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Investigating the interaction between organic anion transporter 1 and
ochratoxin A: An in silico structural study to depict early molecular
events of substrate recruitment and the impact of single point
mutations
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H I G H L I G H T S

� Organic anion transporters (OATs) are important to regulate xenobiotics disposition.
� OATs are poorly characterized from a mechanistic point of view.
� The OAT1-dependent transport of ochratoxin A has been investigated.
� Mechanics of OATs involved in substrates recruitment have been described.
� A mutation possibly preventing ochratoxin A recruitment has been identified.
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A B S T R A C T

Organic anion transporters (OATs) belong to a subgroup of the solute carrier 22 transporter family. OATs
have a central role in xenobiotic disposition affecting the toxicokinetics of its substrates and inter-
individual differences in their expression, activity and function impact both toxicokinetics and
toxicodynamics. Amongst OATs, OAT1 (solute carrier family 22 member 6) is involved in the urinary
excretion of many xenobiotics bringing substrates into renal proximal tubular cells which can then be
secreted across the apical membrane into the tubule lumen. The mycotoxin ochratoxin A has been shown
to have a high affinity for OAT1, which is an important renal transporter involved in its urinary excretion.
Nowadays, molecular modeling techniques are widely applied to assess protein-ligand interactions and
may provide a tool to depict the mechanic of xenobiotic action be it toxicokinetics or toxicodynamics.
This work provides a structured pipeline consisting of docking and molecular dynamic simulations to
study OAT1-ligand interactions and the impact of OAT1 polymorphisms on such interactions. Such a
computational structure-based analytical framework allowed to: i) model OAT1-substrate complex
formation and depict the features correlating its sequence, structure and its capability to recruit
substrates; and ii) investigate the impact of OAT1 missense mutations on substrate recruitment.
Perspectives on applying such a structured pipeline to xenobiotic-metabolising enzymes are discussed.

© 2021 Published by Elsevier B.V.
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1. Introduction

Organic anion transporters (OATs) belong to a subgroup of the
solute carrier 22 (SLC22) transporter family that have a ubiquitous
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distribution in animal species including expression in a wide range
of tissues such as kidney, liver, brain, placenta, retina, and olfactory
mucosa (Nigam et al., 2015). OATs play an important role in the
regulation of trans-membrane and trans-cellular transport of
endogenous low-molecular weight molecules, such as hormones
and other signaling molecules, and a wealth of xenobiotics such as
natural toxins, drugs, and food constituents (Lai et al., 2018). In this
context, OATs have a central role in xenobiotic disposition affecting
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absorption, distribution, metabolism, and excretion (ADME) of OAT
substrates and inter-individual differences in expression, activity
and function of OATs impact both their toxicokinetics (TK) and
toxicodynamics (TD) (Zhang et al., 2021).

With regards to the elimination of pharmacologically active
compounds and toxicants, the kidney is considered the central
organ responsible for excretion. Substances can be excreted via
passive excretion by filtration of the blood through the glomeruli,
typically excreting the unbound fraction of chemical to the pre-
urine, and by active transport processes from the kidney blood to
the pre-urine via the renal proximal tubule cells. For the active
transport, kidney proximal tubule cells express several transport
proteins, including OATs, regulating the trafficking of molecules
from the bloodstream to proximal tubule lumen, and vice versa,
eventually determining the excretion of chemicals via urine
(Sweet, 2005).

Further understanding of the relationships between molecular
features of transporters and their functions (transport of sub-
strates) provide important insights into their role in the elimina-
tion, internal exposure and the associated toxicity of food-related
xenobiotics (Zhang et al., 2021). In this regard, the OAT family is
poorly understood from a structural biology standpoint, as no
crystallographic nor NMR structures have been depicted and made
available so far. As a consequence, defining features that correlate
OAT sequence, structure and their induced-fit movements to the
capability to efficiently recruit and translocate substrates remains
a challenge. Indeed, lack of a direct structural description and
information on the architecture of substrate binding prevents a full
understanding of the mechanisms underpinning the transport of
substrates and the move towards kinetically informed chemical
risk assessment for OAT substrates (Clerbaux et al., 2019). A clear
understanding of mechanistic aspects behind OAT substrates
recruitment and translocation would shed light on the inter- and
intra-species differences in TK and related TD and would
ultimately provide a mechanistic basis for more science-based
risk assessments of OAT substrates.

Moreover, depicting OAT-substrate complex formation at the
structural and molecular level would also allow to assess the
impact of missense mutations of OATs on the TK of relevant
compounds, including those causing lower renal clearance and
related higher internal exposure. This would provide a valuable
basis to identify human subpopulations with a particular
susceptibility to such xenobiotics and allow to take into account
such inter-individual differences in risk assessment. In this respect,
polymorphisms of transporters have already been well docu-
mented, with some variants recurring in a number of cancers, and
their effects on the TK of specific compounds have also been
described (e.g. Buxhofer-Ausch et al., 2020; Rocha et al., 2018;
Sissung et al., 2014; Wang et al., 2019).

