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of zebrafish Oatp2b1. We generated cells transiently 
and stably transfected with zebrafish Oatp2b1 cloned 
from zebrafish liver, constructed an Oatp2b1 homol-
ogy model, developed transport activity assays with 
model fluorescent substrate Lucifer yellow, and 
finally utilized this assay to analyze the interaction of 
zebrafish Oatp2b1 with both physiological and xeno-
biotic substances. Apart from structure similarities, 
our data revealed the strongest interaction of zebrafish 
Oatp2b1 with bile acids, steroid sulfates, thyroid hor-
mones, and bilirubin, as well as xenobiotics bromo-
sulfophthalein and sulfasalazine, which indicates its 
functional orthology with human OATP2B1.

Keywords OATP2b1/Oatp2b1 · Zebrafish · 
Transient and stable transfectants · Homology 
model · Substrate preferences · Functional orthology

Introduction

Members of the organic anion transporting poly-
peptide superfamily (OATP in humans and rodents/
Oatp in other animals) are transmembrane proteins 
involved in the trafficking of large amphipathic mol-
ecules across the plasma membrane of eukaryotes. 
OATPs/Oatps mediate the transport of a wide range 
of endogenous (steroid hormones, bile salts, pros-
taglandins) and exogenous compounds (pharma-
ceuticals, natural toxins). Their role in ADME pro-
cesses (absorption, distribution, metabolism, and 
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elimination) has become increasingly recognized due 
to their involvement in the cellular uptake of drugs 
in tissues important for pharmacokinetics, such as 
the liver, kidney, and intestines (Kindla et al. 2009). 
Their high conservation across many species has been 
attributed to their central role in detoxification pro-
cesses (Meier-Abt et al. 2006).

OATPs/Oatps have been classified into six sub-
families (OATP/Oatp1-6) with OATP1/Oatp1 mem-
bers being the most extensively studied due to their 
link to human diseases and cancer treatment (Hagen-
buch and Meier 2004; Hagenbuch and Stieger 2013). 
The OATP2/Oatp2 subfamily includes two transport-
ers, OATP2A1 and OATP2B1, in humans, mice, and 
rats. OATP2B1, originally isolated from the human 
brain (Hagenbuch & Meier 2003; Kullak-Ublick et al. 
2001; Tamai et  al. 2000), is one of the most impor-
tant members of the OATP/Oatp family, along with 
OATP1B1 and OATP1B3. It is a 709-amino acid 
glycoprotein containing 12 putative transmembrane-
spanning domains (TMDs) (Hagenbuch and Meier 
2004). Unlike other members of this sub-family, 
OATP2B1 is ubiquitously expressed across tissues in 
humans and rats. It is the third most expressed OATP 
in the basolateral hepatocyte membrane of the human 
liver (Kullak-Ublick et al. 2001; Tamai et al. 2000).

It has been shown that human OATP2B1 trans-
ports physiological substrates including steroid con-
jugates estrone 3-sulfate (E3S) and dehydroepian-
drosterone sulfate (DHEAS), bile salt taurocholate, 
and thyroid hormone thyroxine (T4), as well as sev-
eral pharmaceuticals like statins, fexofenadine, and 
glibenclamide (Hagenbuch and Gui 2008; Roth et al. 
2012). A significant overlap in substrate specificities 
of OATP2B1 and the hepatic OATPs (OATP1B1 and 
OATP1B3) has been observed (McFeely et al. 2019). 
The transport mechanism has still not been resolved 
for OATP2B1. However, based on OATP1B1 and 
OATP2B1 homology models, it has been proposed 
that TMDs form a positively charged pore through 
which substrates are translocated. The mechanism 
of this translocation is termed the “rocker switch” 
— a conformational change from an outward- to an 
inward-facing topology elicited by the binding of a 
substrate molecule to specific residues within a sub-
strate-binding pocket (Maier-Abt et  al., 2005, Roth 
et  al. 2012). OATP2B1 transport has been observed 
to be enhanced by acidic pH, and the possibilities 
of proton co-transport (alternatively, exchange with 

hydroxyl ions), the presence of a pH-sensitive active 
site on the transporters, and/or the increasing the 
turnover rate of the active sites across the membrane 
have been proposed (Nozawa et  al. 2004; Sai et  al. 
2006).

