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Abstract

Organic anion transporting polypeptides (OATPs) 1B1 and 1B3 are two highly homologous
transporters expressed in the human liver. However, epigallocatechin gallate (EGCG) which is the
most predominant catechin in green tea has opposite effects on the function of OATP1B1 and 1B3.
In the present study, the critical structural domains and amino acid residues for the activation of
OATP1B3 by EGCG have been determined by characterizing the function of a series of
OATP1B3-derived chimeric transporters, site-directed mutagenesis, and kinetic studies. Our
results showed that G45 and F555 in transmembrane domains (TMs) 1 and 10 are the most
important amino acid residues for OATP1B3’s activation. Kinetic studies showed that the
activation of OATP1B3 by EGCG at low substrate concentration was due to its increased substrate
binding affinity. However, EGCG caused increased K, and decreased Vjax for 1B3-G45A and
1B3-F555H. The flexibility at position 45 and aromaticity at position 555 might be important for
OATP1B3’s activation. While 1B3-G45A and 1B3-F555H could not be activated by EGCG, their
transport activity for EGCG was comparable to that of wild-type OATP1B3. In conclusion, the
present study elucidated the molecular mechanism for OATP1B3’s activation by EGCG.
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INTRODUCTION

Organic anion transporting polypeptides (OATPs), which belong to the superfamily of solute
carriers (SLC),! are important membrane transport proteins that mediate sodium-
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independent transport of a wide range of amphipathic organic compounds including bile
salts, organic dyes, steroid conjugates, thyroid hormones, anionic oligopeptides, numerous
drugs, and other xenobiotic substances.23 So far eleven human OATPs have been identified.
4 Among them, OATP1B1 and OATP1B3 are two liver-specific transporters expressed
exclusively on the basolateral membrane of hepatocytes under normal physiological
conditions.*> They mediate transport of many drugs from portal blood into hepatocytes and
thus are important for drug disposition. OATP1B1 and 1B3 are two highly homologous
transporters who share 80% amino acid sequence identity.5.7

A number of drug-drug and drug-food interactions have been associated with OATP1B1 and
1B3, affecting the pharmacokinetics and pharmacodynamics of their substrate drugs.8-16 It
has also been reported that many natural substances present in food or dietary supplements
such as flavonoids could intact with OATP1B1 and 1B3 and alter the pharmacokinetics of
OATP substrate drugs.11:1517-21 As OATP1B1 and 1B3 have high sequence similarity, many
natural compounds such as apigenin, kaempferol, quercetin, naringenin, naringin, and rutin,
showed the same effect on the function of OATP1B1 and 1B3.1518-20 However, some
natural compounds showed opposite effects on their function. For instance, green tea
catechin epigallocatechin gallate (EGCG) and quercetin 3-O-a-L-arabinopyranosyl (1—2)
a-L-rhamnopyranoside stimulated OATP1B3-mediated estrone-3-sulfate (E3S) uptake,
while they inhibited OATP1B1-mediated E3S uptake.11:1% Quercetin derivative 5-O-
propylquercetin stimulated OATP1B3-mediated estradiol-17p-glucuronide (E17pG) uptake,
while it inhibited OATP1B1-mediated E17pG uptake.2! In contrast, the anti-cancer and anti-
fungal phytochemical dioscin inhibited OATP1B3-mediated steviol glucuronide (SVG)
uptake, while it stimulated OATP1B1-mediated SVG uptake.l> Among them, EGCG showed
the greatest opposite effects on OATP1B1 and 1B3. So far, little is known about the
molecular determinants for OATP1B3 that are critical for its activation by the green tea
catechin EGCG.

In the present study, the molecular mechanism for the activation of OATP1B3 by EGCG has
been investigated by measuring the function of a series of OATP1B3-derived chimeric
transporters, site-directed mutagenesis, and kinetic studies. Hydropathy analysis and
experimental evidence indicated that all OATPs comprise twelve putative transmembrane
domains (TMs).22:23 Previously, we proposed a topological structure model for OATP1B3
using TMPred (http://www.ch.embnet.org/software/TMPRED _form.html) and constructed
twelve chimeras of OATP1B3 by replacing each TM domain together with the loop
preceding it with its corresponding region of OATP1B1.6 Figure 1A shows the predicted
topological structure of OATP1B3 with the starting and ending amino acid residues for each
TM being labeled and Figure 1B is the schematic representation of the twelve chimeric
transporters of OATP1B3. By using these chimeric transporters and site-directed
mutagenesis, structural domains and residues critical for the activation of OATP1B3 by
EGCG have been determined and the molecular mechanism for OATP1B3 activation has
been elucidated.
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MATERIALS AND METHODS

Materials.