Amongst transporters, OAT1 is directly involved in the excretion
of a wealth of compounds via the urine as it brings substrates into
renal proximal tubular cells where they can be secreted across the
apical membrane into the tubule lumen (Fujita et al., 2005). OAT1
is mainly expressed in the kidney and is particularly localized in
the basolateral membrane of proximal tubular cells (Saito, 2010).
The mycotoxin ochratoxin A (OTA) has been well studied for its
nephrotoxic and hepatotoxic effects and has been shown to have a
high affinity for OAT1, considered as an important renal transporter
involved in its urinary excretion (Anzai et al., 2010; Jung et al.,
2001; Pickova et al., 2020). OTA is known for its relatively long half-
life in a range of animal species, particularly in humans (Anzai
et al., 2010; Ringot et al., 2006), and it may therefore accumulate
upon repeated exposure. The long half-lives are related to a low
rate of biotransformation, the high binding to serum proteins,
especially to albumin, and related limited glomerular filtration, as
well as to enterohepatic recirculation (Kimura et al., 2002;
Williams et al., 2021; Zhang et al., 2021). Active tubular secretion
is thought to be an important pathway of elimination, in which
organic anion transporters (OATs) play a major role (Anzai et al.,
2010; Ringot et al., 2006). It has been shown that OTA is a substrate
for human OAT1, OAT3 and OAT4 (Babu et al., 2002; Jung et al.,
2001; Tsuda et al., 1999), although OAT1 has the highest affinity, as
per USCD-FDA TransPortal database (Morrissey et al., 2012). These
transporters are involved in the tubular secretion (OAT1 and OAT3)
and the reabsorption (OAT4) of small molecules. in vitro evidence
has shown that OAT1 polymorphism (SLC22A6) influences the
cellular uptake of OTA (Fujita et al., 2005), suggesting possible
related inter-individual differences in OTA TK. OTA’s relevance to
the food safety area has been unambiguously ascertained (EFSA,
2020), but little evidence is available with regards to the possible
impact of inter-individual differences in TK, including OAT1
polymorphisms, on the TD of OTA.

On the basis of the above, as a proof of principle, the present
manuscript aimed at providing a computational structure-based
analytical framework to: i) model the OAT1-substrate complex
formation to underpin early features correlating the sequence and
structure of OAT1 and its capability to recruit OTA and other
substrates; and ii) estimate the effects of missense mutations of
OAT1 on the very early mechanisms underpinning OTA recruit-
ment. In other words, in line with the current proposals to apply
new approach methodologies (NAMs) for human risk assessment
(Williams et al., 2021), this work aimed at providing a prompt
pipeline to investigate substrate recruitment with OAT1, including
OTA and other compounds, and investigate the impact of OAT1
mutations on OTA’s TK based on early recruitment mechanisms. To
do so, a 3D molecular modeling study was applied. Such 3D
molecular modeling techniques are nowadays widely used and
accepted to investigate protein-ligand interactions and, in the case
of OAT1, may provide a basis for mechanistic evaluation of either
TK and TD aspects of its substrates (Ng and Hungerbuehler, 2015;
Xu and Chen, 2020). In this context, a pipelined procedure
consisting of docking studies and molecular dynamic simulations
was applied to provide a reliable workflow to study the OAT1-
ligand interaction and to investigate whether specific OAT1
polymorphisms may affect the early capability to recruit OTA
with possible consequences on its TK and related toxicity. It is
important to note that the aim of this study was to develop a
pipeline that can be used to study early interactions with
xenobiotics and OAT1 and provide mechanistic insights to better
characterise their TK. OTA was selected as a model xenobiotic
relevant to food safety in the present study, but the aim was not to
provide a full mechanistic analysis of the overall TK of OTA or an in-
depth analysis of system biophysics. For a more complete
mechanistic insight with regards to the TK of OTA, one should
also assess OTA interactions with other transporter proteins and
biotransformation enzymes.

Overall, the structurally informed analytical approach pre-
sented here allows to provide mechanistic insights in OAT-
substrate interactions to increase our understanding of the
disposition of OAT substrates. In addition, this study provides
evidence of the impact of mutations, occurring in certain cancers,
which might alter OTA’s TK and TD. Further studies are proposed to
deepen the mechanistic understanding of OAT1’s function and that
of other transporters in the TK and TD of xenobiotics.

2. Material and methods

2.1. Data source

The set of low-molecular weight molecules analyzed in this
work included OTA, 6-carboxyfluorescein, para-aminohippuric
acid, prostaglandin E2, homostachydrine, glycitein-7-glucuronide,
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pravastatin and beta-muricholate. The 3D structures were all
retrieved in the 3D structure-data file (.sdf) format from the
PubChem database (https://pubchem.ncbi.nlm.nih.gov) (Kim et al.,
2021) with the following respective PubChem CID: 442530, 76806,
2148, 5280360, 45782894, 54670067, 54687 and 5283853. The
primary sequence of human OAT1 (Solute carrier family 22
member 6) was retrieved in the FASTA format from the UniProt
database (https://www.uniprot.org) (Bateman et al., 2021) with
the code Q4U2R8. The availability of 3D structures of human OAT1
was checked in the Protein DataBank (PDB; https://www.rcsb.org)
(Berman et al., 2000) but no entries were found (last database
access: 5th of May 2021).

2.2. Homology modeling

Homology modeling was used to derive the 3D structure of
human OAT1 as no structures were publicly available at the time of
analysis (last access to PDB: 5th of May 2021). To do so, the
trRosetta algorithm (https://yanglab.nankai.edu.cn/trRosetta)
(Yang et al., 2020) was used with the human OAT1 sequence in
the FASTA format as input and allowing the search of PDB
templates for a better prediction. Briefly, trRosetta is an algorithm
for a fast and accurate protein structure prediction. It builds the
protein structure based on direct energy minimizations with a
constrained optimization by Rosetta (Simons et al., 1999). The
restraints include inter-residue distance and orientation distribu-
tions, predicted by a deep residual neural network. Homologous
templates found in PDB were included in the network prediction to
improve the accuracy of the predicted OAT1 3D structure. The
manual search of homologous proteins in PDB was done using the
sequence of OAT1 as input in the online blastp tool (https://blast.
ncbi.nlm.nih.gov) (Altschul et al., 1997) to complement the
information of templates automatically identified by trRosetta
choosing the PSI-BLAST algorithm with 2 iterations and default
parameters. Moreover, the multiple-sequence alignment (MSA) of
OAT1 sequence and those of templates used by trRosetta to refine
the model prediction was performed using Clustal X (version 2.1)
(Larkin et al., 2007) setting gap opening penalty at 10 and gap
extension penalty at 1, and choosing PAM series as protein weight
matrix. The MSA was visualised and plotted using CLC Sequence
Viewer 7.7 (https://digitalinsights.qiagen.com/).

