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Abstract
Breast cancer resistance protein (ABCG2) is a human ATP-binding cassette (ABC) that plays a paramount role in multidrug
resistance (MDR) in cancer therapy. The discovery of ABCG2 inhibitors could assist in designing unprecedented therapeutic
strategies for cancer treatment. There is as yet no approved drug targeting ABCG2, although a large number of drug
candidates have been clinically investigated. In this work, binding affinities of 181 drug candidates in clinical-trial or
investigational stages as ABCG2 inhibitors were inspected using in silico techniques. Based on available experimental data,
the performance of AutoDock4.2.6 software was first validated to predict the inhibitor-ABCG2 binding mode and affinity.
Combined molecular docking calculations and molecular dynamics (MD) simulations, followed by molecular mechanics-
generalized Born surface area (MM-GBSA) binding energy calculations, were then performed to filter out the studied drug
candidates. From the estimated docking scores and MM-GBSA binding energies, six auspicious drug candidates—namely,
pibrentasvir, venetoclax, ledipasvir, avatrombopag, cobicistat, and revefenacin—exhibited auspicious binding energies with
value < −70.0 kcal/mol. Interestingly, pibrentasvir, venetoclax, and ledipasvir were observed to show even higher binding
affinities with the ABCG2 transporter with binding energies of < −80.0 kcal/mol over long MD simulations of 100 ns. The
stabilities of these three promising candidates in complex with ABCG2 transporter were demonstrated by their energetics
and structural analyses throughout the 100 ns MD simulations. The current study throws new light on pibrentasvir,
venetoclax, and ledipasvir as curative options for multidrug resistant cancers by inhibiting ABCG2 transporter.
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Introduction

The emergence of multidrug resistance (MDR) in cancer
cells, overwhelmingly due to the overexpression of ATP-
binding cassette (ABC) transporters, is still one of the most
significant challenges in cancer chemotherapy [1–4]. The
multidrug resistance transporter ABCG2 (or breast cancer
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resistance protein 1, BCRP1) is a well-characterized mem-
ber of the ATP-binding cassette (ABC) family [5, 6].
ABCG2 transporter is physiologically expressed in the
blood-brain-barrier, the intestine, the liver, and the placenta
and plays crucial role in eliminating drugs and other toxic
materials such as steroid metabolites, uric acid, and por-
phyrin products [7]. Furthermore, ABCG2 modulates drug
absorption, distribution, metabolism, excretion, and toxicity
(ADMET) properties in pharmacological cures of different
diseases [8]. Clinically, overexpression of ABCG2 has been
related to the occurrence of resistance to various anticancer
drugs such as anthracyclines, camptothecin derivatives, and
mitoxantrone [9–12]. ABCG2 shapes a homodimer to act
marvelously functional transporter, as well higher orders of
oligomerization have been identified—particularly tetra-
meric and dodecameric forms [13–15].

Two exemplary chemotherapy drugs with extremely
divergent chemical scaffolds, namely imatinib and mitox-
antrone, were picked out to grasp how ABCG2 interacts
with chemotherapy drugs [16]. Imatinib, a landmark drug
utilized to treat chronic myelogenous leukemia (CML) [17],
and mitoxantrone, a topoisomerase inhibitor, have been
recognized as ABCG2 inhibitors [18–21].

Until now, no therapeutic agent has been permitted by
the U.S. Food and Drug Administration (FDA) for the
modulation of ABCG2 transporter [22]. A great number of
potent synthetic inhibitors towards ABCG2 transporter
have been tested over the last years [23]. However, the
shortage of selectivity and factors linked with untoward
drug-drug interactions has obstructed the further develop-
ment of some of these inhibitors [2, 22]. At present,
ongoing research focuses on estimating the efficacy of
several repurposed drugs to contend with multidrug resis-
tance in cancer cells [23, 24].