Radiolabeled [3H]estrone-3-sulfate was purchased from PerkinElmer (Waltham, MA).
Unlabeled estrone-3-sulfate (E3S) was obtained from Sigma-Aldrich (St. Louis, MO). Fetal
bovine serum (FBS), Dulbecco’s Modified Eagle’s medium (DMEM), and trypsin were
from Hyclone (Logan, UT). Lipofectamine 2000 and Opti-MEM were purchased from
Invitrogen (Carlsbhad, CA). Sulfo-N-hydroxysuccinimide-SS-biotin, streptavidin-agarose
beads, and the BCA protein assay kit were purchased from Pierce Chemical (Rockford, IL).
Antibodies for detecting the 6-His tag and the Na*/K*-ATPase a subunit were purchased
from Tiangen (Beijing, China) and Abcam (Boston, MA). Horseradish peroxidase-
conjugated secondary antibodies were purchased from ProteinTech (Chicago, IL) and
Sunshine Biotechnology (Nanjing, China). Immobilon Western blot detection kit was from
Millipore (Billerica, MA). Human embryonic kidney (HEK293) cell line was from ATCC
(Manassas, VA).

Construction of Chimeric Transporters and Mutants of OATP1B3.

We previously published the basic twelve chimeras of OATP1B3 and additional chimeras
were constructed in the present study following the original procedure.8 All chimeras were
constructed with a 6-His tag at the C-terminal end of the open reading frame. OATP1B3
mutants were generated by site-directed mutagenesis with the QuikChange kit (Stratagene).
The sequences of all constructs were confirmed by DNA sequencing.

Transporter Expression in HEK293 Cells.

Human embryonic kidney (HEK293) cells were cultured and transfected as described
previously.2 In brief, HEK293 cells were grown at 37°C in a humidified 5% CO,
atmosphere in DMEM medium supplemented with 10% FBS. HEK293 cells were
transiently transfected with Lipofectamine 2000 or Fugene HD (for the kinetics) according
to the manufacturer’s instructions. Transfected cells were incubated for 24 h at 37°C and
then used for surface biotinylation and functional assay.

Cell Surface Biotinylation and Immunoblot Analysis.

HEK?293 cells were cultured and transfected in poly-D-lysine coated 6-well plates. 24 h after
transfection, cells were treated with sulfo-N-hydroxysuccinimide-SS-biotin (1 mg/mL in
PBS) and washed three times with ice-cold PBS containing 100 mM glycine and incubated
for 10 min at 4°C with the same buffer. Then cells were lysed with 700 pL of lysis buffer (10
mM Tris, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, and 1% Triton X-100, pH 7.4, containing
protease inhibitors). After centrifugation at 10000 x g for 2 min, the supernatants of lysates
were incubated with streptavidin-agarose beads for 1 h at room temperature. Beads were
then pelleted at 850 x g for 1 min and washed three times with ice cold lysis buffer. Cell
surface proteins were recovered from the resin by incubation of the beads with 2 x Laemmli
buffer containing 100 mM dithiothreitol at room temperature for 30 min. Cell membrane
proteins were then subjected to SDS-polyacrylamide gel electrophoresis and immunoblot
analysis. OATP1B3 and its chimeras and mutants were detected with a mouse anti-His
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antibody (Tiangen) (1:2000), followed by HRP-conjugated goat anti-mouse 1gG
(ProteinTech) (1:5000). The plasma membrane marker Na*/K*-ATPase was detected with a
rabbit anti-Na*/K*-ATPase a subunit antibody (Abcam) (1:5000), followed by HRP-
conjugated goat anti-rabbit IgG (Sunshine) (1:10000). Immunoblots were developed with a
chemiluminescence method and scanned with ChemiDoc MP imaging system (Bio-Rad,
Hercules, CA).

Functional Assay of Transporters in HEK293 Cells.

HEK293 cells were seeded in poly-D-lysine coated 24-well plates and transfected with 500
ng of cDNA per well using Lipofectamine 2000 or Fugene HD (for the kinetics). Transport
assays were performed 24 h or for the kinetics 48 h post-transfection. The amount of E3S
transported into cells was measured by liquid scintillation counting. Initial experiments
showed that OATP1B3-mediated uptake of 0.1 pM E3S was linear up to at least 1.5 min.
Therefore, uptake and kinetic experiments for E3S were performed at 1 min, and its
procedure was the same as described in our previous publication.8 In all experiments, cells
transfected with empty vector were used as background control. Transporter-specific uptake
was calculated by subtracting the background uptake from OATP-transfected uptake and
normalized with total protein concentration which was determined by the BCA assay.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was employed to quantify
the amount of EGCG transported into cells. Chromatographic separation was achieved with
an Agela Venusil C1g column (2.1 mm x 50 mm, 5 um) and the flow rate was set at 0.4 mL/
min. The mobile phase consisted of water containing 0.1% acetic acid (A) and acetonitrile
containing 0.1% acetic acid (B) with the following gradient: 0-0.5 min, 3% B; 2 min, 28%
B; 2.0-8.0 min, 28% B; and 8.1-10.0 min, 3% B. The mass spectrometer was operated in
negative electrospray ionization (ESI) mode and quantitation was performed by multiple
reaction monitoring (MRM). The ion transitions for EGCG and internal standard (IS)
epicatechin gallate (ECG) were selected as m/z457.3—169.0 and m/z440.7—168.8,
respectively.

Data Analysis.

