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Multidrug resistance (MDR) is one of the major factors in the
failure of many chemotherapy approaches. In cancer cells, MDR
is mainly associated with the expression of ABC transporters
such as P-glycoprotein, MRP1 and ABCG2. Despite major efforts
to develop new selective and potent inhibitors of ABC drug
transporters, no ABCG2-specific inhibitors for clinical use are yet
available. Here, we report the evaluation of sixteen tetrahydro-
quinoline/4,5-dihydroisoxazole derivatives as a new class of
ABCG2 inhibitors. The affinity of the five best inhibitors was

further investigated by the vanadate-sensitive ATPase assay.
Molecular modelling data, proposing a potential binding mode,
suggest that they can inhibit the ABCG2 activity by binding on
site S1, previously reported as inhibitors binding region, as well
targeting site S2, a selective region for substrates, and by
specifically interacting with residues Asn436, Gln398, and
Leu555. Altogether, this study provided new insights into THQ/
4,5-dihydroisoxazole molecular hybrids, generating great poten-
tial for the development of novel most potent ABCG2 inhibitors.

Introduction

Multidrug resistance (MDR) is one of the major challenges to
cancer treatment.[1] Cancer resistance can be intrinsic or
acquired, and different mechanisms are described to trigger
MDR, including the reduced drug uptake, enhancing DNA
repair, failure on programmed cell death mechanisms, muta-
tions of targeted proteins. However, the leading cause of MDR
is associated with the expression of ATP-binding cassette (ABC)
proteins in cancer cells.[2,3] The ABC transporters are present
across many different tumor types,[2] promoting the efflux of
several unrelated chemotherapeutic agents.[2,4] The catalytic
mechanism of drug transport is based on substrate binding on
transmembrane domains (TMDs) followed by ATP binding and
hydrolysis at nucleotide binding domains (NBDs).[5] The human
genome codes 48 ABC proteins, and the three of them are
undoubtedly associated with MDR, P-glycoprotein (encoded by
ABCB1), multidrug resistance-associated protein 1 (encoded by
ABCC1) and breast cancer resistance protein (encoded by
ABCG2).[6]

ABCG2 transporter was discovered in 1998 by three
independent laboratories, that named the protein based on the
biological model used, BCRP (breast cancer resistance protein)
due of its identification in breast cancer cells,[7] MXR because of
the mitoxantrone resistance in cancer cells[8] and ABCP, as a
result of the presence on placenta.[9] ABCG2 promotes the efflux
of many substrates, including the chemotherapeutic agent
topotecan, the active metabolite of irinotecan (SN-38), mitoxan-
trone, methotrexate, doxorubicin and TKIs.[7,10,11] This protein is
overexpressed in different types of cancer, such as breast,
pancreas, kidney, liver, glioblastomas and sarcomas, triggering
the MDR phenotype.[12]
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One of the most promising strategies to overcome MDR
mediated by ABCG2 is the development of potent inhibitors
(Figure 1). The first inhibitor of ABCG2 identified was the fungal
toxin fumitremorgin C (1) (FTC), obtained from A. fumigatus.
Despite the selectivity toward ABCG2, FTC presents neurotoxic
effects.[13] Since its discovery, several tetracyclic analogs of FTC
have been synthesized aiming to increase the potency of
inhibition and reduce side-effects, such as Ko143 (2). This
inhibitor shows a very high potency of inhibition; however,
Ko143 is unstable in vivo and non-specific toward ABCG2, as it
also inhibits ABCB1 and ABCC1 transporters at higher
concentrations.[14,15] Later, extensive chemical modifications of
the Ko143 scaffold, as well as in vitro analyses, revealed the
details of ABCG2 interactions with Ko143 and resulted in novel
inhibitors such as MZ29 (3).[16] Besides the FTC and its
derivatives, other natural compounds such as flavones, chal-
cones, and curcuminoids have been reported as ABCG2
inhibitors.[17–19] As part of flavonoids, the chromones (4) have
been widely studied and characterized as novel potent,
selective and non-toxic ABCG2 inhibitors.[20,21] Despite the
increased number of ABCG2 studies, no inhibitor for clinical use
is yet available.[14,22,23]