This study set out to evaluate binding affinities of clinical-
trial and investigational ABCG2 drug candidates (counted,
181 drugs) and identify most potent ABCG2 inhibitors using
in silico drug discovery approaches. Such methods, including
flexible molecular docking and molecular dynamics (MD)
simulations, were applied to gain structural and energetics
insights into ABCG2 inhibition. First, the performance of the
employed docking technique in predicting binding affinity
and mode of drug-ABCG2 complex was evaluated based on
available experimental data. The studied clinical-trial and
investigational drugs were then filtered using molecular
docking calculations. The most promising drugs were then
subjected to MD simulations over 100 ns, and their binding
affinities and stabilities were evaluated. This work sheds new
light on drug candidates with high binding affinities towards
ABCG2 transporter, which, in turn, have a high ability to
fight multidrug resistance in cancer cells.

Computational Methodology

ABCG2 Preparation

For all molecular docking calculations in addition to mole-
cular dynamics simulations, the experimentally resolved three
dimensional (3D) structure of ABCG2 transporter bound with
tert-butyl3-((3 S,6 S,12aS)-9-(cyclopentyloxy)-6-isobutyl-1,4-
dioxo-1,2,3,4,6,7,12,12a-octahydro-pyrazino[1’,2’:1,6]pyrido
[3,4-b]indol-3-yl) propanoate (MZ29) (PDB code: 6FFC [25],
chains: A and B) was retrieved from the RCSB PDB database
and used as template. All missing residues in the template
were constructed with the assistance of Modeller software
[26]. Water molecules, heteroatoms, the bound ligand, and
ions were stripped out. H++ server was utilized to examine
the protonation states of the amino acid residues of the
ABCG2 transporter [27]. Then, all missing hydrogen atoms
were inserted, while the salinity, external and internal
dielectrics, and pH values were set to 0.15, 80, 10, and 6.5,
respectively.

Validation Set

Validation of the performance of the utilized molecular
docking protocol in predicting the inhibitor-ABCG2
binding mode was carried out on a set containing three
experimentally resolved structures of ABCG2 transporter
in complex with their inhibitors. The three complexes were
MZ29, 4-(4-methyl-piperazin-1-YLmethyl)-N-[4-methyl-
3-(4-pyridin-3-YL-pyrimidin-2-YLamino)-phenyl]-benza-
mide (imatinib/STI), and 1,4-dihydroxy-5,8-bis({2-[(2-
hydro-xyethyl)amino]ethyl}amino)-9,10-anthracenedione
(mitoxantrone/MIX) bound with ABCG2 transporter
(PDB codes: 6FFC [25], 6VXH [16] and 6VXI [16],
respectively).

Inhibitors Preparation

Geometrical structures of the studied 181 ABCG2 drug
candidates were obtained from the DrugBank database in
SDF format [28, 29]. The 3D chemical structures of the
candidates were generated using Omega2 software [30, 31].
Besides, the 3D molecular structures of MZ29, imatinib,
and mitoxantrone were extracted from experimentally
resolved structures of human ABCG2 complexes (PDB
codes: 6FFC [25], 6VXH [16], and 6VXI [16], respec-
tively). Energy minimization was then performed for the
generated 3D structures of the drug candidates with
SZYBKI using Merck Molecular Force Field94
(MMFF94S) [32]. The Marsilli-Gasteiger partial charges
were then assigned to the candidates [33].
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Molecular Docking

AutoDock4.2.6 was utilized to perform all molecular
docking calculations [34]. The pdbqt file for ABCG2
transporter in the homodimer structure was prepared
[35]. THR435 and ASN436, essential four residues
inside the binding pocket of chains A and B, were
introduced as conformationally flexible residues, while
the rest of the residues were rigidified. For the docking
calculation, number of genetic algorithms (GA) run was
set to 250, while maximum number of energy evalua-
tions (eval) was set to 25,000,000. For all other docking
parameters, default values were utilized. Center of grid
was placed at 130.869, 126.675, 145.206 (XYZ coordi-
nates), with dimensions of 80 Å × 80 Å × 80 Å to envelop
the ABCG2 active site. Grid spacing was set to 0.375 Å.
For each studied drug cadidate, predicted binding modes
were handled by built-in clustering analysis (1.0 Å
RMSD tolerance). Binding mode of lowest energy
within the largest cluster was selected as representative
binding pose.