Uptake experiments were performed in triplicates and data with error bars represent mean +
SD (n= 3). Kinetic parameters were calculated using nonlinear regression analysis
incorporated in Prism 5 (GraphPad Software, La Jolla, CA). Unpaired ¢test was used to
compare difference between means of two groups. When comparing two or more groups
with control, one-way ANOVA was performed followed by Dunnett’s test. The p value for
statistical significance was set to be < 0.05 at 95% confidence interval.

RESULTS AND DISCUSSION

Green tea is a commonly consumed beverage and has received much attention for its reputed
health benefits. Green tea has high content of catechins, which make up 30% to 40% of its
dry weight.1! EGCG, the most predominant catechin in green tea, showed stimulating and
inhibitory effects on OATP1B3- and 1B1-mediated E3S transport, respectively, although
OATP1B1 and 1B3 have high sequence identity.11 OATP1B3 is considered to be a liver-
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specific transporter under normal physiological conditions. However, it is also expressed in
some cancer tissues.® Therefore, the activation of OATP1B3 could probably be utilized to
enhance drug transport into cancer tissues or into hepatocytes. Elucidation of the molecular
mechanism for the activation of OATP1B3 by small molecules could be of great
significance. Therefore, in the present study we have identified and characterized the critical
structural domains and amino acid residues for the activation of OATP1B3 by EGCG by
systematically examining the function of a series of OATP1B3-derived chimeric
transporters, site-directed mutagenesis, and kinetic studies.

Effect of EGCG on OATP1B1- and 1B3-mediated Uptake of E3S.

To confirm the opposite effects of EGCG on the function of OATP1B1 and 1B3 reported
previoulsy,11 first we transiently expressed OATP1B1 and 1B3 in HEK293 cells and
determined E3S uptake in the absence and presence of EGCG. Cell surface biotinylation and
immunoblot analysis showed that OATP1B1 and 1B3 were normally expressed on the
plasma membrane of HEK293 cells (Figure 2A). OATP1B1-mediated E3S uptake was
inhibited by EGCG, while OATP1B3-mediated E3S uptake was stimulated by EGCG
(Figure 2B), which were consistent with the observations reported before with CHO cells
stably expressing OATP1B1 and 1B3.11 These results indicated that our expression and
functional assay systems worked well, and OATP1B1 and 1B3 had the same function in
transient and stable expression systems.

TM1 and TM10 are Critical for the Activation of OATP1B3 by EGCG.

To determine which transmembrane domain(s) is(are) critical for the activation of OATP1B3
by EGCG, twelve OATP1B3-derived chimeric transporters had been constructed (Figure
1B)% and their surface expression and function were examined. As shown in Figure 3A, all
twelve OATP1B3 chimeric transporters were properly expressed on the cell surface. While
most chimeras had a similar molecular mass as wild-type OATP1B3, chimeras 1B3-T4 and
1B3-T10 had significantly lower molecular masses than OATP1B3, which indicated that
OATP1B3 is more glycosylated in extracellular loops 2 and 5 than OATP1B1. Functional
studies showed that chimeras 1B3-T1 and 1B3-T10 could not be activated by EGCG, while
all other chimeras were activated by EGCG although chimera 1B3-T8 only showed a slight
activation (Figure 3B). These results indicated that T1 and T10 regions are critical for the
activation of OATP1B3 by EGCG.

To narrow down the region of importance for OATP1B3 activation, T1 and T10 regions were
further divided into N-terminus (NT) and transmembrane domain 1 (TM1), and extracellular
loop 5 (EL5) and TM10, respectively. Therefore, four additional chimeras, 1B3-NT and
1B3-TM1 based on 1B3-T1, and 1B3-EL5 and 1B3-TM10 based on 1B3-T10, were
constructed (Figure 4A). Chimeras 1B3-NT and 1B3-TM1 were constructed by replacing
NT (residues 1-24) and TM1 (residues 25-48) of OATP1B3 with their corresponding
regions of OATP1B1, respectively. Chimeras 1B3-EL5 and 1B3-TM10 were constructed by
replacing EL5 (residues 433-527) and TM10 (residues 528-560) of OATP1B3 with
corresponding regions of OATP1B1. Surface biotinylation and Western blot analysis showed
that chimeras 1B3-NT, 1B3-TM1, 1B3-EL5, and 1B3-TM10 were properly expressed on the
cell surface (Figure 4B). Functional studies showed that for the T1 region, chimera 1B3-NT
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could be activated by EGCG, while chimera 1B3-TM1 could not be activated by EGCG. For
the T10 region, chimera 1B3-EL5 could be activated by EGCG, while chimera 1B3-TM10
could not be activated by EGCG (Figure 4C). These results indicated that amino acid
residues within TM1 (residues 25-48) and TM10 (residues 528-560) but not NT and EL5
were important for the activation of OATP1B3 by EGCG.

Amino Acid Residues G45 in TM1 and F555 in TM10 are Critical for the Activation of
OATP1B3 by EGCG.