2.3. Model and ligands preparation

The consistency of all atom and bond type assignment and
geometries of ligands and the OAT1 model was visually checked
with UCSF Chimera software (version 1.15) (Pettersen et al.,
2004). Specifically, the correctness of ligands stereochemistry
was cross-checked while comparing their 3D structure with the
respective stereochemistry reported in the CAS SciFinder
database (https://scifinder-n.cas.org), which is a multi-purpose
“gold standard” benchmark database for small molecules. The
CAS registry number for OTA, 6-carboxyfluorescein, para-
aminohippuric acid, prostaglandin E2, homostachydrine, prava-
statin and beta-muricholate were 303�47-9, 3301�79-9, 61�78-
9, 363�24-6, 472�22-0, 81093�37-0 and 2393�59-1, respective-
ly. In contrast, glycitein-7-glucuronide was not annoted in the
CAS SciFindern database and its stereochemistry was checked
with that of glycitein (CAS registry number 40957�83-3) and
glucuronid acid (CAS registry number 6556�12-3). Mutated
variants of OAT1 were derived replacing specific amino acid side-
chains using the Structure Editing/Rotamer tool of UCSF Chimera
software (version 1.15) (Pettersen et al., 2004) and choosing the
rotamer with the highest computed probability to occur when
multiple rotamers were computed. All the carboxylic groups of
ligands were deprotonated as expected under physiological
conditions and the 3D structures were saved as Tripos MOL2
molecule file (.mol2) for subsequent analysis. The OAT1 model
was further relaxed and energetically minimized to avoid steric
clashes and to correct on the all structures any eventual improper
geometries by mean of GROMACS (Abraham et al., 2015) with
CHARMM27 all-atom force field parameters support (Best et al.,
2012). In particular, the steepest descent minimization algorithm
was used with an energy step size of 0.01, a maximum allowed
number of steps set at 5000 and an energy threshold to stop
minimization set at 10.0 kJ/mol. This post-processing step was
also applied to the mutated variants prior to perform the docking
simulations to account for the possible local mutation-induced
arrangements of the protein structure. Moreover, the stability of
mutated OAT1 variants was calculated using the PremPS method
(Chen et al., 2020). This method provides a specific and accurate
assessment of the impact of missense mutations on protein
stability through the implementation of a random forest
regression scoring function to estimate unfolding Gibbs free
energy changes (DDG).

The RMSD (root-mean squared deviation) values of the OAT1
model versus the template structures, used to refine the model,
were calculated using a sequence-independent and whole-
structure alignment using the Open-Source PyMOL software
(http://www.pymol.org) with the “super” command. The align-
ment and RMSD calculation of transmembrane domains was
performed with UCSF Chimera software (version 1.15) (Pettersen
et al., 2004) instead using the MatchMaker tool (setting Smith-
Waterman algorithm and BLOSUM-62 matrix).

2.4. Docking analysis

The docking analysis was done using the AutoDock Vina
software (version 1.1.2) (Trott and Olson, 2010) graphically
interfaced in the UCSF Chimera software (version 1.15) (Pettersen
et al., 2004). The binding site has been defined within a box (35.64
� 33.99 � 23.75 L x W x H) centered at the channel entrance.
Default parameters were used except for the number of binding
modes that was set at 1, the exhaustiveness of research that was set
at 4 and the maximum energy difference that was set at 3 kcal/Mol.

2.5. Molecular dynamic simulations

Molecular dynamic simulations were performed to investigate
the overall geometrical stability of OAT1-ligand complexes over
the time. Molecular dynamic simulations were performed using
GROMACS (version 5.1.4) (Abraham et al., 2015) with CHARMM27
all-atom force field parameters support (Best et al., 2012). All the
ligands have been processed and parameterized with CHARMM27
all-atom force field using the SwissParam tool (http://www.
swissparam.ch) (Zoete et al., 2011). Input structures were
solvated with SPCE waters in a cubic periodic boundary condition,
and counter ions (Na+ and Cl�) were added to neutralize the
system. The membrane and its effect on the maintenance of the
overall protein folding was implicitly accounted for by setting
position restraints to the protein’s non-hydrogen atoms (type 1,
with the x,y,z values set at 1000 each), to allow movement from
the reference position with an energy penalty. Prior to performing
molecular dynamic simulations, the systems were energetically
minimized to avoid steric clashes and to correct improper
geometries using the steepest descent algorithm with a maxi-
mum of 5000 steps. Afterwards, all the systems underwent
isothermal (300 K, coupling time 2 psec) and isobaric (1 bar,
coupling time 2 psec) 100 psec simulations before running an
early-term 25 nsec simulation to monitor the earliest induced-fit
movements (300 K with a coupling time of 0.1 psec and 1 bar with
a coupling time of 2.0 psec).

https://pubchem.ncbi.nlm.nih.gov
https://www.uniprot.org
https://www.rcsb.org
https://yanglab.nankai.edu.cn/trRosetta
https://blast.ncbi.nlm.nih.gov
https://blast.ncbi.nlm.nih.gov
https://digitalinsights.qiagen.com/
https://scifinder-n.cas.org
http://www.pymol.org
http://www.swissparam.ch
http://www.swissparam.ch