Molecular Dynamics Simulations

Molecular dynamics (MD) simulations for the studied drug
candidates in complex with ABCG2 transporter were per-
formed using AMBER16 software [36]. In these simula-
tions, general AMBER force field (GAFF2) and AMBER
force field 14SB were utilized to describe the drug candi-
dates and ABCG2 transporter, respectively [37, 38]. Due to
a large number of candidates investigated, implicit- and
explicit-solvent MD simulations were utilized to reduce
computational cost and time.

In implicit-solvent MD, AM1-BCC partial charges were
assigned for the drug candidates using Antechamber tool
[39]. No periodic boundary conditions, as well as a non-
bonded cutoff of 999 Å, were utilized [40]. Solvation
impact was estimated using the igb= 1 implicit-solvent
model. Energy minimization was initially applied on the
docked drug-ABCG2 complexes for 500 steps, and the
minimized complexes were then smoothly heated from 0 K
to 300 K over 50 ps using Langevin thermostat. Ultimately,
a production stage of 5 ns was executed, and snapshots were
collected every 1 ps, giving 5000 snapshots. The implicit
MD simulations were conducted using pmemd.MPI
implemented inside AMBER16 software.

For the most promising ABCG2 drug candidates,
explicit-solvent MD simulations were conducted. Atomic
partial charges of the studied candidates were assigned
using the restrained electrostatic potential (RESP)
approach at the HF/6-31 G* level with the assistance of
Gaussian09 software [41, 42]. The drug-ABCG2 com-
plexes were neutralized by adding appropriate counterions.

The complexes were then solvated in a truncated octahe-
dron box of TIP3P water molecules with an average dis-
tance of 12 Å. Steepest descent and conjugate-gradient
methods were utilized to perform energy minimization for
the solvated complexes over 5000 steps. The systems were
gradually heated from 0 K to 300 K over 50 ps. A weak
restraint of 10 kcal mol−1 Å−1 was employed on the solute
over the heating stages. The drug-ABCG2 complexes were
equilibrated for 1 ns. The production stage of 100 ns for
each drug candidate was then performed. Long-range
Coulombic interactions were treated utilizing the particle
mesh Ewald (PME) method [43]. Besides, a cutoff dis-
tance for the Lennard-Jones interactions was set at 12.0 Å.
Periodic boundary conditions were used. Langevin ther-
mostat with a collision frequency gamma_ln set to 1.0 was
employed to keep temperature at 298 K. The Berendsen
barostat was used for pressure control with a relaxation
time of 2 ps [44]. All bonds involving hydrogen atoms
were restrained using SHAKE algorithm. The trajectories
were assembled every 10 ps throughout the production
stage for binding energy calculations and post-dynamics
analyses. The GPU version of pmemd (pmemd.cuda) in
AMBER16 software was utilized to conduct all explicit-
solvent MD simulations. All molecular docking and
molecular dynamics calculations were performed on the
hybrid CPU/GPU CompChem cluster (hpc.compchem.
net). BIOVIA DS Visualize 2020 was utilized to execute
all molecular graphics [45].

MM-GBSA Binding Energy

The binding free energies (ΔGbinding) of the studied drug
candidates complexed with ABCG2 transporter were cal-
culated using molecular mechanics-generalized Born sur-
face area (MM-GBSA) approach [46]. The modulated GB
paradigm proposed by Onufriev [47] (igb= 2) was
employed to specify polar solvation energy. Based on the
collected uncorrelated snapshots over MD simulations,
MM-GBSA binding energies were calculated. The MM-
GBSA binding energy can be conceptually summarized
with the following equation:

ΔGbinding ¼ GComplex � Ginhibitor þ GABCG2ð Þ

where, the energy term (G) is evaluated as:

G ¼ Eele þ Evdw þ GSA þ GGB

Eele and Evdw are electrostatic and van der Waals ener-
gies, respectively. GSA is the nonpolar contribution to the
solvation-free energy from the solvent-accessible surface
area (SASA). GGB is the electrostatic solvation-free energy
evaluated from the generalized Born equation. A single-
trajectory approach was applied in which the coordinates
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of each of the drugs, ABCG2, and drug-ABCG2 were
obtained from a single trajectory. For all studied drug
candidates, entropy contributions were ignored.