Amino acid sequence alignment showed that there are five and fourteen amino acid residues
different in TM1 and TM10 regions between OATP1B1 and 1B3, respectively (Figure 5A).
To determine which amino acid residues in TM1 and TM10 would be important for the
activation of OATP1B3 by EGCG, we constructed five and fourteen single-point mutants in
TM1 and TM10, respectively, by replacing each residue in OATP1B3 with its corresponding
residue in OATP1B1. All nineteen single-point mutants showed proper expression on the
cell surface with similar surface expression levels as wild-type OATP1B3 (Figure 5B).
Functional studies showed that only mutant 1B3-G45A in TM1 and mutant 1B3-F555H in
TM10 could not be activated by EGCG, while all other mutants could be activated by EGCG
although mutant 1B3-S545L only showed slight activation (Figure 5C). These results
indicated that G45 in TM1 and F555 in TM10 are the most important amino acid residues
for OATP1B3’s activation by EGCG.

Effect of EGCG on the Kinetics of E3S Uptake Mediated by OATP1B3, 1B3-TM1, 1B3-TM10,
1B3-G45A, and 1B3-F555H.

So far we have identified that TM1 and TM10, and furthermore G45 and F555, are critical
for the activation of OATP1B3 by EGCG. In order to further unveil the molecular
mechanism underlying their critical role in OATP1B3 activation, Kinetic studies of E3S
uptake mediated by OATP1B3, 1B3-TM1, 1B3-TM10, 1B3-G45A, and 1B3-F555H in the
absence and presence of EGCG were carried out and their kinetic parameters were
calculated (Table 1). The determined K, value for OATP1B3-mediated E3S uptake was 47.3
+ 23.8 uM, which was similar to that obtained with the stable expression system in our
previous report.8 EGCG greatly decreased it to 3.3 = 1.9 pM. Therefore, the stimulating
effect of EGCG on OATP1B3-mediated E3S uptake at low substrate concentrations (such as
0.1 uM E3S) was due to increased binding affinity. EGCG also significantly decreased the
maximal rate (Vinax) 0f OATP1B3-mediated E3S transport from 282.6 £ 52.6 to 36.1 + 3.9
pmol/mg protein/min. Thus, at high substrate concentrations (such as 100 uM E3S), EGCG
showed inhibitory effect on OATP1B3-mediated E3S uptake.

For chimeras 1B3-TM1, 1B3-TM10, 1B3-G45A, and 1B3-F555H, their K}, values were all
increased in the presence of EGCG as compared to their respective K, values in the absence
of EGCG, whereas their Viax values were all decreased in the presence of EGCG (Table 1).
Therefore, 1B3-TM1, 1B3-TM10, 1B3-G45A, and 1B3-F555H could not be activated by
EGCG due to decreased binding affinity for E3S at low substrate concentration. With
decreased Vinax, EGCG also showed inhibitory effect on E3S uptake mediated by 1B3-TM1,
1B3-TM10, 1B3-G45A, and 1B3-F555H at high substrate concentrations.
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Functional Characterization of Additional Mutants for G45 and F555 of OATP1B3.

To further characterize the effect of amino acid side chains at positions 45 and 555 on
OATP1B3’s activation, additional mutants, namely 1B3-G45S, G45D, G45K and G45F at
position 45, and 1B3-F555Y, F555W and F555L at position 555, were constructed. As
shown in Figure 6A, all additional mutants at both positions were properly expressed on the
cell surface. Functional studies showed that only glycine at position 45 were activated by
EGCG. All other amino acid residues with nonpolar (alanine), polar and hydrogen-bond
forming (serine), negatively charged (aspartate), positively charged (lysine), and aromatic
(phenylalanine) side chains at position 45 impaired OATP1B3’s activation (Figure 6B).
These results demonstrated that the glycine at position 45 was necessary for activation.
Because glycine is much more flexible than other amino acids,? it seems that flexibility
rather than other properties of the amino acid residue at position 45 is critical for
OATP1B3’s activation by EGCG. Previously we developed a three-dimensional structure
model for OATP1B3.5 In this model, G45 is located at the extracellular half of TM1 and
contributes to the extracellular opening of the substrate translocation pathway with residues
from other TMs (Figure 7). Its flexibility may be beneficial for OATP1B3 to bind and
translocate substrates and/or modulators.

Two additional mutants at position 555, namely 1B3-F555Y and F555W, could be activated
by EGCG, while 1B3-F555L could not be activated by EGCG (Figure 6B). Like
phenylalanine, tyrosine and tryptophan have aromatic side chains and the function of 1B3-
F555Y and F555W was similar to that of wild-type OATP1B3. Among nonaromatic amino
acids, leucine is the most similar to phenylalanine.26:27 However, because mutant 1B3-
F555L could not be activated by EGCG, it seems that the aromatic ring at position 555 is
quite important for OATP1B3’s activation. Given that mutant 1B3-F555H cannot be
activated although the side chain of histidine is aromatic, it seems that a positive charge is
unfavorable at F555. This position (F555) is located near the intracellular membrane border
of TM10 and its side chain is positioned away from the substrate translocation pathway
(Figure 7). Therefore, F555 might be important for the overall structure of OATP1B3 instead
of interacting with substrate directly.

G45A and F555H did Not Compromise OATP1B3-mediated Uptake of EGCG.