A critical milestone, a high-resolution cryo-EM structure for
the ABCG2 transporter, was reached in 2017, together with the
proposed mechanism of inhibition.[23] Later, the structure of
ABCG2 in complex with two inhibitors revealed another ABCG2
conformation.[16] The transport and inhibition mechanism in-
vokes ATP-driven alternating access to the substrate/inhibitors
binding sites (Figure 2). Upon the substrate binding in the
Cavity 1 (Figure 2A), from the cytoplasm or the inner mem-
brane, the nucleotide-binding domain (NBD) approach in
response to the ATP binding, inducing a conformational change
towards the outward-facing conformation of ABCG2, which can
release the substrate (Figure 2B).[23]

Docking studies reported by Krapf et al., (2018) indicate the
presence of at least two transporter binding sites, named as
sites 1 and 2, respectively (Figure 2C).[24,25] Site S1 is located at
the interface between the two transmembrane domains and
was previously characterized as highly promiscuous (Supporting
Information, Figure 1), allowing substrates and non-substrates
to bind.[26] On the other hand, site S2 is located between the
transmembrane regions and contrarily to S1, it is selective for
substrates in comparison with non-substrates or inhibitors.[24]

Molecular hybrids are emerging as a new class of small
molecules targeting ABC transporters, which potentially can be
employed in association with chemotherapeutic agents to
overcome MDR in cancer. Tetrahydroisoquinoline (THIQ), a
quinoline family member can inhibit P-glycoprotein, improving
the chemotherapy efficacy on glioblastoma multiforme cell
lines.[27] On the other hand, isoxazole derivatives have shown
potency against MRP1, however, more studies about their
specificity, toxicity, and effectivity are needed.[28,29] Considering
the anticancer effect of our previously synthesized molecular
hybrids of tetrahydroquinoline (THIQ)/4,5-dihydroisoxazole
(ISX)[30] as well as the inhibitory effect of THIQ and isoxazole
against the ABC transporter family,[27] we screened sixteen
THIQ/ISX hybrids, aiming to identify selective and potent
ABCG2 inhibitors. The affinity of the five best inhibitors was
investigated by the vanadate-sensitive ATPase assay. In addi-
tion, the molecular mechanism of ABCG2 binding was explored
using computational approaches, such as docking and molec-
ular dynamics (MD). Our data suggest that tetrahydroquinoline/
4,5-dihydroisoxazole hybrids can inhibit the ABCG2 transporter
activity binding on-site S1 reported as inhibitors binding region,
as well as S2, a selective region for substrates.

Results and Discussion

Synthesis of tetrahydroquinoline/4,5-dihydroisoxazole
hybrids

For easy access to the series of sixteen (16) tetrahydroquino-
line/4,5-dihydroisoxazole hybrids (A–D series) tested in this
work, it was necessary to obtain the corresponding N-allyl
tetrahydroquinolines C-6 substituted (R =H, CH3, OCH3, and Cl).
These keys precursors were synthesized with high yields, via a
“one-pot” three-component cationic Povarov reaction.[31] Once
these tetrahydroquinoline compounds were properly purified
and characterized, they reacted efficiently with a set of selected
aryl aldoximes through a 1,3-dipolar cycloaddition reaction
mediated for NaClO as an inexpensive oxidant, according to our

Figure 1. Chemical structure of reported ABCG2 inhibitors. (1) Fumitremorgin
C (FTC), (2) Ko143, (3) MZ29, and (4) Chromone 6 g (MBL-II-141).

Figure 2. Illustrative mechanism of ABCG2 transport exchanging from the
inactive state (A), where the substrate molecule can enter in the cavity 1
from the cytoplasm or inner membrane, towards the active state (B) where,
upon ATP binding, the transporter opens cavity 2 releasing the substrate to
outside. (C) Binding sites of ABCG2 indicated as Site 1 (S1) and Site 2 (S2),
PDB ID: 6FFC.
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methodology previously described.[30] Tetrahydroquinoline/4,5-
dihydroisoxazole hybrids were obtained in good yields after
column chromatography purification on silica gel (Table 1). The
stereochemistry of all these hybrid synthesized compounds was
determined by 1H NMR spectroscopy. All THQ/4,5-dihydroisox-
azole hybrids obtained are a mixture of diastereoisomers. In all
cases, the properties, including NMR data for the corresponding
hybrids, match with our previously reported data.[30]

Tetrahydroquinoline/4,5-dihydroisoxazole hybrids inhibit
ABCG2 transport activity