In zebrafish, the Oatp superfamily consists 
of five families (Oatp1–5) that include 14 genes 
(Oatp1c1, Oatp1d1–2, Oatp1f1–4, Oatp2a1, Oatp2b1, 
Oatp3a1-2, Oatp4a1, and Oatp5a1–2), out of which 
six members are found only in the teleost fish line-
age (Oatp1d1, Oatp1e1, and Oatp1f1–4) (Meier-Abt 
et al. 2005; Popovic et al. 2010). Tissue-specific gene 
expression, as determined by qPCR, revealed the 
highest expression of zebrafish Oatp2b1 in the gills 
of both sexes, followed by high expression in testes, 
and the brains, kidneys, and intestines of both sexes. 
Moderate expression of Oatp2b1 was observed in 
zebrafish ovaries and in the liver of males and females 
(Popovic 2014).

However, despite its expression in toxicologi-
cally relevant tissues most important for absorption, 
distribution, metabolism, and excretion (ADME) of 
xenobiotics (primarily liver, kidney, intestine, and 
gills) and its putative role in cellular detoxification, 
Oatp2b1 has been little studied in non-mammalian 
species. Given the high sequence and functional con-
servation of OATPs/Oatps across vertebrates and 
comparable expression patterns of fish and mam-
malian orthologs, we hypothesize that Oatp2b1 in 
zebrafish has a similar function to OATP2B1 in 
humans/mammals. Nevertheless, it is possible that 
functional orthology has been lost due to the whole 
genome duplication in teleost lineage or that function 
has been overtaken by other protein(s). Therefore, the 
primary goal of this study was to obtain initial in vitro 
and in silico insights into the structure, substrate pref-
erences, and role of Oatp2b1 in zebrafish as a valu-
able model vertebrate species. To achieve this goal, 
we generated cells transiently and stably transfected 
with oatp2b1 cloned from zebrafish liver, constructed 
a homology model of zebrafish Oatp2b1, developed 
transport activity assays using a model fluorescent 
substrate, and finally used this assay to analyze the 
interaction of Oatp2b1 with both physiological and 
xenobiotic substances.
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Materials and methods

Chemicals

All of the tested compounds, model fluorescent sub-
strates, and interactors alike were of the highest 
analytical grade and purchased from Sigma-Aldrich 
(Taufkirchen, Germany) or Alfa Aesar (Kandel, 
Germany).

Cloning and heterologous expression

A full-length zebrafish Oatp2b1 sequence was 
obtained from zebrafish cDNA by polymerase chain 
reaction using high fidelity Phusion DNA polymer-
ase (Thermo Scientific, MA, USA) and specifically 
designed primers with NotI and HindIII restriction 
sites on the forward, and BgIII and XbaI restriction 
sites on the reverse primers. An amplified DNA frag-
ment was cloned into a linearized pJET 2.0 vector 
(Invitrogen, Carlsbad, CA, USA). The sequence was 
verified by DNA sequencing using automated cap-
illary electrophoresis (ABI PRISM® 3100-Avant 
Genetic Analyzer) at the Ruđer Bošković Institute 
DNA Service (Zagreb, Croatia). Sequenced genes 
of each clone were compared to the reported gene 
sequences from the NCBI and ENSEMBL data-
bases. The verified sequence was subcloned into the 
pcDNA3.1( +) and pcDNA3.1/His vectors (Invit-
rogen). Transient transfection of human embryonic 
kidney cells (HEK293T) was based on a procedure 
previously described by Popovic et  al. (2013) using 
polyethyleneimine (PEI) as the transfection reagent. 
To evaluate transfection efficiency, separate cells 
were transfected with pcDNA3.1/His/LacZ plasmid 
(Invitrogen) and transfection efficiency was evaluated 
24 h after transfection with the LacZ staining protocol 
(Sambrook et al. 1989).

Stable expression of Oatp2b1 in genetically engi-
neered HEK293Flp-In cells was achieved using tar-
geted integration of Oatp2b1 sequence cloned into 
integration vector pcDNA5. pcDNA5/Oatp2b1 con-
struct was specifically targeted into the genome of 
Flp-In-293 cell line following the manufacturer’s 
instructions. In order to reach 90% confluence, Flp-
In-cells were seeded in 6-well plates 48  h prior to 
transfection at a cell density of 3*105 cells/cm2, with 
a final volume of 2.5  mL per well. The transfection 

mixture consisted of 0.375  μg recombinant plasmid 
pcDNA5/FRT with inserted gene, 3.375  μg pOG44 
plasmid, and 3.750  μg PEI reagent (1:1 ratio with 
pcDNA5/Frt + pOG44). pcDNA5-FRT/pOG44/
PEI mixture (250 μL) was added to each well with 
2.25 mL of DMEM medium without FBS and incu-
bated for 4  h at 37  °C and 5%  CO2. After 4  h, the 
medium with transfection mixture was replaced with 
2.5  mL DMEM-FBS per well. The transfected cells 
were left to grow in standard conditions for 48  h, 
scraped off, transferred to 25  cm2 cell culture flask, 
and left to adhere overnight. The next morning, 
after the cells adhered to the flask bottom, 100  μg/
mL of hygromycin B was added and the cells were 
kept in DMEM-FBS + hygromycin B for 20–25 days 
with DMEM-FBS change every 3–4 days. After that 
period, only transfected cells (i.e., hygromycin resist-
ant) survived and started to grow. The cells were then 
tested for uptake of fluorescent substrates and later 
used for transport activity assays.