It was reported that EGCG was transported by OATP1B3 but not by OATP1B1.11 To
investigate the relationship between EGCG transport and its stimulating effect on OATP1B3,
we measured the uptake of EGCG by OATP1B1, OATP1B3, 1B3-G45A, and 1B3-F555H.
As shown in Figure 8, OATP1B3 showed significantly higher uptake for EGCG than
OATP1B1. Uptake of EGCG by OATP1B3-G45A and 1B3-F555H was comparable to that
of wild-type OATP1B3. These results suggested that transport of EGCG did not necessarily
lead to OATP1B3’s activation, and E3S and EGCG might have different binding sites in
OATP1B3. A recent study indicated that OATP1B3 could form homodimers.28 Whether
substrate and modulator bind to one OATP1B3 molecule or to two respective molecules of a
dimer remains to be elucidated.

In the present study, we have elucidated and characterized the critical structural domains and
amino acid residues for the activation of OATP1B3 by EGCG. Our results showed that TM1
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and TM10 are critical for OATP1B3 to be activated by EGCG (Figures 3 and 4). We further
identified that G45 in TM1 and F555 in TM10 are the most important amino acid residues
for OATP1B3’s activation (Figure 5). Kinetic studies showed that the activation of
OATP1B3 by EGCG at low substrate concentration was due to an increased substrate
binding affinity (Table 1). However, for chimeras 1B3-TM1 and 1B3-TM10 and mutants
1B3-G45A and 1B3-F555H, the K, values were increased and the Vpax Values were
decreased in the presence of EGCG (Table 1). Therefore, 1B3-TM1, 1B3-TM10, 1B3-
G45A, and 1B3-F555H could not be activated by EGCG. The flexibility at position 45 and
aromaticity at position 555 might be important for OATP1B3’s activation. While 1B3-G45A
and 1B3-F555H could not be activated by EGCG, their transport activity for EGCG was
comparable to that of wild-type OATP1B3 (Figure 8).

A recent study showed that TM1 is important for maintaining proper function of
OATP2B1.29 However, no study examining the role of TM1 for the function of OATP1B3
has been reported so far. In the present study, our results showed that G45 in TM1 is critical
for OATP1B3’s activation by EGCG. However, the role of other amino acid residues in TM1
for OATP1B3’s function such as substrate selectivity remains to be elucidated.

Our previous studies showed that TM10 was critical for substrate selectivity for both
OATP1B1 and 1B3.%7 For OATP1B3, Y537, S545, and T550 in TM10 were the most
important amino acid residues for cholecystokinin octapeptide (CCK-8) transport.% In the
present study, our results showed that F555 in TM10 was the most important amino acid
residue for OATP1B3’s activation by EGCG. Therefore, it seems that TM10 is important for
both substrate translocation and modulator action for OATP1B3. However, as the specific
amino acid residues critical for substrate transport and activation were different, the binding
sites for substrate and modulator in OATP1B3 might be different.

In conclusion, our present study showed that G45 in TM1 and F555 in TM10 are critical for
the activation of OATP1B3 by green tea catechin EGCG. G45 is irreplaceable by any other
amino acid residues, while F555 can be replaced by other aromatic amino acids without
positive charge.

This work was supported by the Priority Academic Program Development of Jiangsu Higher Education Institutes
(PAPD) and by National Institute of Health grants GM07736 and RR021940.

ABBREVIATIONS USED

DMEM Dulbecco’s Modified Eagle’s medium
E17G estradiol-17p-glucuronide

E3S estrone-3-sulfate

ECG (-)-epicatechin gallate

EGCG (-)-epigallocatechin gallate
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ESI electrospray ionization
FBS fetal bovine serum
HEK?293 human embryonic kidney cells
IS internal standard
LC-MS/MS liquid chromatography-tandem mass spectrometry
MRM multiple reaction monitoring
OATP organic anion transporting polypeptide
PBS phosphate buffered saline
PCR polymerase chain reaction
SLC solute carrier
™ transmembrane domain

REFERENCES

(2). Hediger MA; Romero MF; Peng JB; Rolfs A; Takanaga H; Bruford EA The ABCs of solute
carriers: Physiological, pathological and therapeutic implications of human membrane transport
proteinsintroduction. Pflugers Arch 2004, 447, 465-468. [PubMed: 14624363]

(2). Hagenbuch B; Meier PJ The superfamily of organic anion transporting polypeptides. Biochim.
Biophys. Acta 2003, 1609, 1-18. [PubMed: 12507753]

(3). Hagenbuch B; Meier PJ Organic anion transporting polypeptides of the OATP/SLC21 family:
Phylogenetic classification as OATP/SLCO superfamily, new nomenclature and molecular/
functional properties. Pflugers Arch 2004, 447, 653-665. [PubMed: 14579113]

(4). Hagenbuch B; Gui C Xenaobiotic transporters of the human organic anion transporting
polypeptides (OATP) family. Xenobiotica 2008, 38, 778—-801. [PubMed: 18668430]

(5). Obaidat A; Roth M; Hagenbuch B The expression and function of organic anion transporting
polypeptides in normal tissues and in cancer. Annu. Rev. Pharmacol. Toxicol 2012, 52, 135-151.
[PubMed: 21854228]

