors displayed in
Figure

3

A:

pravastatin;

B:

Simvastatin;
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C:

Sulindac;

D:

WY-14643.

Inhibitor
BSP
fluorescent orange 550
estrone 3 sulfate
mifepristone
pyrenesulfonic acid
WY-14643
simvastatin
taurocholate
4-hydroxytamoxifen
sulindac
probenecid
pravastatin

Table 1.

Ki (µM)
0.81
1.8
2.5
6.7
6.7
15.1
15.9
29.1
33.1
40.1
42.9
197.3

Summary of Ki values for Oatp1c1

50

125

I-T4 transport inhibition.

Pharmacophore Modeling
The pharmacophore was constructed from T4, T4 acetic acid, T4 amine, T3, T1
amine, BSP, estrone 3 sulfate, pravastatin, taurocholate, E217βG, E317βG, fenamic acid,
diclofenamic acid, iopanic acid, PFOS, and PFOA. The structures underwent energy
minimization and partial charge assignment, using Gallahad (Tripos Sybyl X 1.1) with
feature alignment. The inhibitors identified in previous work were included in this
rendering. The pharmacophore presented is an initial pharmacophore that is currently
undergoing refinement. The program identified the pharmacophore as the blue and cyan
spheres, positions essential for recognition by Oatp1c1 as shown in Figure 4. The blue
sphere represents a negatively charge center, while the cyan spheres represent
hydrophobic areas.
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Figure 4. Structural alignment of 17 compounds used in training set for Oatp1c1
pharmacophore generation. The 17 compounds are represented with the stick figures,
with T4 highlighted in red. The Pharmacophore features are highlighted the blue and
cyan spheres, representing negatively charged and hydrophobic centers, respectively.
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Discussion
Oatp1c1 transports a variety of substrates. However, the substrate structural motifs
recognized by Oatp1c1 binding site have not been described. In the present study, we
determined Ki values of multiple substrates and competitive inhibitors of Oatp1c1.
Structural alignments and pharmacophore analysis of the substrates and competitive
inhibitors of Oatp1c1 were performed. The dose response inhibition assays measuring
inhibition of Oatp1c1–mediated

125

I-T4 transport identified Ki values and associated

affinity for Oatp1c1.
The carbon structure of the substrate did not appear to influence the strength of
inhibition as heavily as other characteristics such as the molecule’s substituent, molecular
volume and electronegativity. For example, the inhibitor BSP has a Ki value of 0.81µM, a
vastly different carbon structure from T4, and is the strongest inhibitor identified. The
BSP structure has halogenic substituents much like the structure of T4. BSP’s structure
contains four bromides while T4 contains four iodides. Compound WY-14643 is an
intermediate inhibitor with a Ki value of 15.1 µM and has a similar carbon structure to
T4, as it contains an aromatic ring bridge by an amino pyrimidinyl ring that is substituted
and a thio-acetic acid. The pyrimidinyl ring of WY-14643 is substituted with chloride.
The structures and associated Ki values of WY-14643 and BSP indicate the importance of
the halogen group’s electronegativity and volume for Oatp1c1 substrate recognition. The
importance of the halogen group’s electronegativity and volume was also seen when
examining the T4 analogues, as discussed in Chapter one. When iodides were removed
from the T4 backbone we observed a decreased inhibitory potential for Oatp1c1.
53

