International Journal of Computational Bioinformatics
and In Silico Modeling
Vol. 3, No. 1 (2014): 310-314
Research Article
Open Access

ISSN: 2320-0634

Structural insight into the ligand-receptor interaction
between 6-(methylsulfinyl)hexyl isothiocyanate and
multidrug resistance-associated protein 1
nucleotide-binding domain 1
Hideaki Yamaguchi1*, Katsuyoshi Kamiie2, Yumi Kidachi2, Toshiro Noshita3, Hironori
Umetsu4, Yoko Fuke5, Kazuo Ryoyama2
1 Department

of Pharmacy, Faculty of Pharmacy, Meijo University, 150 Yagotoyama, Tenpaku, Nagoya 468-8503, Japan
Department of Pharmacy, Faculty of Pharmaceutical Sciences, Aomori University, 2-3-1 Kobata, Aomori 030-0943, Japan
3 Department of Life Sciences, Faculty of Life and Environmental Sciences, Prefectural University of Hiroshima, 562 Nanatsuka,
Shobara 727-0023, Japan
4 Laboratory of Food Chemistry, Department of Life Sciences, Junior College, Gifu Shotoku Gakuen University, 1-38 Nakauzura, Gifu
055-8288, Japan
5 Department of Health Promotion Sciences, Graduate School of Human Health Sciences, Tokyo Metropolitan University, 1-1
Minamiosawa, Hachioji 192-0397, Japan
2

*Corresponding author: Hideaki Yamaguchi; e-mail: hyamagu@meijo-u.ac.jp
Received: 30 November 2013 Accepted: 20 December 2013 Online: 01 January 2014

ABSTRACT
Structural analysis of the multidrug resistance-associated protein 1 (MRP1) nucleotide-binding domain 1 (NBD1)
model and a docking simulation between 6-(methylsulfinyl)hexyl isothiocyanate (6MITC) and the NBD1 model
were performed with a software package the Molecular Operating Environment (MOE). An NBD1 (PDB code:
2CBZ) of human MRP1 was selected for the 3D structure modeling of the NBD1 model. The Site Finder module of
the MOE identified 11 possible ligand-binding sites in the modeled NBD1. The docking simulation revealed that
6MITC possibly inhibits functions of NBD1 interferring with Val680, Lys684, Ser685, Gln713, Gln714, Asp792,
Asp793, Thr826 and His827. To the best of our knowledge, this is the first report of an NBD1 model with 6MITC,
and our data verify that the 6MITC-NBD1 model can be utilized for application to target MRP1 for the
development of anticancer drugs.
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INTRODUCTION
In the treatment of cancers, multidrug resistance
(MDR) is one of the major factors in the failure of
chemotherapy. Overexpression of ATP-binding cassette
(ABC) transporters has been attributed to MDR in
tumor cells, and P-glycoprotein (P-gp) and multidrug
resistance-associated protein 1 (MRP1) are among the
most highly expressed [1,2]. They are representatives
of the subfamilies of human ABC transporters involved
in drug resistance, namely ABC-B and ABC-C,
respectively. MRP1 was originally identified in a
http://bioinfo.aizeonpublishers.net/content/2014/1/bioinfo310-314.pdf