(6). Gui C; Hagenbuch B Amino acid residues in transmembrane domain 10 of organic anion
transporting polypeptide 1B3 are critical for cholecystokinin octapeptide transport. Biochemistry
2008, 47, 9090-9097. [PubMed: 18690707]

(7). Gui C; Hagenbuch B Role of transmembrane domain 10 for the function of organic anion
transporting polypeptide 1B1. Protein Sci 2009, 18, 2298-2306. [PubMed: 19760661]

(8). Gui C; Miao Y; Thompson L; Wahlgren B; Mock M; Stieger B; Hagenbuch B Effect of pregnane
X receptor ligands on transport mediated by human OATP1B1 and OATP1B3. Eur. J. Pharmacol
2008, 584, 57-65. [PubMed: 18321482]

(9). Gui C; Wahlgren B; Lushington GH; Hagenbuch B Identification, Ki determination and CoMFA
analysis of nuclear receptor ligands as competitive inhibitors of OATP1B1-mediated
estradiol-17beta-glucuronide transport. Pharmacol. Res 2009, 60, 50-56. [PubMed: 19427586]

(10). Simonson SG; Raza A; Martin PD; Mitchell PD; Jarcho JA; Brown CD; Windass AS; Schneck
DW Rosuvastatin pharmacokinetics in heart transplant recipients administered an antirejection
regimen including cyclosporine. Clin. Pharmacol. Ther 2004, 76, 167-177. [PubMed: 15289793]

(11). Roth M; Timmermann BN; Hagenbuch B Interactions of green tea catechins with organic anion-
transporting polypeptides. Drug Metab Dispos. 2011, 39, 920-926. [PubMed: 21278283]

(12). Treiber A; Schneiter R; Hausler S; Stieger B Bosentan is a substrate of human OATP1B1 and
OATP1B3: inhibition of hepatic uptake as the common mechanism of its interactions with

J Agric Food Chem. Author manuscript; available in PMC 2020 August 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yue et al.

Page 10

cyclosporin A, rifampicin, and sildenafil. Drug Metab Dispos 2007, 35, 1400-1407. [PubMed:
17496208]

(13). Bachmakov I; Glaeser H; Fromm MF; Konig J Interaction of oral antidiabetic drugs with hepatic
uptake transporters: Focus on organic anion transporting polypeptides and organic cation
transporter 1. Diabetes 2008, 57, 1463-1469. [PubMed: 18314419]

(14). Kindla J; Muller F; Mieth M; Fromm MF; Konig J Influence of non-steroidal anti-inflammatory
drugs on organic anion transporting polypeptide (OATP) 1B1- and OATP1B3-mediated drug
transport. Drug Metab Dispos 2011, 39, 1047-1053. [PubMed: 21389119]

(15). Wang M; Qi H; Li J; Xu Y; Zhang H Transmembrane transport of steviol glucuronide and its
potential interaction with selected drugs and natural compounds. Food Chem. Toxicol 2015, 86,
217-224. [PubMed: 26525112]

(16). Vavricka SR; van Montfoort J; Ha HR; Meier PJ; Fattinger K Interactions of rifamycin SV and
rifampicin with organic anion uptake systems of human liver. Hepatology 2002, 36, 164-172.
[PubMed: 12085361]

(17). Greenblatt DJ Analysis of drug interactions involving fruit beverages and organic anion-
transporting polypeptides. J Clin Pharmacol 2009, 49, 1403-1407. [PubMed: 19789373]

(18). Mandery K; Balk B; Bujok K; Schmidt I; Fromm MF; Glaeser H Inhibition of hepatic uptake
transporters by flavonoids. Eur J Pharm Sci 2012, 46, 79-85. [PubMed: 22394605]

(19). Roth M; Araya JJ; Timmermann BN; Hagenbuch B Isolation of modulators of the liver-specific
organic anion-transporting polypeptides (OATPs) 1B1 and 1B3 from Rollinia emarginata
Schlecht (Annonaceae). J Pharmacol. Exp. Ther 2011, 339, 624-632. [PubMed: 21846839]

(20). Wang X; Wolkoff AW; Morris ME Flavonoids as a novel class of human organic anion-
transporting polypeptide OATP1B1 (OATP-C) modulators. Drug Metab Dispos 2005, 33, 1666—
1672. [PubMed: 16081670]

(21). Zhang Y; Hays A; Noblett A; Thapa M; Hua DH; Hagenbuch B Transport by OATP1B1 and
OATP1B3 enhances the cytotoxicity of epigallocatechin 3-O-gallate and several quercetin
derivatives. J Nat. Prod 2013, 76, 368-373. [PubMed: 23327877]

(22). Jacquemin E; Hagenbuch B; Stieger B; Wolkoff AW; Meier PJ Expression Cloning of a Rat Liver
Na*-Independent Organic Anion Transporter. Proc. Natl. Acad. Sci. USA 1994, 91, 133-137.
[PubMed: 8278353]

(23). Wang P; Hata S; Xiao Y; Murray JW; Wolkoff AW Topological assessment of oatplal: a 12-
transmembrane domain integral membrane protein with three N-linked carbohydrate chains. Am.
J. Physiol 2008, 294, G1052-1059.