Results and Discussion

Cancer is ranked as a leading cause of death and an essential
barrier to increased life expectancy worldwide in the 21st

century [48]. The development of resistance to cancer
therapy thus poses the major bottleneck in cancer treatment
and patient mortality [1–4]. These situations clearly high-
light a dire need for potent and selective inhibitors against
multidrug resistance targets.

The ABCG2 is indeed a key transporter of the ATP-
binding-cassette (ABC) family that affords protection to
tissue against xenobiotics, exerts influence on the pharma-
cokinetics of drugs, and participates in multidrug resistance
[49]. In this study, the potentialities of 181 clinical-trial and
investigational drugs were evaluated as ABCG2 inhibitors
using in silico approaches.

Molecular Docking Validation

Prior to docking calculations, AutoDock4.2.6 parameters
and protocol were first validated based on available
experimental data. The co-crystallized MZ29, imatinib,
and mitoxantrone ligands in complex with ABCG2
transporter (PDB codes: 6FFC [25], 6VXH [16], and
6VXI [16], respectively) were re-docked, and the pre-
dicted binding modes were compared to experimental
structures (Fig. 1).

The comparison between predicted docked structures
and experimental structures unveiled that AutoDock4.2.6
precisely portended the right binding modes of MZ29,
mitoxantrone, and imatinib inside the active site of the
ABCG2 transporter (Fig. 1). The calculated root-mean-
square deviation (RMSD) between the predicted docked
and experimental structures were 0.25, 0.30, and 0.35 Å for
MZ29, mitoxantrone and imatinib, respectively. According
to the predicted docking scores, MZ29 showed the lowest
docking score of −12.5 kcal/mol, followed by mitoxan-
trone and imatinib with docking scores of −9.5 and

Fig. 1 3D and 2D representations of the predicted binding modes (in green) and experimental structures (in purple) of (a) MZ29, (b) imatinib, and
(c) mitoxantrone bound to ABCG2 transporter. The calculated docking scores are given in kcal/mol
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−8.2 kcal/mol, respectively. The highest potency of MZ29
towards ABCG2 transporter may be justified by its cap-
ability of exhibiting two fundamental hydrogen bonds with
ASN436:A and THR435:A with bond lengths of 2.16 and
2.14 Å, respectively. Mitoxantrone forms two hydrogen
bonds with ASN436 in chains A and B with bond lengths
2.31 and 3.12 Å, respectively, with a docking score of
−9.5 kcal/mol. However, imatinib was not able to form any
hydrogen bond inside the active site, but its good binding
affinity with a docking score of −8.2 kcal/mol may be
imputed to other interactions like hydrophobic and van der
Waals interactions (Fig. 1). Due to the surpassed potenti-
ality of MZ29 over mitoxantrone and imatinib towards
ABCG2 transporter, MZ29 was considered as a reference
inhibitor in latter sections.

In conclusion, current results confirmed the out-
performance of the employed docking technique to predict
correct binding modes of drug candidates inside the binding
pocket of the ABCG2 transporter.

ABCG2 Drug Candidates

To identify potent inhibitors towards ABCG2 transporter, a
total of 181 clinical-trial and investigational drug candidates
were retrieved from DrugBank and prepared (see compu-
tational methodology section for details). All drug candi-
dates were docked inside the active site of the ABCG2
transporter utilizing docking parameters of GA= 250 and
eval= 25,000,000. The calculated docking scores for the
investigated candidates towards ABCG2 transporter are
summarized in Table S1. Calculated docking scores, 2D
chemical structures, and binding features for the six potent
drug candidates complexed with ABCG2 transporter are
listed in Table 1, and compared to data on MZ29 as refer-
ence inhibitor.