22 J. Louisse et al. / Toxicology Letters 355 (2022) 19–30
3. Results and discussion

3.1. Reliability assessment and structural analysis of OAT1 model

The reliability of the OAT1 model was assessed using a three-
tiered approach evaluating the consistency of its topological
assignment first, then its geometrical consistency and finally its
capability to discriminate substrates (i.e. ligands that are actually
bound and transported) from decoys (i.e. molecules that are not
bound or transported). The model was built from 2815 homolo-
gous sequences identified in the uniclust30_2018_08 database
(Mirdita et al., 2017). Multiple sequence alignments are provided in
the Supporting material. The model was then refined based on five
homologous structures (PDB code 4ZW9, 6HD7, 5EQH, 5EQG and
5EQI) with well characterised structures that were automatically
selected by trRosetta from the PDB70 database. Multiple sequence
alignments are provided in Fig. 1S of the Supporting material.

In the first-tier assessment, the consistency of OAT1’s topologi-
cal assignment (reported in Fig. 2S of the Supporting material) was
assessed on the basis of the TM-score (i.e., Template Modeling
score), which is a numerical entity to predict the quality of full-
length protein models (Yang et al., 2020; Zhang and Skolnick,
Fig. 1. Graphical representation of OAT1 model. A. 3D ribbon-tube and 2D representatio
structure of GLUT1 (yellow; PDB code 4PYP).
2004). The model recorded a TM-score above 0.5 pointing at a
correct topological assignment, in agreement with previous
studies (Yang et al., 2020).

In the second tier, the geometrical and topological consistency
of the model was visually verified in the light of the little structural
information available so far. In this respect, the model presented a
12-helices core, which is the protein region meant to be embedded
into the cell membrane, and two domains corresponding to the
extracellular and cytosolic region of OAT1, respectively. N- and C-
terminus were both oriented toward the cytosolic region of the
protein. Of note, as shown in Fig. 1, the calculated organization was
in stark agreement with the 2D topology described for OAT1 which
consist of 12 trans-membrane alpha helices with two major
domains formed by the loops in between helices 1 and 2 (i.e. the
large extracellular domain), and 6 and 7 (i.e. the small cytosolic
domain) (El-Sheikh et al., 2008; Pelis and Wright, 2014). After
assessing the consistency of topological assignment, the 3D
structure of OAT1 was compared to those of homologous
structures found in PDB. Although no OATs were found, the search
of homologous structures in PDB highlighted the presence of
several phylogenetically related trans-membrane transporters
sharing the highly conserved 12-helices trans-membrane domain.
n of OAT1. B. 3D organization of OAT1 (white) in comparison to the crystallographic
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The homolog sequence with the highest query coverage was the
human glucose transporter GLUT1 in the inward conformation
(PDB code 4PYP) (Deng et al., 2014). In this respect, the query
coverage is represented by a percentage value which describes the
coverage contribution of the query sequence compared to that in
homologous sequences. A close analysis of the blastp alignment
(Fig. 3S; Supporting material) revealed that the relatively low
coverage was mostly due to the fact that GLUT1 structure missed
the huge extracellular loop between helix 1 and helix 2 of OAT1.
However, GLUT1 is a glucose uniporter responsible for constitutive
or basal glucose uptake with a 12-helices trans-membrane domain
(Deng et al., 2014; Kapoor et al., 2016). The structural alignment
between the OAT1 model and this GLUT1 structure scored a RMSD
value of 7.8 Å. As shown in Fig. 1B, the structural comparison
between the OAT1 model and the crystallographic structure of
GLUT1 revealed the conservation of the transmembrane core,
confirmed the correctness of topological assignment and helices
disposition, thereby further supporting the reliability of OAT1
model geometry. Furthermore, the primary and tertiary structure
of the OAT1 model was also compared to that of the five templates
selected by trRosetta to improve model accuracy. Supporting
material provides multiple-sequence alignments. In this context,
four protein structures were available for human glucose-trans-
porters namely one for GLUT3 in the outward conformation and
three for GLUT1 in the inward conformation with PDB code 4ZW9,
5EQG, 5EQH and 5EQI, respectively (Deng et al., 2014; Kapoor et al.,
2016). The fifth protein structure available was a plant sugar
transporter in the outward conformation having PDB code 6H7D
(Paulsen et al., 2019). With regards to primary structures, these five
homologues showed a sequence coverage above 71 % over the
OAT1, with a sequence identity ranging between 21.8 and 23.4 %
(Table 1S, Supporting Material). In contrast, all tertiary structures
showed the same 12-helices trans-membrane core found in the
OAT1 model further supporting the consistency of its topological
assignment. With regards to the structure superimposition, OAT1
was more similar to the GLUT1 structures in the inward
conformation (with RMSD values ranging from 7.5 to 7.7 Å) than
to the other two transporters in the outward conformation (with
RMSD values ranging from 8.0 to 8.3 Å). However, when looking at
the 12-helices trans-membrane region only, the structure in the
outward conformation (PDB code 4ZW9) recorded the lowest
Fig. 2. Graphical representation of ligand binding site considered in docking studies. Th
detail the binding site and the position of Arg134 is colored in blue.
RMSD value (i.e. 1.2 Å) compared to 4PYP, 5EQG, 5EQH, 5EQI and
6HTD, with RMSD values of 1.4, 1.3, 1.3, 1.5 and 1.4 Å, respectively.
Notably, assessing similarities in terms of organization at the level
of transmembrane domain is more probative to hypothesise the
transporter conformation than considering the RMSD of the overall
structure. On this basis, the outward conformation of the OAT1
model was inferred. Of note, the RMSD analysis of crystallographic
structures revealed relatively little differences between the inward
and outward crystallographic conformations analysed here, with
an average RMSD between the transmembrane region of the
structure in the outward conformation and those in the inward
conformation of 0.75 Å. This could suggest that pronounced
structure reorganization takes place during the substrate translo-
cation, while the transporter that is ready to receive a substrate
might have an overall conformation closely related to that
occurring after the substrate has been released within the cell.
On this basis, our model could serve as a valid starting point to
study the mechanics of early contacts between OAT1 and low-
molecular weight molecules. Nonetheless, the crystallographic
conditions might have reduced the differences between the two
opposite transporter conformations, making further dedicated
studies important to better understand the system mechanics.