(24). Bian J; Jin M; Yue M; Wang M; Zhang H; Gui C Tryptophan Residue Located at the Middle of
Putative Transmembrane Domain 11 Is Critical for the Function of Organic Anion Transporting
Polypeptide 2B1. Mol. Pharm 2016, 13, 3553-3563. [PubMed: 27576593]

(25). Huang F; Nau WM A conformational flexibility scale for amino acids in peptides. Angew Chem
Int Ed Engl 2003, 42, 2269-2272. [PubMed: 12772159]

(26). Gonnet GH; Cohen MA; Benner SA Exhaustive matching of the entire protein sequence
database. Science 1992, 256, 1443-1445. [PubMed: 1604319]

(27). Saigo H; Vert JP; Akutsu T Optimizing amino acid substitution matrices with a local alignment
kernel. BMC bioinformatics 2006, 7, 246. [PubMed: 16677385]

(28). Zhang Y; Boxberger KH; Hagenbuch B Organic anion transporting polypeptide 1B3 can form
homo- and hetero-oligomers. PloS one 2017, 12, e0180257. [PubMed: 28644885]

(29). Fang Z; Huang J; Chen J; Xu S; Xiang Z; Hong M Transmembrane Domain 1 of Human Organic
Anion Transporting Polypeptide 2B1 Is Essential for Transporter Function and Stability. Mol
Pharmacol 2018, 94, 842-849. [PubMed: 29871943]

J Agric Food Chem. Author manuscript; available in PMC 2020 August 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Yue et al.

Page 11

A

Extracellular

SepEeY
fatane

Intracellular

1

N-terminal 702" C-terminal

B
1B3-T1

1B3-T2

1B3-T3

i
—
ﬁi@é@i
"

il

1B3-T5

i

1B3-T6

=
z 8
* -
]
N

His

Figure 1.
Topological structure of human OATP1B3 and twelve OATP1B3-derived chimeric

transporters. (A) Predicted topological structure of human OATP1B3 with twelve
transmembrane domains. The starting and ending amino acid residues for each
transmembrane domain were indicated. (B) Schematic representation of twelve human
OATP1B3-derived chimeric transporters. The chimeric transporters were constructed by
replacing each TM domain together with the loop preceding it with its corresponding region
of OATP1B1. For instance, chimera 1B3-T1 was obtained by replacing amino acid residues
1-48 of OATP1B3 with amino acid residues 1-48 of OATP1B1. A His tag was incorporated
into the C-terminal end of all constructs for convenient detection of all chimeras with an
anti-His antibody.
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Figure 2.
Surface expression and functional characterization of OATP1B1 and 1B3 in HEK293 cells.

(A) Surface expression of OATP1B1 and 1B3. OATP1B1 and 1B3 expressed on the cell
surface were isolated by surface biotinylation and detected by immunoblot analysis with an
anti-His antibody. The plasma membrane marker Na*/K*-ATPase a subunit was used as
protein loading control. (B) Functional characterization of OATP1B1 and 1B3. Uptake of 0.1
UM E3S in the absence and presence of 100 uM EGCG was measured at 37°C for 1 min
with empty vector and OATP-transfected cells. The net uptake was obtained by subtracting
the uptake of empty vector-transfected cells from the uptake of OATP-transfected cells. Data
were presented as mean + SD (n= 3). Asterisks indicated a p < 0.05 level of significant
difference between uptakes in the absence and presence of EGCG.
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Figure 3.
Surface expression and functional characterization of twelve OATP1B3-derived chimeric

transporters. (A) Surface expression of twelve chimeric transporters derived from OATP1B3.
Chimeras expressed on the cell surface were isolated by surface biotinylation and detected
by immunoblot analysis with an anti-His antibody. The plasma membrane marker Na*/K*-
ATPase a subunit was used as protein loading control. (B) Functional characterization of
twelve OATP1B3 chimeric transporters. Uptake of 0.1 uM E3S in the absence and presence
of 100 pM EGCG was measured at 37°C for 1 min with empty vector and OATP-transfected
cells. The net uptake was obtained by subtracting the uptake of empty vector-transfected
cells from the uptake of OATP-transfected cells. Data were presented as mean + SD (n= 3).
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Asterisks indicated a p < 0.05 level of significant difference between uptakes in the absence
and presence of EGCG.
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Figure 4.
Schematic representation of chimeras 1B3-NT, 1B3-TM1, 1B3-EL5, and 1B3-TM10, and