Western blotting and cell localization

Cells were collected from two wells of a 6-well micro-
plate 24 h after transfection and lysed in NP-40 (Non-
idet buffer) with a protease inhibitors cocktail AEBSF 
(Sigma-Aldrich, Taufkirchen, Germany) for 30  min 
on ice. After the lysis, cells were briefly sonicated 
(5 s at 5 μm) and centrifuged at 4000 × g for 20 min 
at 4  °C. Protein concentration in total cell lysate 
(TCL) was measured using Bradford assay (Brad-
ford, 1976). Western blot analysis was performed 
using Mini-PROTEAN 3 Cell electrophoresis cham-
ber for polyacrylamide gel electrophoresis, together 
with Mini Trans-Blot Cell transfer system (Bio-Rad 
Laboratories, CA, USA) for wet transfer. Proteins 
(20  μg per lane) were separated by electrophoresis 
in gradient (3–12%) polyacrylamide gel with 0.1% 
sodium dodecyl sulfate added and then transferred to 
the polyvinylidene difluoride membrane (Millipore, 
MA, US) via wet transfer (1 h at 80 V, with 0.025% 
SDS). Blocking was performed with low-fat milk 5% 
in TTBS for 1 h. Membranes were washed and incu-
bated for 1  h with anti-Xpress antibody (Invitrogen, 
ThermoFisher Scientific, MA, USA) diluted 2500 × . 
Goat anti-mouse IgG-HRP (diluted 5000 ×) was used 
as a secondary antibody with a 1-h incubation period 
(Santa Cruz Biotechnology, CA, USA). Histone H2B 
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antibody (Santa Cruz Biotechnology, INC) was used 
as the loading control. The proteins were visualized 
by chemiluminescence (Abcam, Cambridge, UK). 
Protein size was estimated by protein markers (Ther-
moFisher Scientific, MA, USA).

For immunofluorescence of Oatp2b1 pro-
tein expressed by transiently transfected plasmid, 
HEK293T cells were grown on glass coverslips in 
24-well culture plates. Fixation of transiently trans-
fected cells was performed with 3.7% formaldehyde 
in PBS during 25 min incubation. Cells were washed 
three times in 100  mM glycin/PBS, permeabilized 
with methanol for 15  min and washed 3 times in 
PBS. Antigen retrieval was done in 1% SDS/PBS for 
5  min. Cells were then blocked in 5% low-fat milk 
for 30 min with gentle agitation at room temperature. 
Subsequently, coverslips were transferred on micro-
scope slides and incubated with Anti-Xpress antibody 
(1:100) (Invitrogen, ThermoFisher Scientific, MA, 
USA) in blocking solution for 1 h at 37 °C in humid-
ity chamber, washed, and incubated with second-
ary FITC antibody (Santa Cruz Biotechnology, CA, 
USA) (1:100) in blocking solution for 1 h at 37  °C. 
When double staining was performed after incuba-
tion with FITC, blocking was done in 5% low-fat milk 
for 30 min with gentle agitation, followed by incuba-
tion with Na, K-ATPase anti-mouse primary antibody 
for 2  h (1:150), washing, and 1  h incubation with 
Cy3-conjugated anti-mouse IgG-HRP (Santa Cruz 
Biotechnology, CA, USA) as a secondary antibody 
(1:200). Nuclei were stained with 300  nM DAPI/
PBS for 45 min at 37 °C. After mounting the samples 
in Fluoromount medium, immunofluorescence was 
detected using confocal microscope Leica TCS SP2 
AOBS (Leica Microsystems, Wetzlar, Germany).