To evaluate the capability of the tetrahydroquinoline/4,5-
dihydroisoxazole hybrids to inhibit the ABCG2 transport activity,
HEK293-ABCG2 cells stably transfected to overexpress ABCG2
transporter were used. The ABCG2 substrate used was the
fluorescent chemotherapeutic mitoxantrone, and its intracellu-
lar accumulation was quantified by flow cytometry. All the
sixteen molecular hybrids were assayed at 10 μM and 50 μM. As
shown in Figure 3, all compounds were able to inhibit the
ABCG2-mediated mitoxantrone efflux. Five compounds (A1, C1,
C4, D1 and D4), produced higher than 50 % inhibition at the
10 μM concentration and these were used to explore the
molecular mechanism of ABCG2 inhibition.

A preliminary SAR analysis comparing the effect on ABCG2
transport activity at 10 μM revealed some interesting features
on the chemical structure of tetrahydroquinoline/4,5-dihydroi-
soxazole hybrids (A–D series, Table 1). Firstly, the substituents
on the C-6 position of the tetrahydroquinoline scaffold from
series A did not show relevant influence on ABCG2 inhibition,
excepting the hybrid A1 (where R =H). Regarding the B series,
the presence of the methoxy group on C-4 on the phenyl
moiety attached to the isoxazoline ring generates a significant
decrease in ABCG2 inhibition. Contrarily, the presence of
two (2) or three (3) methoxy groups increases the inhibition of
ABCG2 transport activity from series C and D. Briefly, the
presence of methoxy groups on C-3 and C-5 on the phenyl
moiety attached to the isoxazoline ring seems to enhance the
inhibitory effect on ABCG2 transporter activity. This is observed
in compounds C1, C4, D1, and D4, which are at least 2-fold
more active than their counterparts B1, and B4 (Figure 3).
Meanwhile, electron donating groups (� CH3, � OCH3) on C-6
position of tetrahydroquinoline rings decreases the ABCG2
inhibition compared to unsubstituted and chloride derivatives.
This suggests that the inductive effect of substituent group on
tetrahydroquinoline has a role in ABCG2 inhibition. To confirm

Table 1. Chemical structures and yields of new hybrids tetrahydroquino-
line/4,5-dihydroisoxazole (A–D series). The 4,5-dihydroisoxazole heterocycle
ring is highlighted in blue in all structures.

Structure Compd R Yield[a] [%] d.r.[b]

A1 H 74 1 :1
A2 CH3 64 1 :0.9
A3 OCH3 65 1 :0.9
A4 Cl 65 1 :1

B1 H 65 1 :1
B2 CH3 70 1 :0.8
B3 OCH3 63 1 :0.7
B4 Cl 68 1 :0.7

C1 H 77 1 :0.7
C2 CH3 70 1 :0.7
C3 OCH3 76 1 :0.8
C4 Cl 68 1 :0.9

D1 H 74 1 :0.6
D2 CH3 64 1 :0.7
D3 OCH3 75 1 :0.7
D4 Cl 75 1 :0.7

[a] Isolated yield after column chromatography. [b] Diastereomers ratio
from the quantitative 1H-NMR spectrum.

Figure 3. Inhibition of ABCG2-mediated mitoxantrone efflux. HEK293-ABCG2
stably transfected cells were concomitantly treated with mitoxantrone
(10 μM) and molecular hybrids at 10 and 50 μM for 30 minutes. The
mitoxantrone intracellular accumulation was quantified by flow cytometry.
The percent of inhibition was determined using Ko143 at 0.5 μM as a
reference inhibitor (100 % of inhibition). Values represent the mean �SD of
two independent experiments.

ChemMedChem
Full Papers
doi.org/10.1002/cmdc.202100188

2688ChemMedChem 2021, 16, 2686 – 2694 www.chemmedchem.org © 2021 The Authors. ChemMedChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 31.08.2021

2117 / 204766 [S. 2688/2694] 1

https://doi.org/10.1002/cmdc.202100188


the role of inductive effect, additional derivatives should be
synthetized and tested.