Examining the sterol group of compounds tested, we see that Oatp1c1 has a variable
affinity for these compounds. The varying degree of inhibitory potential of taurocholate,
mifepristone and E3S is due to the different substituents placed at carbon 3, 11, and 17.
The placement of these substituents are essential for interaction with Oatp1c1’s high
affinity active site, as indicated by the changes in the Ki value. HMG-CoA reductase
inhibitors are thought to have neuroprotective effects and maybe beneficial in several
neuropathological conditions such as Alzheimer’s disease. Our studies found two statins
as substrates for Oatp1c1, pravastatin and simvastatin. Despite the similar structure
between the two statins, they display substantial differences in affinity for Oapt1c1. This
could be due to size and location of the functional groups. Recently, a study determined
simvastatin had the best characteristics for preventing neurodegenerative conditions [62].
Oatp1c1 could facilitate simvastatin neuroprotective effects by increasing simvastatin’s
concentration in the brain.
A number of the molecules identified as inhibitors of Oapt1c1 have also been
implicated in pharmacophore and 3D-QSAR analyses of OATP1B1, Oatp1a1 and
Oatp1a5 [11, 60, 61]. Six molecules were used in the training set for both the Oatp1c1
and OATP1B1 pharmacophore. The molecules include T4, WY-14643, estrone-3-sulfate,
estradiol-17β–glucuronide, pravastatin and mifepristone. Oatp1c1 displayed a lower
affinity to all of these molecules compared to OATP1B1, except for T4. Interestingly,
three molecules, clotrimazole, fenofibrate and bezafibrate are inhibitors for OATP1B1
but showed no inhibitor potential to Oatp1c1. The lower affinity of Oatp1c1 to these
molecules signals refined substrate preference of Oatp1c1. The broad substrate
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preference of OATP1B1 compared to Oatp1c1 is not surprising given the expression
patterns of the proteins. OATP1B1 is primarily expressed in the liver and Oatp1c1 is
expressed primarily at the BBB. The limited substrate preference of Oatp1c1 could help
maintain the microenvironment of the brain. The following five molecules were used in
the training set for both Oatp1c1 and Oatp1a1 pharmacophore: estrone-3-sulfate,
estradiol-17β–glucuronide, taurocholate and pravastatin. The training set for Oatp1a5 3DQSAR analysis has six molecules that overlap with the Oapt1c1 training set, which
include: T4, T3, BSP, estrone-3-sulfate, and estradiol-17β–glucuronide. Comparing and
contrasting the data from Oatp1c1, Oatp1a1 and Oatp1a5 are difficult because Chang, et
al. and Yarim, et al. used Km values for analyzing the data for Oatp1a1 and Oatp1a5
instead of Ki values.
The initial Oatp1c1 pharmacophore model was generated using structural
alignments and comparisons of energy minimized and partial charge assignments of 17
competitive inhibitors. The pharmacophore was generated using the program
GALAHAD. The areas included two centric hydrophobic areas and a distal negative
charged center. The structure of thyroxine is highlighted in red with the aromatic rings
aligning well with the hydrophobic components of the pharmacophore and carboxyl
group aligning with the negative phramacophore feature. The current model suffers from
rather poor structural alignment and refinement is needed.
Pharmacophore and CoMFA modeling of OATP1B1 were successfully performed.
Seventeen of these inhibitors and estradiol-17β-glucuronide were selected as the training
set to develop the models [11]. The CoMFA models illustrated that for strong inhibition
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the substrate must contain a middle hydrophobic center and a negatively charged center
at the C17 steroid position with another negatively charged or polar group at the C3
steroid position. Based on the CoMFA models, the OATP1B1 binding site is thought to
contain a large hydrophobic cluster of amino acids with basic residues at opposite ends
[11]. Comparing the two pharmacophore models, it can be seen that both Oatp1c1 and
1B1 prefer to have a hydrophobic center. While OATP1B1 prefers to have a negatively
charged center at both ends, Oatp1c1 prefers to have a negatively charged center only at
one end. This indicates a preference for substrate type and size. Additionally, the
differences in pharmacophores provide insight into the differences between the binding
site pockets of Oatp1c1 and OATP1B1 and evolutionary changes.
The meta-pharmacophore analysis of OATP1B1 and Oatp1a1 both contained two
hydrogen bond acceptors and three hydrophobes with different 3-D coordinates. The
hydrogen bond acceptors are located at either end of a large hydrophobic area for these
models [60]. The models were developed from a training set of molecules, which Km
values were identified through a literature search. The Km values are from a variety of