Homology modeling — human vs. zebrafish 
OATP2b1/Oatp2b1

Build Homology Models protocol as implemented 
in Biovia Discovery Studio Client v18.1. (Dassault 
Systèmes, Vélizy-Villacoublay, France) was used to 
construct both human and Danio rerio OATP2b1/
Oatp2b1 homology models based on the align-
ment of the model sequence and the template struc-
ture — crystal structure of the glycerol-3-phosphate 
transporter from Escherichia coli (PDB ID: 1pw4) 
(F. Meier-Abt et  al., 2006, Huang et  al., 2003). To 
generate homology models, the Build Homology 

Models protocol uses the MODELER (Sali and Blun-
dell, 1993) automodel. The input sequence alignment 
between the model sequence of the corresponding 
Oatp2b1 and the sequence of glycerol-3-phosphate 
transporter, necessary for building the homology 
model, was obtained using Align Sequences protocol 
(for hsOATP2b1, Sequence Identity: 10.3%, Sequence 
Similarity: 30,8%; for drOatp2b1, Sequence Identity: 
9.6%, Sequence Similarity: 28,4%). After alignment 
analysis, long insertions that could not be modeled 
correctly were excised in order to obtain a reliable 
model. All insertions (the N-terminal variable region, 
the large extracellular and intracellular loops/regions) 
that were deemed to be unreliable were excised/
removed. A structure-based sequence alignment of 
corresponding Oatp2b1 and glycerol-3-phosphate 
transporter template with the unmodeled extracellu-
lar and intracellular portions illustrated (underlined) 
are shown in Figures S5 and S6 in the Supplementary 
Material.

The remaining parameters in the Parameters 
Explorer of the Build Homology Models protocol 
were set as follows. Cut Overhangs was set to True to 
cut the terminal residues of the input model sequence 
that were not aligned with the templates. Number of 
Models was set to 10 to specify the number of models 
created from an initial structure. Optimization Level 
was set to High to define the proportion of performed 
molecular dynamics with simulated annealing. As to 
building refinement models on detected loop regions, 
i.e., the model sequence regions of at least five resi-
dues length which are not aligned with the template, 
Refine Loops was set to True. Build Homology Mod-
els protocol uses the DOPE (Discrete Optimized Pro-
tein Energy) (Shen and Sali, 2006) method to refine 
loops. Refine Loops Number of Models was set to 5 
to define the number of models to be created by loop 
optimization, and Refine Loops Optimization Level 
was set to Low to define the number of models to be 
created by loop optimization. Refine Loops with Use 
Discrete Optimized Protein Energy (DOPE) Method 
was set to High Resolution.

After running Build Homology Models protocol, 
the Best Model Structure Superimposed to Templates 
was selected from the generated output models for the 
final three-dimensional model structure of Oatp1d1. 
Finally, the selected model was manually adjusted 
and minimized using Smart Minimizer algorithm. 
The dielectric constant to be used to minimize the 
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OATP2b1/Oatp2b1 models was set to 2 correspond-
ing to the dielectric properties of saturated hydrocar-
bons as instructed when modeling a membrane sys-
tem. Dock Ligands (CDOCKER) protocol using full 
potential CHARMm force field for atom typing for 
docking Lucifer yellow inside a binding site defined 
as a sphere large enough to surround a central pore 
of corresponding Oatp2b1 homology model. The 
final pose representing predicted binding conforma-
tion of Lucifer yellow inside corresponding Oatp2b1 
structure was selected based on the highest frequency 
among all generated poses (Fig. 7).

Transport activity assays

FlpIn/Oatp2b1 cells were grown in 96-well plates 
(density 8*105 cells/mL) for 24 h until they reached 
confluency. DMEM/FBS was removed and cells were 
preincubated in 100 μL of the transport medium 
(145 mM NaCl, 3 mM KCl, 1 mM  CaCl2, 5 mM glu-
cose, 5 mM HEPES, and 0.5 mM  MgCl2) for 10 min 
at 37  °C. To assess the transport and dose response 
rates of fluorescent substrate LY, 25 μL of five times 
concentrated fluorescent substrate was added to the 
preincubation medium and incubated for 2.5  min 
at 37  °C. The concentration range applied was 
1–500  μM. Incubation time was determined based 
on the initial time response experiments (Fig.  S1 in 
Supplementary Material). After the incubation, the 
cells were washed two times with 125 μL of cold 
transport medium and lysed with 0.1% of sodium 
dodecyl sulfate (SDS) for 30  min. Lysed cells were 
transferred to the 96-well black plates and the fluo-
rescence was measured with a microplate reader (Infi-
nite M200, Tecan, Salzburg, Austria). The transport 
rates were determined by subtracting the measured 
fluorescence of transfected cells with the fluorescence 
of non-transfected control cells. Normalization of 
the obtained fluorescence response was done using 
calibration curves obtained for each substrate, tak-
ing into account protein content. Calibration curves 
for fluorescent dyes were generated in 0.1% SDS and 
in the cell matrix dissolved in 0.1% SDS. Total pro-
tein concentration was measured using the Bradford 
assay (Bradford, 1976). Using the calibration curves 
and total protein content, the uptake of the fluores-
cent substrates was expressed as nM of substrates 
per mg of protein per minute. After determination of 
transport kinetics for fluorescent dye, LY was used 

in subsequent inhibition assays. Inhibition measure-
ments were based on the co-exposure of transfected 
cells and mock control with the determined model 
substrate and potential interactor. After 10  min of 
incubation, cells were incubated for 40 s with the test 
compounds, followed by 2.5 min incubation with LY. 
The concentration of model substrate used was in the 
linear part of the previously determined concentra-
tion–response curve. The interaction screens were 
initially performed with one concentration of tested 
compounds (100 μM), and for the most potent inter-
actors, detailed dose response experiments were per-
formed and the respective  IC50 values determined.