Tetrahydroquinoline/4,5-dihydroisoxazole hybrids stimulate
ATPase activity

The efflux of substrates by ABC transporters is mediated by the
ATP binding and hydrolysis.[32] To get insights onto the
biochemical mechanism of ABCG2 inhibition, the effect of the
five most potent inhibitors (A1, C1, C4, D1, D4) was investigated
on ABCG2 ATPase activity using High-Five insect cells crude
membranes overexpressing ABCG2. A range of concentrations
from 0.1 to 10 μM was used to identify and compare the affinity
of the five compounds on ABCG2. As shown in Figure 4, all
molecular hybrids stimulated the ABCG2 ATPase activity in the
respective order: C1>C4>D1>D4>A1. The EC50 of the
ABCG2 ATPase stimulation varied from 0.17 to 1.64 μM, to
hybrid C1 and A1, respectively.

Tetrahydroquinoline/4,5-dihydroisoxazole hybrids proposed
binding mode on ABCG2

To explore potential binding modes for tetrahydroquinoline/
4,5-dihydroisoxazole derivatives and tetrahydroquinoline/isoxa-
zoline scaffolds, we performed molecular docking calculations
withing the site 1 in ABCG2 cryo-EM structure followed by
molecular dynamics (MD) simulations. Docking poses were
selected by visual inspection based on their common inter-
actions with important residues such as Asn436, Thr435, and

Arg482 and docking scores (Supporting information – Table 1).
Additionally, co-crystalized ligand MZ29 was re-docked (RMSD
2.1 Å, Supporting Information – Figure 2).

MD simulations suggests that the derivative A1 can stably
occupy the binding site located between the two transmem-
brane domains. This site was initially described by Krapf et al.,
(2018) as S1[24] (Figure 5A,B) and residues such as Thr435–
Phe439 are included within this site. Molecular hybrid A1 was
docked and simulated between the two transmembrane
domains, where docking results suggest two possible orienta-
tions of hybrids A1 within the S1 (Supporting Information –
Figure 3A,B). Furthermore, molecular dynamics simulation of
hybrid A1 in these two orientations inside S1 reveals a strong
hydrogen bonding interaction with residue Thr435 along with
the simulation. Moreover, hydrophobic interactions with resi-
dues Phe439 and Leu555 were also observed as well as stable
ligand position within the proposed binding pocket (Supporting
Information – Figure 4A–D).

Figure 4. Effect of THQ/4,5-dihydroisoxazole at increasing concentrations
(0.01 to 10 μM) on basal vanadate-sensitive ATPase assay. Values are
represented by the mean �SD of three independent experiments performed
in duplicate.

Figure 5. Snapshots of the poses following molecular dynamics simulations
of THQ/4,5-dihydroisoxazole hybrids. Co-crystallized ligand, MZ29 (A) and
molecular hybrids A1 (B), C1 (C), C4 (D), D1 (E) and D4 (F). ABCG2’s residues
are colored according to the atom type of the interacting amino-acid
residues (protein’s carbon, light grey (chain A) and pale green (chain B);
oxygen, red; nitrogen, blue). The protein-ligand interactions are represented
by dash lines as follow: hydrogen bond interactions are colored in yellow,
and π-π interactions are colored in blue.
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On the other hand, the derivatives C1, C4, D1, and D4 stably
occupied the binding S2 (Figure 5C–F), located between the
transmembrane helix 1 and 4 (TH1 and TH4) (see Supporting
Information Figure 1, for a general structure of ABCG2 trans-
porter). The binding S2 has the residues Arg482 and Pro485,
which are shown to strongly affect substrate selectivity.[26]

Interestingly, the binding of non-substrates into S2, partially
responsible by the substrate recognition, is limited. Site S1 was
shown to be highly promiscuous, binding substrates and non-
substrates.[26] Furthermore, molecular hybrids with two different
scaffolds were synthesized. Tetrahydroquinoline and isoxazoline
cores were docked and simulated inside the two transmem-
brane domains, following the same docking protocol previously
described. Throughout the simulation, tetrahydroquinoline and
isooxazoline cores kept stable within the proposed binding site
(Supporting Information – Figure 5D and E). Regarding protein-
ligand interactions, THQ core upholds similar hydrogen bond
interaction with Thr435 like molecular hybrid A1. On the other
hand, hydrophobic interactions with residues Phe439 and
Phe545 are present in THQ and ISX cores in a similar fashion
with our molecular hybrids (Supporting Information – Fig-
ure 5A–C).