As shown in Table 1, most of the investigated drug
candidates demonstrated auspicious binding affinities
towards ABCG2 homodimer structure with docking
scores in the range of −10.5 to −15.1 kcal/mol. The high
docking scores of the investigated drug candidates are
attributed to their abilities to exhibit multiple hydrogen
bonds, hydrophobic, pi-based, and van der Waals inter-
actions with the proximal amino acid residues inside the
active site of the ABCG2 transporter. Ledipasvir demon-
strated the preeminent binding affinity against ABCG2
transporter with a docking score of −15.1 kcal/mol.
Inspecting the binding mode of the ledipasvir inside the
ABCG2 transporter revealed that the C=O of N-
methylacetamide and the C=O of aminobutone form
two hydrogen bonds with NH2 of ASN436:A with
bond lengths of 2.04 and 1.72 Å, respectively (Fig. 2 and
Table 1). At the same time, the NH of the carbamate
moiety forms a hydrogen bond with ASN436:B with a

bond length of 2.18 Å (Fig. 2 and Table 1). Besides, the
imidazole ring interacts with the C=O of PHE439:B with
a bond length of 2.06 Å (Fig. 2 and Table 1).

Compared to ledipasvir, MZ29 exhibited satisfactory
binding affinity towards ABCG2 transporter, forming only
two hydrogen bonds. The NH of indoline performs a
hydrogen bond with the C=O of ASN436:A with a bond
length of 2.16 Å. As well, the oxygen of cyclopentyloxy
benzene makes a hydrogen bond with the hydroxy group of
THR435:A with a bond length of 2.14 Å (Fig. 2). A most
striking observation from the data comparison was the high
potency of ledipasvir as a promising ABCG2 transporter
inhibitor.

Molecular Dynamics (MD) Simulations

To understand conformational flexibilities, solvent
influences, and stability of the drug-ABCG2 complexes,
and to achieve reliable drug-ABCG2 binding affinities,
molecular dynamics (MD) simulations should be exe-
cuted [50, 51]. Therefore, MD simulations followed by
MM-GBSA binding energy calculations for all studied
drug candidates in complex with ABCG2 transporter
were conducted over 5 ns in an implicit water solvent.
The estimated MM-GBSA binding energies are presented
in Table S1.

From Table S1, about 5% of the screened drug candi-
dates showed appreciable binding energies (ΔGbinding) lower
than −70.0 kcal/mol. To obtain more reliable binding affi-
nities of drug-ABCG2 complexes, those potent 5% drugs
(i.e., six drug candidates) were further submitted to 25 ns
MD simulations in an explicit water solvent. The corre-
sponding 25 ns MD//MM-GBSA binding energies calcula-
tions were also estimated (Fig. 3).

It is apparent from Fig. 3 that all investigated drug
candidates displayed similar binding energies over both the
5 ns implicit-solvent and the 25 ns explicit-solvent MD
simulations. However, three out of the investigated drugs—
namely, pibrentasvir, venetoclax, and ledipasvir—exhibited
the highest binding affinities over the 25 ns MD courses
with ΔGbinding lower than −80.0 kcal/mol. Precisely, the
estimated MM-GBSA binding energies for pibrentasvir,
venetoclax, and ledipasvir in complex with ABCG2 trans-
porter were −90.6, −89.8, and −88.0 kcal/mol over 25 ns
MD simulations, respectively. The high binding affinities of
pibrentasvir, venetoclax, and ledipasvir with ABCG2
transporter are explained by their ability to exhibit high
stable hydrogen bond with ASN436 amino acid residue
inside the active site of ABCG2 transporter (Fig. 3). It is
noteworthy that the docked poses of pibrentasvir and
venetoclax inside the active site of the ABCG2 transporter
showed no hydrogen bond between these two drug candi-
dates and ASN436 (Fig. S1). This observation highlights
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Table 1 Estimated binding affinities (in kcal/mol) and binding features for MZ29 and the top six potent inhibitors towards ABCG2 transportera

No. Drug/
Inhibitor Name

2D Chemical Structure Docking Score
(kcal/mol)

Binding Featuresb

1 MZ29 −12.5 THR435: A (2.14 Å), ASN436:A (2.16 Å)

2 Ledipasvir
(DB09027)

−15.1 ASN436: A (1.72, 2.04), ASN436:B (2.18 Å),
PHE439:B (2.06 Å)

3 Avatrombopag
(DB11995)

−13.1 PHE439: B (1.86 Å), VAL442:B (2.54 Å),
SER443:B (2.60 Å)

4 Pibrentasvir
(DB13878)

−12.2 PHE439: A (2.14 Å), GLN398:B (2.86 Å)

5 Cobicistat
(DB09065)

−11.0 ASN436: A (2.18 Å)
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the crucial role of conformational flexibility of the
drug inside the binding site of the target. Therefore, MD
simulations for pibrentasvir, venetoclax, and ledipasvir

complexed with ABCG2 transporter were prolonged to
100 ns and the corresponding MM-GBSA binding energies
were estimated (Fig. 3).