Type of interaction for the strongest interactors 
identified in the initial interaction screening was 
determined by comparing the kinetic parameters of 
LY uptake in the presence and absence of interacting 
compounds, where their concentrations corresponded 
to their previously calculated  IC50 values. A competi-
tive inhibitor (i.e., substrate) will cause an increase in 
Km, but leave Vmax unaffected. The presence of a non-
competitive inhibitor will decrease Vmax and will not 
affect Km. A third type of interaction is uncompetitive 
inhibition, where both Vmax and Km are decreased.

Results

Protein identification and cell localization

Western blot analysis of total cell lysate from 
HEK293/Oatp2b1 overexpressing cells revealed two 
distinct signals, a monomeric form of approximately 
80  kDa and an oligomeric band at > 200  kDa, with 
possible post-translational modifications seen as 
smears above the monomeric and oligomeric bands. 
Histone H2B (18  kDa) served as a loading control 
(Fig. 1).

Immunofluorescence showed localization of 
zebrafish Oatp2b1 within the cell membrane of tran-
siently transfected HEK293T cells. This was visual-
ized by co-localization of green-stained Oatp2b1 
(FITC) and red-stained Na/K ATPase (CY3), which is 
normally localized in the cell membrane. As a result 
of co-localization, the signals from the two dyes were 
combined and subsequently produced an orange 
signal that confirmed the localization of zebrafish 
Oatp2b1 within the cell membrane (Fig.  2). This 
result indicates that the zebrafish Oatp2b1 protein 
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is correctly localized and can be functional in the 
expression system used.

Homology modeling — human vs. zebrafish Oatp2b1

The generated models of human OATP2b1 and 
zebrafish Oatp2b1 are shown in Figs. 3 and 4, respec-
tively. Since they start from the same template struc-
ture (glycerol-3-phosphate transporter from E. coli), 
a high similarity between the global structure of 
the two models is expected. Indeed, the molecular 

overlay revealed a high degree of similarity with an 
overlay similarity ratio of 0.629017. Closer inspec-
tion revealed that the shortest distance between the 
residues defining the diameter of the active site at the 
closed end of the substrate-translocation pathway in 
the middle of the membrane is predicted to be shorter 
in the case of zebrafish Oatp2b1 (12.6 Å vs. 13.6 Å in 
the case of human OATP2B1). This is in consistent 
with the negligibly larger solvent-accessible surface 
within the active site in the case of human OATP2B1.

Furthermore, using molecular docking, we gen-
erated model complexes of the structural model of 
human or Danio rerio OATP2b1/Oatp2b1 and known 
model substrate LY (Fig.  5) with a binding sphere 
(r = 24.1 and 24.7  Å, respectively) defined large 
enough to encompass most of the central pore. For 
both models, LY is predicted to be positioned in the 
center of the transmembrane channel, confirming the 
quality of the generated models.

Functional characterization of zebrafish Oatp2b1

Model substrate

Initial testing of anionic fluorescent dyes that could 
be used as substrates for functional characterization 
of zebrafish Oatp2b1 revealed Lucifer yellow (LY) as 
a potential fluorescent substrate under physiological 
conditions (pH 7.4). Time- and dose–response assays 
confirmed that LY is indeed an Oatp2b1 substrate and 
its transport followed classical Michaelis–Menten 
kinetics (Fig.  6). The determined kinetic parameters 
of the LY transport in transfected cells at pH 7.4 
resulted in a Vmax value of 21.4 nmol/mg protein/min 
and Km of 620.3 μM (Fig. 6).

However, because human/mammalian OATP2B1/
Oatp2b1 shows increased transport activity at 
acidic pH, we performed an uptake transport assay 
with LY also in acidic conditions (pH 5), which 
indeed resulted in an increased transport rate of LY 
(Vmax = 51.5  nmol/mg protein/min, Km = 175.8  μM; 
Fig. 7).

Interaction screening

Due to the fact that mammalian OATP2B1 exhibits 
increased transport activity and increased substrate 
recognition at acidic pH, we decided to perform inter-
action experiments under acidic conditions (pH 5).