Since our synthesized hybrids were obtained as a mixture of
diastereoisomers (see synthesis section), all docking calculations
included all possible isomers, trying to explore and explain a
possible stereoselectivity against ABCG2 transporter inhibition.
However, it was not possible to discriminate between the
diastereoisomers based only on the docking score values. The
docking poses were then selected based on their interactions
with relevant amino-acids, such as Gln398, Asn436, Thr435,
Asn436, Phe439, Phe545 and Leu555. We also took into
consideration poses without the clashes with nearby residues.
We then proceeded to simulate the diastereoisomers that
better suited our docking criteria.

ABCG2’s simulation with MZ29 shows stable hydrogen bond
interactions between its indole ring and Asn436 (100% of
analyzed trajectories) and between its carboxyl group Gln398
(48%) (Figure 5A, Supporting Information – Figure 6A,B). Compara-
tively, simulations with hybrid A1 and A3 shows a hydrogen bond
interaction between Thr435 and oxygen of isoxazoline scaffold,
while Asn436 forms a water-mediated hydrogen bond (22%) with
the oxygen of pyrrolidone group (Figure 6A–D).

In terms of hydrophobic interactions, the ring A of MZ29
has contacts with Phe439 (60 % of the simulated time, Fig-
ure 6C), while the O-cyclopentyl substituent occupies a hydro-
phobic pocket composed by the Phe431 and Val546 (Figure 6C).
This hydrophobic pocket also houses hydration sites with high
free-energy values (Figure 6E). These sites, when occupied by
hydrophobic moieties can contribute to the overall binding
energy of the compound by preventing water molecules to be
trapped in unfavorable high energy positions (Figure 6E and
respective table).

Simulations also suggest that derivatives A1 and A3 would
share a similar hydrophobic interaction profile with MZ29.
Specifically, the pyrrolidone group and tetrahydroquinoline
moieties in hybrids A1 and A3 can occupy a pocket formed by
the Phe439 and Phe432 (Figure 5A and 6E), where aromatic

interactions between Phe439 and inhibitors or substrates have
been widely reported.[33] Although both hybrids A1 and A3 can
occupy the same binding pocket, hybrid A3 does not make
interactions with relevant residues, such as Gln398 and Thr435.
Regarding the phenyl group of the isoxazoline scaffold,
occupies another hydrophobic sub pocket composed by
Phe431 and Leu555 (Figure 6C,E), remaining a similar orienta-
tion to the original MZ29 ligand (Figure 5A). The hydrophobic
interaction between A1’s phenyl ring with Leu555 could play an
important role in the inhibition of drug transport given its
relevance on ABCG2’s regulation.[34] ABCG2 transmembrane
domain contains two apparent cavities, separated by a hydro-
phobic di-leucine seal (Leu554 and Leu555). This seal separates
the central/larger cavity, which is essential for substrate
recognition, from the upper cavity, which is most related to the
control of drug release.[34] This sub pocket composed of Leu555
and Phe431 could also be relevant to other inhibitors, such as

Figure 6. Frequency of hydrogen bonding interactions (A); π-π interac-
tions (B); hydrophobic interactions (C); and water mediated hydrogen
bonding interactions (D) observed along the molecular dynamics simulation
(three independent runs of 500 ns per system). Each bar represents the
standard error of three independent simulations. (E) Superimposed ABCG2
sidechains, MZ29 and conserved water molecules are presented colored
spheres, according to their WaterMap based free energy values (ΔG), also
described in the adjacent table. The table contains the thermodynamic
parameters for the solvation of the seven hydration sites, within the
compound pocket. Green spheres represent regions where stable water
molecules could be placed and therefore less likely to contributed to free
energy gain upon ligand binding; alternatively, red and orange spheres
represent regions where ligand occupancy could contribute to binding
affinity by enthalpic energy gain. Occupancy is calculated from the number
of water-oxygen atoms found occupying a given hydration site during the
5 ns of molecular dynamics simulation, enthalpic energy (ΔH) and free
energy value (ΔG) are given in kcal/mol.
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Ko143, fumitremorgin C and sunitinib.[16,35,36] Consequently, we
believe the hydrophobic interaction with Leu555, shared by
MZ29 and hybrid A1, could be relevant to transport inhibition,
given its critical role for translocating substrate towards the
upper cavity.[34]