different cell types, which could lead to variations in Km. Twenty-six molecules for
Oatp1a1 and 18 molecules for OATP1B1 were used for the training sets. There are
limitations to be taken into account for using Km values from the literature, including
different experimental conditions, cell types and software used to calculate Km. The
meta-pharmacophore analysis of OATP1B1 and Oatp1a1 models have similar
characteristics as the initial model for Oatp1c1 and could prove insight in the refine of
our model.
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After optimization, the Oatp1c1 pharmacophore will be utilized in a variety of
ways. The Oatp1c1 pharmacophore will be used to search chemical databases and
identify potential substrates. This will be accomplished by computational comparison of
the molecular features of the Oatp1c1 pharmacophore to the structure of the compounds
of the chemical database. The identified compounds can be selected and tested for
substrate specificity. The Oatp1c1 pharmacophore can be used to rationally design drugs
to specifically target Oatp1c1. By being able to target a transporter such as Oatp1c1, we
can potentially have tissue specific penetration of the drugs. In the case of Oatp1c1, the
drug will utilize Oatp1c1 to penetrate into the brain. The rationale design of drugs can be
lead to increased efficacy of the medication and lead to lower systemic side effects.
Oatp1c1’s pharmacophore can be used to derive information about the Oatp1c1 binding
site and can facilitate future mutagenesis studies.
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Chapter 4
Discussion, conclusions and future directions
The studies presented in this thesis set out to identify the molecular substituents for
substrate recognition by Oatp1c1. To accomplish this goal, we first conducted inhibition
and Lineweaver-Burk studies that determine the molecule substituents contributing to the
high affinity of Oatp1c1-mediated T4 transport.
Removing substituents from the parent T4 molecule we observed increasing Ki
values up to 14000 fold lower in affinity. The highly polarizable outer ring iodides
located at the 3’ position, 5’ position, and the negatively charged carboxyl group, were
identified as the molecular substituents of greatest importance. The positively charged
amine group appears to be deleterious to the substrate-protein interaction of thyroxine.
We speculate polarizability of the outer ring iodides of T4 is important for providing
strong induced dipole interactions between T4 and Oatp1c1. The loss of the iodides on
the aromatic rings also contributes to a decrease in the total space filling volume of the
molecule, thus decreasing interaction surface between the protein and T4.
Upon completion of identifying the molecular substituents of T4, which make T4
Oatp1c1’s high affinity substrate, we expanded the group of drug-like molecules
examined. We identified 12 compounds as competitive inhibitors of Oatp1c1. The
additional compounds were used with the T4 derivatives as well as other known Oatp1c1
substrates to perform an initial pharmacophore analysis.
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Future directions for this work include refine the Lineweaver Burk analysis, to ensure
competitive inhibition of Oapt1c1. The pharmacophore and 3D-QSAR CoMFA analysis
of Oapt1c1 T4 high affinity binding site needs to further developed to allow a predictive
model to be built. Pharmacophore and 3D-QSAR CoMFA analysis of Oatp1c1’s high
affinity E217βG binding site will provide detail of Oatp1c1’s substrate preference and
substrate-protein interactions. In-depth pharmacophore and 3D-QSAR CoMFA analysis
of Oatp1c1’s will develop robust models, which allow the identification of novel
substrates and inhibitors for Oatp1c1. The identification of the novel substrates will
provide insight into the physiological role of Oatp1c1. Gaining an in-depth understanding
of the physiological role and molecule substituents needed for transport by Oatp1c1
provides an opportunity for novel drug to be designed to utilize Oatp1c1 to cross the
BBB. Pharmacophore and 3D-QSAR CoMFA analysis of Oatp/OATP family’s substrates
would provide insight into transport mechanisms between the different isoforms of the
transporter, allowing a better understanding of the physiological roles of Oatp/OATP
family as well as the type of substrates they transport. This type of understanding will
allow the possibility of utilizing Oatps/OATPs for rationale design drugs. The ability to
rationally design drugs will allow an ability to target Oatp/OATPs to transverse barriers
cells in various tissues throughout the body. This would make Oatps/OATPS a possible
to mechanism to penetrate certain tissues and bypass efflux transporters.
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