Fig. 1  Western blot analysis of zebrafish Oatp2b1 transporter 
expressed in transfected versus mock transfected cells. Total 
cell lysate revealed Oatp2b1 protein bands that corresponds to 
the size of glycosylated monomeric protein and possible homo- 
or heterodimeric forms and post-translational modifications, 
respectively

1842 Fish Physiol Biochem (2021) 47:1837–1849



1 3

The initial screening revealed interactions with a 
wide range of physiological compounds as well as 
xenobiotics, confirming the polyspecific substrate 
specificity of zebrafish Oatp2b1 (Fig. 8). It showed 
major interactions with steroid and thyroid hor-
mones and bilirubin. The strongest interaction was 
observed with bilirubin, resulting in complete inhi-
bition of LY uptake upon co-exposure of Oatp2b1 
transfected cells to 100  µM bilirubin. Triiodothy-
ronine (T3), pregnenolone sulfate, T4, ethynyltes-
tosterone, progesterone, and 17α-ethynylestradiol 
also strongly inhibited Oatp2b1 transport, resulting 
in only 1.8%, 4.6%, 7.2%, 11.7%, 12.6%, and 17% 
LY uptake remaining in comparison to the control 
(100%), respectively. From the group of xenobiot-
ics, the strongest interaction was seen with bromo-
sulfophthalein (BSP), perfluorooctanesulfonic acid 
(PFOS), diclofenac, perfluorooctanoic acid (PFOA), 
atorvastatin, and tetracycline (0%, 1.8%, 2.5%, 7%, 
14.5%, and 15.1%, respectively).

Dose–response assays

After the initial screening of the described series of 
compounds, the most potent interactors were selected 
for detailed dose–response analyses and determina-
tion of their IC50 values. Oatp2b1 showed the strong-
est interaction with cholic acid (IC50 = 0.7  µM), 
BSP (IC50 = 0.83  µM), and pregnenolone sulfate 
(IC50 = 4.99  µM). Other compounds that inhibited 
the uptake of LY by more than 80% were PFOS, 
diclofenac, and sulfasalazine with  IC50 values of 
11.93, 13.16, and 15.75, respectively (Table  1; 
Fig. S2 and Fig. S3 in Supplementary Material).

Determining the type of interaction

Following determination of IC50 values, the type 
of interaction for the strongest Oatp2b1 interactors 
was determined using Michaelis–Menten kinetics 
determinations (Table  1, Fig.  S4 in Supplementary 

Fig. 2  Immunolocalization 
of zebrafish Oatp2b1 by 
co-localization of the green-
colored Oatp2b1 and the 
red-colored Na/K ATPase. 
The signals of the two dyes 
were combined, resulting 
in an orange signal which 
confirmed the localization 
within the cell membrane. 
Nuclei are stained with 
DAPI (blue)
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Material). BSP and pregnonolone sulfate were identi-
fied as substrates, whereas diclofenac and PFOS were 
found to be inhibitors of Oatp2b1.

Discussion

The data shown in this study represent the first 
insights into the structure, substrate preferences, and 
possible function of zebrafish Oatp2b1. The trans-
porter was first identified and classified in 2010 by 
Popovic et  al. It showed ubiquitously high expres-
sion with a tissue expression pattern similar to that of 
OATP2B1 in mice. Analysis of membrane topology 
revealed a high probability that zebrafish Oatps have 
12 TMDs and that the organization of TMDs and LPs 
is highly conserved. Conserved motifs specific for the 

OATP superfamily were also identified in zebrafish 
Oatps: the superfamily signature, a large extracel-
lular loop 5 with ten conserved cysteines, and the 
Kazal SLC21 domain. Human OATP2B1 is a 709 
amino acid and 85  kDa large glycoprotein contain-
ing 12 putative transmembrane spanning domains 
(Hagenbuch, 2004; Grube et  al. 2006). As indicated 
by western blot analysis, the zebrafish Oatp2b1 pro-
tein obtained in this study was approximately 85 kDa 
in size, which corresponds to the size of human 
OATP2B1. However, because the predicted protein 
size is 75  kDa, based on the nucleotide sequence, 
we suggest that zebrafish Oatp2b1 is most likely 
glycosylated. Based on the amino acid structure of 
zebrafish Oatp2b1 (NetNGlyc 1.0 server), there are 
four predicted N-glycosylation sites: N131, N149, 
N474, and N673. N-glycosylation may be important 