Table 1 (continued)

No. Drug/
Inhibitor Name

2D Chemical Structure Docking Score
(kcal/mol)

Binding Featuresb

6 Revefenacin
(DB11855)

−11.0 ASN436: A (2.20 Å)

7 Venetoclax
(DB11581)

−10.6 VAL442: B (2.77 Å), SER443:B (2.43 Å)

aThe potent drugs were picked according to latter MM-GBSA binding energy calculations
bOnly hydrogen bonds (in Å) were illustrated

Fig. 2 3D and 2D representations of interactions of (a) ledipasvir and (b) an experimental bound ligand (MZ29) with the proximal amino acid
residues of the ABCG2 transporter
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From data in Fig. 3, there were no remarkable differ-
ences between the calculated MM-GBSA binding ener-
gies for pibrentasvir, venetoclax, and ledipasvir in
complex with ABCG2 transporter over the 25 ns and
100 ns explicit-solvent MD simulations. From the esti-
mated MM-GBSA binding energies over 100 ns explicit-
solvent MD simulations, pibrentasvir, venetoclax, and
ledipasvir demonstrated superior binding affinities
towards ABCG2 transporter with ΔGbinding of −97.5,
−85.1, and −83.3 kcal/mol, respectively, compared to
ΔGbinding of −61.0 kcal/mol for MZ29.

To puzzle out the contribution of the prime driving forces
in the binding of the investigated drug candidates with
ABCG2 transporter, the MM-GBSA binding free energies
were decomposed and presented in Table 2. The data in
Table 2 interestingly showed that the van der Waals (Evdw)
had predominant role in the total MM-GBSA binding free
energies of pibrentasvir, venetoclax, ledipasvir, and MZ29
with average values of −115.8, −108.6, −102.5, and
−74.6 kcal/mol, respectively. Most surprisingly, data in
Table 2 also showed that Evdw of the three drug candidates
was approximately one and a half times lower than for
MZ29. The electrostatic interactions (Eele) were also
appropriate with average values of −75.3, −15.3, −31.7,

and −21.7 kcal/mol for pibrentasvir-, venetoclax-, ledi-
pasvir-, and MZ29-ABCG2 complexes, respectively.

To better recognize the most significant residues that
played a pivotal role in the active site of ABCG2 trans-
porter, MM-GBSA decomposition per residue was per-
formed for pibrentasvir-, venetoclax-, and ledipasvir-
ABCG2 complexes over 100 ns MD simulations (Fig. 4).
As displayed in Fig. 4, PHE439, ASN436, SER440, and
THR542 amino acid residues remarkably contributed to
the interactions of pibrentasvir, venetoclax, and ledipasvir
with the ABCG2 transporter.

A significant contribution of the PHE439 residue in
chains A and B to the total binding free energy was
observed with values of −1.7 and −3.1, −3.7 and −3.7,
and −1.7 and −2.9 kcal/mol for pibrentasvir-, venetoclax-
and, ledipasvir-ABCG2 complexes, respectively.

Post-dynamics Analyses

To further verify the stability of pibrentasvir-, venetoclax-,
and ledipasvir-ABCG2 complexes, structural and energetic
analyses were carried out over 100 ns MD simulations. Four
characteristics were estimated from respective simulation
trajectories, including binding energy per frame, center-of-
mass (CoM) distance, hydrogen bond length, and root-
mean-square deviation (RMSD).

Binding Energy Per Frame

To investigate the stability of the three drugs inside the
active site of ABCG2 transporter, the correlation between
the binding energy per frame and time was scrutinized and
plotted in Fig. 5. Most interesting was the overall stabilities
observed for the three drug candidates and MZ29 inside the
ABCG2 active site over 100 ns MD simulations with
average binding energy values of −97.5, −87.7, −83.3, and
−61.0 kcal/mol, respectively.