The third tier of model evaluation consisted of the assessment
whether the model was able to discriminate substrates from
decoys using a structure-based molecular modeling approach
relying on docking analysis and molecular dynamic simulations, as
previously described (Dellafiora et al., 2015). In this respect, the
capability of distinguishing the so defined “true ligands” (i.e.
molecules experimentally demonstrated as substrates for the
protein under analysis) from decoys (i.e. nonbinding compounds)
is a well-recognised method to validate structure-based models
(Graves et al., 2005). To do so, the solvent exposed extracellular
surface of OAT1 was visually inspected to identify a reasonable
region to dock ligands. As shown in Fig. 2, a surface cleft in between
the trans-membrane core and the large extracellular domain
between helix 1 and 2 can clearly be seen. A closer look at the inner
part of this surface cleft revealed the presence of an arginine
residue (Arg134) with the side chain well exposed to the solvent.
The guanidinium group, which is expected to be positively charged
under physiological conditions, adopted an orientation prone to
interact with the anionic moiety of incoming substrates and might
e protein is shown either in ribbon-tube or in surface representation. The close-ups
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act as the very first molecular driving force to strive the passage of
substrates through the transporter. Therefore, a docking study was
run setting the ligand binding site there and choosing as OAT1
ligands a selection of the highest-affinity probe substrates listed in
the USCD-FDA TransPortal database (Morrissey et al., 2012). The set
of ligands included, along with OTA, 6-carboxyfluorescein, para-
aminohippuric acid and prostaglandin E2 (Fig. 3). As reported in
the USCD-FDA TransPortal database, all these ligands have been
already described as high affinity substrates of OAT1 with Km

values in the low mM range (Cihlar and Ho, 2000; Islinger et al.,
2001; Jung et al., 2001; Kimura et al., 2002). The set of decoys was
collected from the scientific literature and included homostachy-
drine, glycitein-7-glucuronide, pravastatin and beta-muricholate
(Fig. 3) as previous studies ascertained that they are not
appreciably transported or bound by OAT1 (Bush et al., 2017;
Takeda et al., 2004; Wong et al., 2011). Of note, the docking
software used in this study used a scoring function that provides an
estimate of the binding energy (i.e. the more negative the score, the
more stable the expected stability of the protein-ligand complex).
However, as shown in Table 2, the scoring function was not able to
discriminate substrates from decoys, as all of them recorded scores
plausibly supporting a certain capability to form a complex with
OAT1. Nevertheless, the two classes of compounds had an
appreciably diverse geometry of interaction. Indeed, as shown in
Fig. 4, OTA and the other substrates sunk to a higher extent into the
surface cleft compared to decoys. In particular, all the substrates,
but none of the decoys considered here, placed the carboxylic
group close and toward the guanidinium group of Arg134 (Fig. 4;
Table 2) adopting a proper orientation to form polar interactions.
These results were in agreement with the hypothesis that the
presence of an inner positively charged spot into the surface cleft
might have a role to drive the proper orientation and binding of
substrates promoting their transfer. Of note, the results collected
for decoys, and in particular the docking scores that could not
exclude the existence of a certain degree of protein-decoy
interaction, may suggest that a number of non-substrates might
occasionally interact with OAT1, but with orientation and local-
isation that do not allow for efficient transport.

The interaction with OAT1 was then assessed for a selection of
molecules (2 substrates and 2 decoys; OTA, para-aminohippuric
acid, beta-muricolate and homostachydrine) by mean of molecular
dynamic simulations. Molecular dynamic simulations served to: i)
study the early induced-fit movements of OAT1, possibly relevant
Fig. 3. Structure of molecules considered in the study. A. OTA. B. para-aminohippuric
glucuronide. G. Homostachydrine. H. Prostaglandin E2.
for the stability of protein-ligand complexes over the time; and ii)
identify further mechanistic features, meant to be integrated to
those derived from docking studies, to better discriminate
substrates from decoys. In particular, the stability of complexes
was studied from a geometrical standpoint monitoring ligands and
protein trajectories along with the analysis of their root-mean-
square deviation (RMSD). As shown in Fig. 5, the geometrical
landscape of substrates was clearly different from that of decoys. In
particular, although the protein RMSD was found similar in the
four complexes, the ligands showed a different and intrinsically
variable trend in terms of RMSD values, which suggested a discrete
deviation from the starting position possibly indicating the
existence of movement pathways over the OAT1 surface.
Homostachydrine had the most stable trend along the all
simulation suggesting the lack of appreciable movements. A closer
look at the trajectory of the ligands revealed that OTA and para-
aminohippuric acid drew an inward trajectory toward the trans-
membrane core of OAT1, reasonably preluding the trans-mem-
brane transport. Conversely, homostachydrine was found stuck at
the starting position along the all simulation, while beta-
muricholate, which had the most different RMSD trend compared
to the others, showed an outward trajectory leaving the surface
cleft. In addition, OAT1 in complex with the two substrates OTA
and para-aminohippuric acid underwent more discrete and
relatively wider movements of the region surrounding the ligand
binding site formed by part of helix 11 and 12 compared to those
observed in the two complexes with decoys (Fig. 5C). Specifically,
at the beginning of the simulation, the two complexes with
substrates showed an early opening of such a region, which
allowed the substrate entrance followed by a tendency to close
again once the substrate has started its inward trajectory. This
tendency might suggest the presence of movements that prelude
the closure of the transporter over the entered ligands. Interest-
ingly, these movements were not seen when OAT1 was in complex
with decoys. Overall, these data could provide a mechanistic
explanation to understand, at least in part, why the decoys
considered in this study are not suitable for being transported by
OAT1.