Differently from derivatives MZ29, A1 and A3, the ligands
C1, C4, D1, and D4 share similar binding modes, located in S2
(Figure 5C–F). These ligands are stabilized by hydrogen bond
interactions between the Arg482 with its methoxy substituents
(Figure 5A,D) and intermittent hydrophobic interactions with
Pro485 (Figure 5C). Arg482 and Pro485 are located at TH3
(Supporting Information, Figure 4). Further evidence supports
Arg482’s role in translating the conformational changes induced
by ATP binding in the NBD to the transmembrane
domains.[35,37–39] The relevance of this large conformational
change can be highlighted by mutants, such as Arg482Thr and
Arg482Lys, that show an increased ATP hydrolysis rate,[40] as a
compensatory mechanism, and differential affinity for
substrates.[38,39]

Additionally, Pro485 confers this helix the structural kink
that generates a dynamic binding cavity. Accordingly, Pro485A-
la mutant is reported to affect the transport activity for some
substrates such as prazosin and SN-38, without influencing
mitoxantrone and Hoechst 33342 transport.[35,41] In our simu-
lations, Pro485 was shown to have similar flexibility, as
exemplified by similar RMSF values, where downstream residues
were prone to larger conformational changes (Supporting
Information, Figure 6C). We hypothesize that differences on the
transport are due to changes in conformation and flexibility of
the binding cavity, as seem be our compounds that can transit
between sub-pockets. However, the precise structural bases of
Pro485 and its contribution to drug binding it is still uncertain.

Given the highly hydrophobic nature of the S1/S2 sites and
the relevance of hydrophobic elements in the recognition of
inhibitors, we do not disregard that changes in the hydro-
phobicity profile of the inhibitors might play a role in their
inhibitory capacity. This was previously reported by the work of
Egido et al., (2015),[42] where non-amphiphilic scaffolds (i. e. a
hydrophobic moiety flanked by two lightly polar parts) were
more likely to interact with ABCG2 than other distributions.
When comparing the A series against the others (B–D), we
observe an increase in this non-amphiphilic character, which
can partially explain the increase in potency.

Interestingly, ABC inhibitors, such as trans stilbenes, can
increase the ATPase activity without being transported.[43,44]

Alternatively, some inhibitory compounds that have a strong
effect on ATP hydrolysis, at the same time compete with other
substrates, e.g. Hoechst 33342, by rapidly diffusing into the cell
(also called “fast-diffusers”).[45,46] In this sense, we hypothesize
that hybrids C1, C4, D1, and D4 can compete with ABCG2
substrates without being transported. The foregoing due to its
effect on the increase of the vanadate-sensitive ATPase activity
(Figure 4), as well as its suggested binding site by docking and
MD simulations results (Figure 5). However, more studies about
their inhibition type are needed.

Conclusion

The presence of methoxy groups on the phenyl moiety appear
to be positive to tetrahydroquinoline/4,5-dihydroisoxazole
hybrids bearing H or Cl on the conjugated aromatic ring.
Molecular modelling suggests that hybrid A1 has a similar
interaction profile as MZ29 inhibitor, preferentially binding in
the site S1, where it shows stable interactions with residues
Asn436, Gln398, and Leu555. Particularly, Leu555 is known to
play an important role in substrates recognition and its trans-
location towards the upper cavity.

In sharp contrast, the hybrids C1, C4, D1 and D4 would
preferably target S2. Relevant residues associated with stimula-
tion of ATP hydrolysis and ABCG2 transport activity, such as
Arg482 and Pro485 are present in this site. We herein propose
that the interaction between hybrids C1, C4, D1, and D4 and
Arg482 could be related to a strong effect observed on the ATP
hydrolysis.[35,38,39] Thus, more studies are required to explore the
molecular mechanism of inhibition promoted the molecular
hybrids.

In conclusion, docking and molecular dynamics simulations
provided new insights into THQ/4,5-dihydroisoxazole molecular
hybrids, generating great potential for the development of
novel potent ABCG2 inhibitors.