Hydrogen Bond Length

Hydrogen bonds play a pivotal role in biological systems
and the conservation of the protein flexibility, and the
binding of a drug with a target. Thus hydrogen bond dis-
tance and occupancy were inspected for pibrentasvir-,

Table 2 Components of the
MM-GBSA binding energies for
pibrentasvir, venetoclax,
ledipasvir, and MZ29 in
complex with ABCG2
transporter over the MD course
of 100 ns

Drug/Inhibitor Name Estimated MM-GBSA binding energy (kcal/mol)

ΔEVDW ΔEele ΔEGB ΔESUR ΔGgas ΔGsolv ΔGbinding

MZ29 −74.6 −21.7 43.9 −8.8 −96.2 35.1 −61.0

Pibrentasvir −115.8 −75.3 109.0 −15.7 −190.8 93.2 −97.5

Venetoclax −108.6 −15.3 48.9 −12.6 −123.9 36.2 −87.7

Ledipasvir −102.5 −31.7 63.3 −12.4 −134.2 50.9 −83.3

Fig. 3 Average MM-GBSA binding energies for experimental bound
ligand (MZ29) and the top six potent drug candidates complexed with
ABCG2 transporter over 5 ns implicit-solvent, 25 ns explicit- solvent,
and 100 ns explicit-solvent MD simulations
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venetoclax-, and ledipasvir-ABCG2 complexes and com-
pared to MZ29-ABCG2 complexes throughout the 100 ns
MD simulations (Table 3).

From data in Table 3, remarkably the three drug can-
didates exhibited stable hydrogen bonds with PHE439
with H-bond occupancy in the range 50.3–93.3%. This
high H-bond occupancy indicates the state of PHE439
inside the active site of the ABCG2 transporter. Compar-
ison of data presented in Table 3 revealed that pibrentas-
vir, venetoclax, and ledipasvir displayed higher stability
than MZ29. Actually, pibrentasvir formed three stable
hydrogen bonds with ASN436, PHE439, and GLU446
with an average H-bond distance of 2.9, 2.8, and 2.8 Å,
respectively. However, venetoclax and ledipasvir exhib-
ited only two stable hydrogen bonds with PHE439 and
ASN436 with average H-bond distances of 2.9 and 3.0 and
2.8 and 2.7 Å, respectively. In comparison, MZ29 exhib-
ited a stable hydrogen bond with ASN436 with an average
of 2.8 Å and demonstrated H-bond occupancy of 90.4% of
the produced MD trajectory snapshots. MZ29 also formed
a moderately stable hydrogen bond with PHE439 with an
average value of 2.8 Å and H-bond occupancy of 51.5%.
Generally, these hydrogen bond lengths vigorously indi-
cated the stability of the identified inhibitors complexed
with ABCG2 transporter.

Center-of-mass Distance

To verify the stability of drug-ABCG2 complexes during
MD simulations, center-of-mass (CoM) distances were
inspected between each of pibrentasvir, venetoclax, ledi-
pasvir, and MZ29, and PHE439 (Fig. 6). From data in
Fig. 6, CoM distances demonstrated the high stability of
pibrentasvir-, venetoclax-, ledipasvir-, and MZ29-ABCG2
complexes with average values of 10.2, 9.2, 5.5, and 5.5 Å,
respectively. Hence, current results clearly confirmed the
high stability of the identified drugs in complex with
ABCG2 transporter over 100 ns MD simulations.

Root-mean-square Deviation

The overall stability of the investigated drug-ABCG2
complexes was examined by measuring the root-mean-
square deviation (RMSD) of the backbone atoms relative to
the initial docking structure over the 100 ns MD simulations
(Fig. 7). This graph is portrayed overall stability for
pibrentasvir, venetoclax and ledipasvir, and MZ29 in
complex with ABCG2 transporter. As well, the average
RMSD values were 0.41, 0.40, 0.34, and 0.37 nm for
pibrentasvir-, venetoclax-, ledipasvir-, and MZ29-ABCG2
complexes, respectively. These findings confirmed that the
proposed inhibitors are tightly bonded and do not affect the
overall topology of the ABCG2 transporter.