On the basis of the above, the capability to arrange the anionic
portion close to the positively charged inner part of the surface
cleft and the subsequent capacity to elicit an opening of the
binding site promoting substrates entrance were identified as
mechanistic features to discriminate substrates from decoys.
 acid. C. 6-carboxyfluorescein. D. beta-muricholate. E. Pravastatin. F. Glycitein-7-



Fig. 4. Binding pose of substrates and decoys. The OAT1 is represented in semi-transparent surface and cartoon, while ligands are represented in sticks. Yellow dashed lines
indicate the C-C distance between the carboxylic group of molecules and the guanidinium group of Arg134 (the distance is expressed in Å). A. Position and binding pose of
OTA. In the close-up the capability of substrates to penetrate within the inner part of the surface cleft arranging the carboxylic group close to Arg134 (colored in blue) is
exemplified. B. Binding architecture of substrates. C. Binding architecture of decoys.
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3.2. Analysis of OAT1 variants

After the identification of the early mechanistic features to
discriminate substrates from decoys, the 3D modeling approach
was applied to a series of OAT1 mutated variants to assess whether
mutations are expected to affect the mechanics underpinning the
proper interaction of OTA as a substrate. The mutations considered
in this study were found to occur in tumors, according to the
BioMuta database (https://hive.biochemistry.gwu.edu/biomuta)
that lists single-nucleotide variations occurring in cancer (Din-
gerdissen et al., 2018). Among the 164 mutations reported (last
database access: 10th of May 2021), the mutations localized within
6 Å around the binding site were considered in this study as
possibly directly involved in affecting the interaction with OTA.
Specifically, 5 single-point mutations were found surrounding the
OTA binding site and they were computed accordingly: S476R,
R423P, D359N, Q361K, and E480K.

The effect of mutations on protein stability was assessed using
the PremPS method (Chen et al., 2020), which accurately tests the
effects of missense mutations on protein stability and estimates
the unfolding Gibbs free energy changes (DDG). As shown in
Table 1, four out of five mutations were found to have a theoretical
limited effect on protein stability having DDG < 1 kcal/mol, in
agreement with previous studies (Chen et al., 2020). For those,
mutations were estimated to be compliant with actual expressions
of the mutated proteins in cells. To note that S476R recorded a
negative score (-0.56 kcal/mol) possibly pointing to a slight
stabilising effect compared to the native protein. Conversely, R423
P recorded a score of 1.76 kcal/mol, suggesting a significant lower
stability compared to the native protein. Its actual expression in
cells was considered less probable compared to the other four
proteins. Overall, all mutated residues were located at the solvent-
exposed entrance of the OAT1 channel and these results were in
line with previous evidence reporting substitutions of solvent-
exposed residues with hydrophilic amino acids which do not
impair generally protein stability (Reidhaarolson and Sauer, 1990;
Strub et al., 2004). In addition, the substitution of solvent-exposed
residues with arginine was found to improve the stability of a
number of proteins (Strub et al., 2004). In this specific case, all
mutated residues were hydrophilic and substituted in four out of
five cases with hydrophilic residues, with a limited theoretical
impact on the overall protein stability. Conversely, the R423P
mutation may reasonably determine a reduced protein stability
due to the lack of a hydrophilic side chain in a solvent-exposed
region of the mutated variant.

In a next step, docking studies were performed on the mutated
variants and docking scores did not allow to characterise whether
mutations may prevent substrate recruitment of OTA by OAT1
since these all ranged between -8.0 and -7.5 kcal/mol. Therefore,
the geometry of binding was inspected to investigate whether
some of the mutations considered were expected to alter the
substrate-like interaction between OTA and OAT1 described above.
As shown in Fig. 6, four out of the five mutations considered in this
study (R423 P, D359N, Q361K, and E480K) allowed an interaction
of OTA similar to that with the wild type OAT1, having the
carboxylic group sunk into the surface groove and close to the
positively charged spot on its deepest inner part. Conversely, the
substitution of Ser476 with Arg in the S476R variant resulted in a

https://hive.biochemistry.gwu.edu/biomuta


Fig. 5. Molecular dynamic results on wild type OAT1. A. Protein and ligands RMSD plots. B. Time-step representation of ligand trajectories. The ligands are represented in
sticks while protein is represented in cartoon. The from-red-to-blue color switch indicates the stepwise changes of ligands coordinates along the simulation. The white arrows
indicate the trajectory of ligands while the dashed white circle indicate the persistence of homostachydrine and the absence of appreciable inward or outward trajectories. C.
Time-step representation of the induced-fit opening of the ligand binding site (helix 11 and 12) of OAT1 in complex with OTA, para-aminohippuric acid, beta-muricholate or
homostachydrine. The from-red-to-blue color switch indicates the stepwise changes of coordinates along the simulation. The white arrows indicate the wide opening upon
binding of OTA and para-aminohippuric acid, while white dashed circles indicate the very limited movements induced by beta-muricholate and homostachydrine.

Table 1
Estimate of the effects of mutation on the stability of OAT1.