Experimental Section

Synthesis of tetrahydroquinoline/4,5-dihydroisoxazole
hybrids

Tetrahydroquinoline/4,5-dihydroisoxazole molecular hybrids (A–
D series) were easily and efficiently prepared as previously
reported.[30] For this reaction, a two-step synthetic pathway was
considered. Initially, the N-allyl tetrahydroquinoline derivatives
were synthesized via a three-component cationic Povarov reaction
mediated by p-toluenesulfonic acid (PTSA). Once these tetrahydro-
quinoline precursors are prepared, the corresponding THQ/4,5-
dihydroisoxazole hybrids were obtained, through the 1,3-dipolar
cycloaddition reaction mediated for NaOCl. All hybrid derivatives
obtained were purified and characterized by spectroscopy IR and
NMR mono- and bi-dimensional experiments and a Mass Spectro-
metric technique.

ABCG2 transport assay

The effect of test compounds on the transport function was
determines using HEK293 stably transfected to overexpress ABCG2
(HEK293-ABCG2 cells). Cells were seeded (1 × 105 cells/well) onto 24
well culture plates. After 48 h at 37 °C under 5 % CO2, cells were
treated with compounds (10 and 50 μM) and mitoxantrone (10 μM)
for 30 min at 37 °C and 5 % CO2. After treatment, culture media was
removed and cells were washed with PBS, trypsinized and
resuspended in 300 μL of ice-cold PBS. The intracellular
fluorescence of mitoxantrone was monitored by flow cytometry
(FACS Calibur - Becton Dickinson) using the FL4 channel. At least
10,000 events were collected for each sample. The maximal
fluorescence, considered as 100 % of inhibition, was determined by
the difference between the mean fluorescence of HEK-ABCG2 cells
treated with the reference inhibitor Ko143 (0.5 μM) Ko143 and cells
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without inhibitor, only with the substrate mitoxantrone. The
percent of inhibition was determined as previously described.[47]

Vanadate-sensitive ABCG2 ATPase activity

The ATPase assay was carried out as previously described.[48] High-
Five insect cell total membranes overexpressing ABCG2 were used
at a concentration of 5 μg protein (final volume of 100 μL). The
membranes were incubated in assay buffer (50 mM Tris-HCl, pH 6.8,
150 mM N-methyl-D-glucamine (NMDG)-Cl, 5 mM sodium azide,
1 mM EGTA, 1 mM ouabain, 2 mM DTT, and 10 mM MgCl2) in the
presence or absence of sodium orthovanadate (0.3 mM). The
protein-buffer was treated with the compounds at increasing
concentrations, as indicated in the graphs, and incubated for
20 minutes at 37 °C in the presence of ATP (5 mM). After incubation,
the reaction was stopped with the addition of 5 % SDS (100 μL). For
color development, 400 μL of Pi solution (deionized water, sulfuric
acid 36.2 N, ammonium molybdate and antimony potassium
tartrate), deionized water (500 μL) and 1 % ascorbic acid (200 μL)
was added. The absorbance was measured after 10 min at 880 nm
using the spectrophotometer Evolution 201 (Thermo Scientific).

Protein preparation and molecular docking

The system preparation and docking calculations were performed
using the Schrödinger Drug Discovery suite for molecular modeling
(version 2019.4). The ABCG2 atomic structure (PDB ID: 6FFC,
resolution 3.56 Å[16]) was obtained from the Protein Data Bank (PDB,
www.rcsb.org). The structure was chosen since it is one of the cryo-
EM structures with high-resolution reported. ABCG2 structure was
prepared with the Protein preparation wizard[49] to fix protonation
states of amino acids residues, adding hydrogens and also fixing
missing side-chain atoms. Missing loops between Asp301-Leu328
and Gly354-Tyr369 were generated and optimized using Prime.[50]

During the preparation of this manuscript, the work from Orlando
et al., 2020, provided novel substrate bound structures. In the novel
structures, the originally described S1/S2 pockets are fused into a
single larger cavity. This is mainly due to conformational changes in
the TMD (represented by the interaction between Phe439 of
different subunits) induced by the close proximity between the
NBDs. We, however, proceeded with the chosen structure, due to
the similarity between the co-determined ligand and our series of
compounds in terms of compound size and further studies with
those novel structures are planned for follow-up publications.