Fig. 3  Solid ribbon and 
rainbow-colored representa-
tion of the homology model 
of human OATP2b1 as 
viewed from the lateral side 
(A), the extracellular side 
(C), and the intracellular 
side (E) with electrostatic 
potential mapped onto its 
molecular surface, respec-
tively (B, D, F). Regions 
of negative, positive, and 
neutral potential are shown 
in red, blue, and white/gray, 
respectively
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for membrane localization, similarly to what has 
been shown for another zebrafish Oatp, the teleost-
specific Oatp1d1 (Popovic et  al. 2013). Our immu-
nofluorescence analysis clearly showed localization 
of Oatp2b1 inside the membrane of transiently trans-
fected HEK293T cells, indicating that it is correctly 
localized and likely functionally active in the expres-
sion system used. Several other immunolocalization 
studies have also shown that OATP2B1 is mainly 
expressed in the plasma membrane (Kindla et  al. 
2011; Kleberg et  al. 2012; Knauer et  al., 2010; Le 
Vee et al. 2013).

Crystal structures are not yet available for any 
OATP/Oatp transporter. However, comparison of 
the in silico predicted protein structures a human 
OATP2b1 and zebrafish Oatp2b1 performed in 

this study (Figs.  3 and 4) clearly shows significant 
similarities between the two transporters, which is 
further supported by successful molecular dock-
ing of the model substrate LY (Fig.  5). However, 
closer inspection reveals that LY is predicted to 
be placed slightly lower in the central pore in the 
case of zebrafish. A possible explanation could be 
inferred from the aforementioned slightly narrower 
central pore in the case of zebrafish Oat2b1, where 
a more constricted channel providing a more secure 
fit around the substrate molecule could more eas-
ily guide LY through the channel in a directional 
manner, providing less space available for substrate 
rotation to cause its retention. Taken together, while 
constructed homology models cannot provide the 
same level of confidence and insight that can be 

Fig. 4  Solid ribbon and 
rainbow-colored representa-
tion of the homology model 
of zebrafish Oatp2b1 as 
viewed from the lateral side 
(A), the extracellular side 
(C), and the intracellular 
side (E) with electrostatic 
potential mapped onto its 
molecular surface, respec-
tively (B, D, F). Regions 
of negative, positive, and 
neutral potential are shown 
in red, blue, and white/gray, 
respectively
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obtained by protein crystallography, we believe that 
the models obtained in this study can be used for 
further molecular docking studies aimed at deter-
mining interactions of OATP2b1/Oatp2b1 with var-
ious physiological and xenobiotic substances.

After identifying the zebrafish Oatp2b1 protein 
and confirming its correct localization in HEK293T 
cell membranes, we verified LY as a model fluores-
cent substrate that can be used in transport activ-
ity assays and subsequent high-throughput screen-
ing protocols to gain better insights into zebrafish 
Oatp2b1 interaction preferences. LY showed high 
accumulation in transfected cells and followed clas-
sical Michaelis–Menten kinetics. Considering that 
human OATP2B1 shows pH-dependent transport 
activity, with increased transport activity observed at 
acidic pH, we tested transport of the model substrate 
in both physiological (pH 7.4) and acidic conditions 
(pH 5). Similar to what has been reported for human 
OATP2B1, we observed an increase in LY transport 
under acidic conditions (Fig. 7). The pH dependence 
of OATP2B1 is considered to be driven by the proton 
gradient, which likely plays a physiological role in the 
uptake of compounds from the intestinal lumen where 
pH is weakly acidic (Tamai 2012). Furthermore, sev-
eral mutagenesis studies have shown that pH depend-
ence is likely associated with a highly conserved his-
tidine in the third transmembrane domain (Leuthold 
et al. 2009; Hagenbuch and Stieger 2013).

Based on the expression profile and phylogenetic 
analysis which showed that zebrafish Oatp2b1 is 
phylogenetically closest to mammalian OATP2B1/
Oatp2b1, Popovic et al. (2010) suggested that it may 
be a functional ortholog of OATP2B1. Based on 
this presumption, we tested some of the OATP2B1 

Fig. 5  Superposition of model complexes between human 
OATP2b1 (carbon atoms in green) or zebrafish Oatp2b1 (car-
bon atoms in magenta) and LY, respectively

Km=  620.3 µM 
Vmax= 21.4 nmol/mg protein/min 

Fig. 6  Dose–response of zebrafish Oatp2b1 transport of the 
fluorescent model substrate LY (Km = 620.3 μM) expressed as 
transport rate (nmol/mg protein/min) over LY concentration 
(μM) after 2.5  min incubation with LY at pH 7.4. Each data 
point represents the mean ± SE from triplicate determinations. 
Dotted lines represent confidence intervals