Mutation DDG (kcal/mol)

S476R �0.56
R423P 1.76
D359N 0.13
Q361K 0.35
E480K 0.6
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re-shaping of the OTA binding site preventing the inclusion of its
carboxylic group in the inner part of the binding site. Specifically,
the carboxylic group of OTA was found arranged 10.9 Å away from
the guanidinium group of Arg134 resembling the distance
described for decoys (Table 2), compared to a value of 4.1 Å for
the wild-type OAT1. On this basis, the OAT1 S476R variant in
complex with OTA was further analyzed with molecular dynamic
simulation to study possible effects of the mutation on the
Table 2
Docking scores and C-C distance between ligand carboxylate and Arg143 guanidinium

Compound Chemical type D

OTA Substrate �
para-aminohippuric acid Substrate �
6-carboxyfluorescein Substrate �
Prostaglandin E2 Substrate �
Glycitein-7-glucuronate Decoy �
Beta-muricholate Decoy �
Homostachydrine Decoy �
Pravastatin Decoy �
complex geometry and mechanics over the time. As shown in
Fig. 6, the S476R mutation prevented the interaction with OTA as
described for the wild type OAT1. Specifically, at the very beginning
of the simulation OTA moved beneath its starting position, but
then it stuck there being unable to trace the inward trajectory
described for the wild type protein. In line with this observation,
the opening of the upper part of the binding site was found much
less wide than that observed in the wild type OAT1, suggesting a
diminished tendency to let the substrate getting in as described
above for OAT1 in complex with the two decoys. The S476R variant
of OAT1 has been described in cancers from the oral cavity and may
affect the capability of OAT1 to recruit OTA, and perhaps other
OAT1 substrates, with potential consequences on the TK and TD in
S476R-bearing individuals. Although the impairment of OTA
recruitment in other OAT1 variants investigated here cannot be
excluded, further studies investigating the impact of S476R variant
on the TK and TD of OTA should be performed. The possible effects
of OAT1 mutations on protein expression and stability in cells, as
well as its in vitro transport activities should be further
investigated to provide further insights on their potential effects
 group.

ocking Score (kcal/mol) Distance of COO� from Arg134 (Å)

7.6 4.1
5.4 4.2
8.3 4.9
5.3 5.6
8.2 10.8
7.0 8.9
4.3 13.3
6.4 17.7



Fig. 6. Results of mutated OAT1 variants. A. Docking poses of OTA within the mutated variants of OAT1. Protein is represented in surface and cartoon, while OTA is represented
in stick. Mutated residues are highlighted in yellow. White circles indicate the thrusting of carboxylate group into the inner part of surface cleft, while the red dashed circle
indicates the improper arrangement of carboxylic acid outside the binding cleft in the S476R mutated variant. B. Time-step representation of OTA trajectories into wild type or
S476R mutated variant of OAT1. OTA is represented in sticks while protein is represented in cartoon. The from-red-to-blue color switch indicates the stepwise changes of
ligands coordinates along the simulation. The white arrow indicates the inward trajectory of OTA into the wild type OAT1. C. Comparison between the time-step
representation of the induced-fit opening of the ligand binding site (helix 11 and 12) of the wild type or S476R mutated OAT1 in complex with OTA. The from-red-to-blue color
switch indicates the stepwise changes of coordinates along the simulation.. The white arrow indicates the wide opening of the wild type OAT1, while the dashed white circle
indicates the limited movements observed in its mutated version.
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on human TK of OAT1 substrates, including OTA, and their related
TD.

4. Conclusions and future applications

OAT1 is a key player in the excretion of various xenobiotics
including OTA, a well-known mycotoxin relevant to the food safety
area. The structural and molecular understanding of transporter
proteins that play a role in xenobiotic excretion would support a
kinetically informed risk assessment of their substrates. Further-
more, the development and application of informative and high
throughput NAMs, including the one developed here, may provide
useful non-testing approaches to support TK characterisation of a
range of xenobiotics of relevance to food safety. Indeed, NAMs are
meant to provide also a basis for a more informed mechanistic-
based risk assessment (Lanzoni et al., 2019) and therefore the
development of 3D models of proteins involved in toxicants' TK
(like transporters and metabolising enzymes) may provide useful
means to achieve that. So far, OAT1 has been poorly characterized
from a structural and molecular standpoint, hampering mecha-
nistically based kinetic analyses for its substrates. Over the years,
only a few studies accounted for structural and molecular aspects
of OAT1, mostly because of the challenge of developing 3D models
of trans-membrane proteins when crystallographic or NMR data
are scarce or unavailable. The present study took advantage of the
very recent improvements of homology modeling techniques and
updates of structural data recorded in PDB to develop an OAT1 3D
model which allowed the identification of early structural and
mechanistic features preluding the recruitment of OATs substrates
to discriminate them from molecules that are not efficiently
transported (i.e. decoys). It should be noted that the regulation of
the trafficking machinery is a complex phenomenon (Okamoto,
2017) and the whole calculation of OAT1-mediated antiport of OTA,
and related system biophysics are beyond the scope of this study
and foreseen applications. Rather, this work aimed at identifying
the very early molecular interaction events underpinning the
OAT1-ligand complex formation, allowing the discrimination of
substrates from decoys on the basis of the early capability of the
formers to be recruited by OAT1. Keeping in mind that the model
proposed does not account for all the dynamics of transport,
uncertainties in the predictions can be expected. Specifically, the
model is more likely prone to produce false positives, as molecules
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providing a substrate-like interaction at the early stage, may abort
the transport at later stages. Conversely, complexes that are
computed during the timeframe considered as a) unstable and/or
b) whit ligands tracing outward trajectories (like beta-muricho-
late) or having a stuck interaction at the transporter surface (like
homostachydrine); are not likely to result in an efficient transport
compared to those ligands demonstrating a fast entrance within
the computed timeframe (like OTA and other probe substrates).
Overall, these scenarios suggest a lower chance of false negative
predictions and such a feature may prove useful in the context of a
tiered approach particularly to select in silico transporter-substrate
interactions for further investigation i.e. using in vitro transport
studies to confirm or refute such in silico interactions. In this
respect, the analysis of early mechanisms for OTA recruitment
using short molecular dynamics, in terms of computational
resources, warrants a fit for purpose pipeline and allows its
potential straightforward extension to a broader set of chemicals,
transporter proteins and/or mutated variants of interest. It should
be noted that the workflow presented here relies on a fully open-
source data sources fulfilling the current European demand to
develop transparent and freely accessible methodologies to
support a transparent and reproducible use of tools in risk
assessment (Ingenbleek et al., 2021; Ioannidou et al., 2021). All the
3D structures of single molecules or OAT1 complexes generated in
this work are freely available upon request.