All tetrahydroquinoline/4,5-dihydroisoxazole hybrids as well as the
co-crystallized ligand (tert-butyl-3-((3S,6S,12aS)-9-(cyclopentyloxy)-
6-iso-butyl-1,4-dioxo1,2,3,4,6,7,12,12a-octahydropyrazino[1’,2’:1,6]
pyrido[3,4-b]indol-3-yl)propanoate, herein referred as MZ29) were
drawn using maestro and prepared using LigPrep[51] to generate
the three-dimensional conformation, adjust protonation state to
physiological pH (7.4), and calculate the partial atomic charges,
with the force field OPLS3e.[52]

Docking studies with the prepared ligands were performed using
Glide[53,54] (Glide V7.7), with the flexible modality of Induced-fit
docking with extra precision (XP), followed by a side-chain
minimization step using Prime.[55] Ligands were docked within a
grid around 12 Å from the centroid of the co-crystallized ligand
(MZ29) generating 20 poses per ligand, this grid size is large
enough to encompass both sites 1 and 2. The refinement of
protein-ligand complexes was then performed using Prime with
standard options. In this step, all sidechains within 5 Å of each
docked ligand pose were minimized. Docking poses were selected
by visual inspection based on their common interactions with

relevant residues such as Phe439, Phe545 and Thr435, as well as
their docking score.

Molecular dynamics simulation

Selected docking poses were further validated by molecular
dynamics simulation, where ligand stability within the proposed
pocket and its interactions were evaluated. MD simulations were
carried out using Desmond[56] engine with the OPLS3e force-
field,[57,58] which leads to improved performance in predicting
protein-ligand binding affinities. Protein was embedded within a
DMPC lipid bilayer taken from the OPM database,[59] using the
System Builder, where the membrane positioning was controlled by
the orientation of the alpha-helices based on the transmembrane
sequences.

The protein-membrane system was placed in a cubic box with 15 Å
from the box edges to any atom of the protein, using PBC
conditions, and, filled with TIP3P[60] water. Then, all systems were
equilibrated by short simulations under the NPT ensemble for 5 ns
implementing the Berendsen thermostat and barostat methods. A
constant temperature of 310 K and 1 atm of pressure throughout
the simulation using the Nose-Hoover thermostat algorithm and
Martyna-Tobias-Klein Barostat algorithm, respectively. After minimi-
zation and relaxing steps, we proceeded with the production step
of at least 500 ns. All MD simulations were performed at least three
independent runs with randomly generated seeds. Trajectories and
interaction data are available on Zenodo repository (under the
code: 10.5281/zenodo.3746123).

Protein-ligand interactions and protein conformational changes
were analyzed using the Simulation Interaction Diagram (SID) tool.
The stability of the MD simulations was monitored by looking
specifically on the root mean square deviation (RMSD) (Supporting
Information Figure 7, represents of RMSD variation along the
simulation), root mean square fluctuation (RMSF, Supporting
Information Figure 8) of the ligand and protein along the
simulation time. Variation in the RMSD values stabilized after 100 ns
for all the ligands (Supporting Information, Figure 7), which is
related to the migration of the compound from the docked towards
the final binding site. Meanwhile, RMSF values for the trans-
membrane helices did not show significant difference between
chains, suggesting again an equilibrated system (Supporting
Information, Figure 8).

For principal component analyses, the backbone of each frame was
extracted and aligned using trj_selection_dl.py and trj_align.py
scripts from Schrodinger. Individual simulations from all the runs
were merged using trj_merge.py into a final trajectory and CMS file
which was further used for the generation of the principal
components. Principal components of protein C-alpha atoms were
calculated using trj_essential_dynamics.py script. Most of the large
moments were captured in the first two components with first
component having 24.3 % and second component having 10.3 % of
the total motion. Despite the relatively long simulation time, only
small changes were observed in the transmembrane domains, in
comparison to the NBD (Supporting Information, Figure 9).

WaterMap calculation

WaterMap calculations[61] were performed using the same initial
apo structure protein system treated for docking. The system was
solvated in TIP3P water box extending at least 10 Å beyond the
original MZ29 binding pocket and amino acids being this cutoff
were restrained. A single 5 ns molecular dynamics simulation was
performed, and the waters molecules trajectories were then
clustered into distinct hydration sites. Enthalpy values of the
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hydration sites were obtained by averaging over the non-bonded
interaction for each water molecule in the cluster. Entropy and
enthalpy values for each hydration site were calculated using
inhomogeneous solvation theory.

Statistical analyses and figures

Structural images were generated using PyMOL 2.4.0[62] and graphs
were plotted using GraphPad Prism version 8.1 for windows,
GraphPad Software, (San Diego, California USA, www.graphpad.-
com).
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