Km = 175.8 µM 
Vmax = 51.5 nmol/mg protein/min 

Fig. 7  Dose–response of zebrafish Oatp2b1 transport of the 
fluorescent model substrate LY (Km = 175.8  μM) expressed 
as transport rate (nmol/mg protein/min) over LY concentra-
tion (μM) after 2.5 min incubation with LY at pH 5. Each data 
point represents the mean ± SE from triplicate determinations. 
Dotted lines represent confidence intervals
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Fig. 8  Interaction of 
zebrafish Oatp2b1 with 
known interactors of 
mammalian Oatp subfam-
ily members and similar 
anionic compounds. Data 
are expressed as mean 
percentage (%) ± SD from 
triplicate determinations of 
LY uptake after co-incu-
bation with each interactor 
(100 μM) relative to LY 
uptake in the absence of an 
interactor which is set to 
100% (control)

Table 1  Overview of 
kinetic parameters and 
types of interaction 
determined for the strongest 
interactors of zebrafish 
Oatp2b1

*toi, type of interaction.

IC50 (µM) Vmax c.i Km c.i toi*

Control (LY) 51.45 45.69–57.2 175,8 128 – 223.5
Bilirubin 34.26 - - - - -
Sulfasalazine 15.75 - - - - -
17α-Ethynylestradiol 34.46 - - - - -
Diclofenac 13.16 23.8 10.97–36.62 342.7 0.0–690.6 I
Ibuprofen 49.45 - - - - -
PFOA 24.75 - - - - -
PFOS 11.93 32.14 20.47–43.8 297.7 89.95–505.3 I
BSP 0.83 45.09 27.65–62.54 594.2 233.6–954.8 S
Pregnenolone sulfate 4.99 71.51 42.07–101.0 877.7 369.3–1386 S
Cholic acid 0.7 - - - - -
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interactors and similar anionic compounds for inter-
action with zebrafish Oatp2b1. Because human 
OATP2B1 showed an increase in transport activity 
and number of substrates recognized at acidic pH, 
we performed the initial interaction screening at pH 
5. Within the potential physiological substrates, we 
observed the highest interaction with cholic acid, 
pregnenolone sulfate, and bilirubin. The interaction 
with bile acids, steroid sulfates, and thyroid hormones 
as well as bilirubin indicates a functional similar-
ity with OATP2B1 (Al Sarakbi et  al. 2006; Bronger 
et al. 2005; Köck et al. 2010). Since the majority of 
endogenous substrates of human OATP2B1 are ster-
oid hormones and bile acids, its presumed physiologi-
cal role is to help in the distribution and elimination 
of regulatory compounds. Based on our results, this 
may also be the case for zebrafish Oatp2b1, although 
further studies and testing with a higher number 
of substances should be performed to confirm this 
hypothesis.

On the other hand, the xenobiotics that showed 
the strongest interaction with zebrafish Oatp2b1 were 
BSP, PFOS, diclofenac, and sulfasalazine, and BSP 
was identified as a substrate. BSP and sulfasalazine 
are also high-affinity substrates of human OATP2B1 
with a determined Km value of 0.7 μM (Kullak-Ublick 
et  al. 2001) and 1.7  μM (Kusuhara et  al. 2012), 
respectively. In addition, we identified ibuprofen and 
PFOS as inhibitors of Oatp2b1. No specific inhibi-
tors have yet been identified for human OATP2B1, 
although aliskiren, celiprolol, and pemetrexed may be 
candidates as they are selective substrates (McFeely 
et al. 2019).

In summary, based on the interaction data 
observed in this study, we suggest that zebrafish 
Oatp2b1 may indeed be a functional ortholog of 
human OATP2B1. Nevertheless, there are still 
many gaps in our knowledge regarding data on the 
expression, localization, regulation, and function of 
Oatp2b1, particularly in non-mammalian species, 
including fish. Moreover, it is important to note 
that the focus of regulatory agencies worldwide has 
been primarily on hepatic OATPs, particularly 1B1 
and 1B3 (Mcfeely et  al. 2019). As more and more 
studies emerge, highlighting the importance of 
OATP transporters in the uptake and disposition of 
many endobiotics and xenobiotics, including drugs, 

it has become obvious that more research should be 
directed towards these types of transporters. The 
same is true for Oatp2b1 in zebrafish, as it is the 
second most abundantly expressed Oatp in zebrafish 
liver. In addition to its highly probable physiologi-
cal role, Oatp2b1 could be an integral component of 
cellular defense and its inhibition by environmental 
pollutants could be of considerable ecotoxicologi-
cal relevance. Therefore, this study could serve as 
a basis for further toxicological and environmental 
research on the importance of Oatp2b1-mediated 
uptake of drugs, endo- and xenobiotics in zebrafish 
as an important vertebrate model species.
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