Broadly speaking, such a pipeline also provides simulations of
OTA interactions with transporters to investigate inter-species
differences in the TK of OTA and the basis for setting safe
exposure levels for humans based on animal toxicity data.
Notwithstanding, differences in activity and/or expression of
renal transporter proteins between species can play an impor-
tant role in inter-species differences in TK. A recent study
investigated differences in protein expression for a series of renal
transporters between humans, monkeys (cynomolgus), dogs
(beagle), rats (Wistar) and mice (CD-1) (Basit et al., 2019),
including OAT1, OAT3 and OAT4. For OAT1, expression data for all
species were included, whereas for OAT3 and OAT4, only
expression data for humans and monkeys were included (lack
of conserved peptides in other species). Reported expression of
OAT3 and OAT4 is rather similar in cynomolgus monkeys and
humans (i.e. slightly higher in monkeys), whereas larger
differences in OAT1 expression are observed with a median
protein abundance in the kidney of cynomolgus monkey > 2-fold
higher compared to those in human kidney. Reported elimina-
tion phase half-lives (t1/2β) after oral exposure are available for
humans and rhesus macaque, being 1.7-fold higher in humans
compared to that in rhesus macaques (Dietrich et al., 2005). This
suggests a possible role of differences in OAT1 expression in
different elimination kinetics between these species. In addition,
expression differences in cynomolgus monkeys vs rhesus
macaques can be expected as well as differences in kinetic
processes including different elimination half-lives, species-
specific differences in plasma protein binding (Hagelberg et al.,
1989), related glomerular filtration, and species-specific trans-
porter activities. So far, there is little insight into species
differences in transporter activities of OTA by OATs. To obtain
such insights, studies with recombinant transporter proteins can
be conducted as performed with human OAT1, OAT2 and OAT4
(Tsuda et al., 1999; Jung et al., 2001; Babu et al., 2002). The in
silico approach presented here is expected to provide relevant
insights in species differences in transporter activities and these
can be compared to relevant in vitro findings and as a prediction
tool. Overall, the pipeline presented here provides a scientific basis
to assess early interactions between xenobiotics and transporter
proteins as well as other xenobiotic-metabolising enzymes. Such
mechanistic information on substrate recruitment and the impact
of polymorphic variants can be used as part of a battery of NAMs
and integrated with Michaelis-Menten kinetic in vitro data (Vmax,
Km, etc.) for TK modeling. It is recommended to apply this
framework to a range of isoform-specific probe substrates and
relevant xenobiotics to food safety for which inter-individual
differences in pharmacokinetics have been quantified. These
include other transporters (P-gp, BCRP), Phase I enzymes such
as Cytochrome P-450 [i.e. CYP1A2 (e.g. caffeine); CYP2D6 (e.g.
metoprolol), CYP3A4 (e.g. midazolam), CYPC9 tolbutamide)] and
phase II enzymes [e.g. UDP-glucuronyl-transferases (UGT) and
glutathione-s-transferases (GST)] (Buratti et al., 2021; Darney
et al., 2020; Kasteel et al., 2020; Quignot et al., 2021). Since a
growing number of 3D structures are available for human
xenobiotic-metabolising enzymes including some polymorphic
variants, substrate recruitment can be compared across enzyme
variants. A relevant example is the polymorphic variants for
CYP2D6 which have been well characterised in Caucasian
populations such as the CYP2D6*4 and the CYP2D6*10 phenotypes
responsible for the poor metaboliser phenotype and a decreased
enzyme function, respectively. The 3D molecular docking ap-
proach from the structured pipeline described here can be applied
to investigate molecular descriptors of probe substrate recruit-
ment for both polymorphic variants. In addition, since human
variability in the kinetics of CYP2D6 probe substrates are available
for probe substrates and polymorphic variants (e.g. metoprolol,
desipramine, venlafaxine, fluoxetine, paroxetine, etc.), molecular
descriptors of substrate recruitments can be compared and
correlated with such differences in kinetics.

Such a non-testing in silico approach can open a new avenue to
improve model development and implementation using mecha-
nistic information and can ultimately allow the integration of
inter-individual differences in the risk assessment process. These
non-testing approaches are also promising to assess whether
interspecies differences in metabolism and TK can be expected,
which is critical when extrapolating animal data to humans for
hazard characterisation. Such studies can provide structured lines
of evidence relevant for risk assessment ranging from 1) the
mechanistic basis of enzyme or transporter-ligand interaction in
individuals with wild type and polymorphic phenotypes, 2)
integration of pathway-related variability and in vitro metabolism
data into quantitative in vitro to in vivo extrapolation (QIVIVE)
models for relevant food xenobiotics, 3) integration of differences
in TK (internal dose) from the QIVIVE and TD dose-response data
using benchmark dose modeling to derive benchmark dose limits
on an internal dose basis.
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