Fig. 5 Calculated MM-GBSA binding energy per frame for MZ29 (in
black), pibrentasvir (in red), venetoclax (in blue), and ledipasvir (in
cyan) with ABCG2 transporter over 100 ns MD simulation

Fig. 6 Center-of-mass (CoM) distances (in Å) between MZ29 (in
black), pibrentasvir (in red), venetoclax (in blue) and ledipasvir (in
cyan) and PHE439:A of ABCG2 transporter throughout 100 ns MD
simulation

Fig. 4 MM-GBSA binding energies decomposition per residue for
pibrentasvir, venetoclax, and ledipasvir with the essential residues
inside the active site of ABCG2 transporter
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Conclusion

The development of multidrug resistance (MDR) caused by
the overexpression of ABCG2 transporter, a member of the
ATP-binding cassette (ABC) family, in cancer cells con-
tinues to pose a considerable challenge to cancer che-
motherapy. However, tens of drugs have been subjected to
clinical-trial and investigational phases, until now, there is
no therapeutic drug permitted by the U.S. Food and Drug
Administration (FDA) for the modulation of ABCG2
transporter. In the present study, potentialities of 181
clinical-trial and investigation drugs were in silico assessed
as ABCG2 inhibitors using combined molecular docking
and molecular dynamics simulations, as well as MM-GBSA
binding energy calculations. According to the MM-GBSA
binding energy calculations, pibrentasvir, venetoclax, and

ledipasvir demonstrated auspicious binding affinities with
ΔGbinding of <−80.0 kcal/mol over 100 ns MD simulation.
Compared to the binding affinity of an experimental bound
inhibitor (MZ29), the binding affinities of the three identi-
fied drugs were approximately one and a half times better
than MZ29. The MM-GBSA binding energies for pibren-
tasvir-, venetoclax-, and ledipasvir-ABCG2 complexes
were estimated promptly as −97.5, −87.7, and −83.3 kcal/
mol over the 100 ns MD simulations, respectively. The
energetics and structural analyses displayed tight binding
and stability of the three drugs towards ABCG2 transporter.
Binding energies were predominated by Evdw interactions
with average values of −115.8, −108.6, and −102.5 kcal/
mol for pibrentasvir-, venetoclax-, and ledipasvir-ABCG2
complexes, respectively. Binding modes of all three iden-
tified drug candidates inside the active site of ABCG2
transporter over the 100 ns MD simulations revealed that
the three potential drugs are capable of forming substantial
hydrogen bonds with key amino acid residues involving
PHE439 and ASN436. Eventually, the inhibition of
ABCG2 transporter with pibrentasvir, venetoclax, and
ledipasvir was unveiled as a promising option for combat-
ing multidrug resistant cancers.
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Table 3 Hydrogen bonds
exhibited between the proximal
amino acid residues inside the
active site of the ABCG2
transporter and the identified
drug candidates

Drug/
Inhibitor Name

Acceptor Donor Distance (Å)a Angle (degree)a Occupied (%)b

MZ29 ASN436@O MZ29@O-H 2.8 154 90.4

PHE439@O MZ29@O-H 2.8 156 51.5

Pibrentasvir ASN436@O Pibrentasvir @O-H 2.9 157 60.2

PHE439@O Pibrentasvir @O-H 2.8 152 93.3

GLU446@O Pibrentasvir @O-H 2.8 162 92.6

Venetoclax PHE439@O Venetoclax @O-H 2.9 145 82.4

ASN436@O Venetoclax @O-H 3.0 155 55.9

Ledipasvir PHE439@O Ledipasvir @O-H 2.8 164 82.9

ASN436@O Ledipasvir @O-H 2.7 167 52.8

aThe hydrogen bonds are inspected by the acceptor-donor atom distance of < 3.5 Å and acceptor-H-donor
angle of > 120°
bOnly hydrogen bonds with occupancy higher than 50% were illustrated

Fig. 7 Root-mean-square deviation (RMSD) of the backbone atoms
from the initial docking structure for MZ29 (in black), pibrentasvir (in
red), venetoclax (in blue), and ledipasvir (in cyan) against the ABCG2
throughout 100 ns MD simulation
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