their surface expression and functional characterization. (A) Chimeras 1B3-NT and 1B3-
TMZ1 were derived from 1B3-T1 and constructed by replacing the N-terminus (residues 1—
24) and TM1 (residues 25-48) of OATP1B3 with their corresponding regions of OATP1B1,
respectively. Chimeras 1B3-EL5 and 1B3-TM10 were derived from 1B3-T10 and
constructed by replacing extracellular loop 5 (residues 433-527) and TM10 (residues 528—
560) of OATP1B3 with corresponding regions of OATP1B1, respectively. (B) Surface
expression of chimeras 1B3-NT, 1B3-TM1, 1B3-EL5, and 1B3-TM10. Chimeras expressed
on the cell surface were isolated by surface biotinylation and detected by immunoblot
analysis with an anti-His antibody. The plasma membrane marker Na*/K*-ATPase a subunit
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was used as protein loading control. (C) Functional characterization of chimeras 1B3-NT,
1B3-TM1, 1B3-EL5, and 1B3-TM10. Uptake of 0.1 uM E3S in the absence and presence of
100 pM EGCG was measured at 37°C for 1 min with empty vector and OATP-transfected
cells. The net uptake was obtained by subtracting the uptake of empty vector-transfected
cells from the uptake of OATP-transfected cells. Data were presented as mean = SD (n7= 3).
Asterisks indicated a p < 0.05 level of significant difference between uptakes in the absence
and presence of EGCG.
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Figure 5.
(A) Amino acid sequence alignment of TM1 (residues 25-48) and TM10 (residues 528-560)

between OATP1B1 and 1B3. Five amino acid residues are different in TM1 between
OATP1B3 and 1B1, namely (1B3)F27L(1B1), F36L, Y38F, A42T, and G45A. Fourteen
amino acid residues are different in TM10, namely N528D, T529A, F535Y, 1536F, Y537F,
1543L, S545L, L546F, T550L, T554S, F555H, 1556V, L557M, and T559I. (B) Surface
expression of five single-point mutants of OATP1B3 in TM1 and fourteen single-point
mutants in TM10. OATP1B3 mutants expressed on the cell surface were isolated by surface
biotinylation and detected by immunoblot analysis with an anti-His antibody. The plasma
membrane marker Na*/K*-ATPase a subunit was used as protein loading control. (C)
Functional characterization of OATP1B3 mutants in TM1 and TM10. Uptake of 0.1 uM E3S
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in the absence and presence of 100 uM EGCG was measured at 37°C for 1 min with empty
vector and OATP-transfected cells. The net uptake was obtained by subtracting the uptake of
empty vector-transfected cells from the uptake of OATP-transfected cells. Data were
presented as mean + SD (7= 3). Asterisks indicated a p < 0.05 level of significant difference
between uptakes in the absence and presence of EGCG.
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Figure 6.
Surface expression and functional characterization of additional mutants for G45 and F555

of OATP1B3. (A) Surface expression of additional mutants for G45 and F555 of OATP1B3,
namely, mutants 1B3-G45S, G45D, G45K, G45F, F555Y, F555W, and F555L. OATP1B3
mutants expressed on the cell surface were isolated by surface biotinylation and detected by
immunoblot analysis with an anti-His antibody. The plasma membrane marker Na*/K*-
ATPase a subunit was used as protein loading control. (B) Functional characterization of
additional mutants for G45 and F555 of OATP1B3. Uptake of 0.1 uM E3S in the absence
and presence of 100 uM EGCG was measured at 37°C for 1 min with empty vector and
OATP-transfected cells. The net uptake was obtained by subtracting the uptake of empty
vector-transfected cells from the uptake of OATP-transfected cells. Data were presented as
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mean £ SD (n7= 3). Asterisks indicated a p < 0.05 level of significant difference between
uptakes in the absence and presence of EGCG.
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Figure 7.
Three-dimensional structure model of OATP1B3. (A) Side view and (B) intracellular view

are presented. Protein is represented in solid ribbon and the 12 transmembrane domains are
labeled. G45 and F555 are shown in CPK mode.
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Figure 8.
Uptake of EGCG by OATP1B1, OATP1B3, 1B3-G45A, and 1B3-F555H. Uptake of 100 uM

EGCG in the presence of 0.1 uM E3S was measured at 37°C for 1 min with empty vector
and OATP-transfected cells. The net uptake was obtained by subtracting the uptake of empty
vector-transfected cells from the uptake of OATP-transfected cells. Data were presented as
mean + SD (7= 3). Asterisk indicated a p < 0.05 level of significantly different uptake
compared with that of OATP1B3.
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Table 1.
Effect of EGCG on the kinetics of E3S uptake mediated by OATP1B3, 1B3-TM1, 1B3-TM10, 1B3-G45A, and
1B3-F555H"

without EGCG with EGCG
KI’T\ Vmax Km Vmax
(UM) (pmol/mg protein/min) (uM) (pmol/mg protein/min)
OATP1B3 47.3+23.8 282.6 +52.6 33+19 36.1+3.9
1B3-TM1 45.0+8.8 521.8 +45.8 56.9+28.4 129.6 £ 25.6
1B3-TM10  46.3+17.0 356.2 £ 48.0 132.3 +46.5 317.4+58.9
1B3-G45A  32.6£11.5 287.4+33.1 43.9+325 1052+ 325
1B3-F555H 25.8 +10.1 290.1+33.8 46.0+7.7 109.8 £ 6.8

aUptake of increasing concentrations of E3S in the absence and presence of 100 uM EGCG was measured at 37°C for 1 min with empty vector and
OATP-transfected cells. The net uptake was obtained by subtracting the uptake of empty vector-transfected cells from the uptake of OATP-
transfected cells and was normalized to its surface expression level. Normalized net uptake was used to fit the Michaelis-Menten equation to
calculate Km and Vimax values.
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