multidrug-resistant lung cancer cell line [1] and its
involvement in cystic fibrosis was also suggested [3].
MRP1 is a 170 kDa efflux pump and able to move
various compounds out of cells in an ATP-dependent
manner. By mediating the ATP-dependent cellular
efflux, MRP1 confers resistance to diverse
chemotherapeutic agents when overexpressed in the
plasma membrane of cells [3-5]. In light of the
proposed roles of MRP1 in MDR in anticancer
treatment, many studies, describing its function,
mechanism, substrate specificity and search for
inhibitors, have been reported [5-9].
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MRP1 comprises transmembrane domains (TMDs) and
cytosolic nucleotide-binding domains (NBDs) [5]. TMDs
are mainly involved in substrate recognition and
transport, and NBDs are responsible for the binding
and hydrolysis of ATP, which energize substrate
transport. Compared to P-gp, of which the two NBD
sequences are highly conserved, NBDs of MRP1 appear
to have considerably divergent sequences [6,7]. NBDs
consist of two lobes and the first lobe has the Walker A
and Walker B conserved motifs, the crucial elements for
the formation of the nucleotide binding pocket. The
second lobe bears the unique ABC signature sequence
motif. While a number of structures of bacterial ABC
transporter NBDs have been reported, only a few
human NBDs have been reported [8,9] and further
studies on structural analyses of human NBDs are
required to develop novel anticancer compounds
targeting MRP1.
6-(Methylsulfinyl)hexyl isothiocyanate (6MITC), a
naturally occurring isothiocyanate from wasabi
(Wasabia japonica), exhibited significant growth
inhibitory activity towards a macrophage-like tumor
cell line [10]. It also showed suppression of the growth
of breast cancer and melanoma cell lines [11].
Furthermore, it exhibited anticancer activity in a mouse
model of pulmonary metastasis [12] and we have been
focusing our attention on 6MITC as a possible new
candidate for controlling cancer. As mentioned above,
searching novel inhibitors for ABC transporters, such as
P-gp and MRP1, can be a breakthrough towards
overcoming MDR in cancer treatment. In our previous
report, we performed ligand fitting of 6MITC and its
analogs to P-gp to estimate their possible effects on the
P-gp mediated efflux [13]. However, no structural
analysis of the ligand-receptor interactions between
6MITC and MRP1 has been explored. In the field of drug
development, molecular modeling has found
widespread utility [14], and in the present study we
will report the structural insight into the complex of
6MITC and NBD1 of human MRP1 by a highly
sophisticated software package, the Molecular
Operating Environment (MOE) 2011.10 (Chemical
Computing Group Inc., Montreal, Canada).

MATERIALS AND METHODS
Modeling of NBD1 of human MRP1
Modeling of the 3D structure of NBD1 was executed as
previously reported [15]. In brief, the structural
coordinates of NBD1 (PDB code: 2CBZ) were loaded
into the MOE. The primary structure of the NBD1 was
aligned, carefully checked to avoid deletions or
insertions in conserved regions and corrected
wherever necessary. Full energy minimization was
applied to the restructured NBD1 model and the
refined model was utilized for further inspection. The
qualities of the protein folds of the NBD1 model were
evaluated with the MOE by calculating the effective
atomic contact energies, comprising the desolvation
free energies required to transfer atoms from water to
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the interior of the protein. The overall geometric and
stereochemical qualities of the final modeled structure
of NBD1 were also examined using Ramachandran
plots generated within the MOE.
Binding site selection and exploration
The binding site selection and exploration for the NBD1
model was executed as previously reported [15]. In
brief, the Site Finder module of the MOE was used to
identify possible ligand-binding pockets within the
newly generated 3D structures of NBD1. Hydrophobic
or hydrophilic alpha spheres served as probes denoting
zones of tight atom packing. These alpha spheres were
utilized to define potential ligand-binding sites (LBSs)
and as centroids for the creation of dummy ligand
atoms. The dummy atoms were matched to the
corresponding
alpha
spheres
during
the
characterization of the LBSs in NBD1. This method
generates bound conformations that approach
crystallographic resolutions [16].
Alpha sphere and excluded volume-based ligandreceptor docking (ASE-Dock)
The docking and analysis of the ligand-receptor
interaction between 6MITC and NBD1 were also
performed with ASE-Dock in the MOE [17]. In the ASEDock module, ligand atoms have alpha spheres within 1
Å. Based on this property, concave models are created
and ligand atoms from a large number of conformations
generated by superimposition with these points can be
evaluated and scored by maximum overlap with alpha
spheres and minimum overlap with the receptor atoms.
The scoring function used by ASE-Dock is based on
ligand-receptor interaction energies and the score is
expressed as a Utotal value. The Utotal value was utilized
for the overall evaluation of the ligand-receptor
interaction. The ligand conformations were subjected
to energy minimization using the MMF94S force field
[18]. From the resulting 500,000 poses, the 200 poses
with the lowest Utotal values were selected for further
optimization with the MMF94S force field. During the
refinement step, the ligand was free to move within the
binding pocket. Udock values were also adopted to
determine the most reasonably docked 6MITC-NBD1
complex.

RESULTS AND DISCUSSION
Modeling of the NBD1 structure
The sequence alignment of NBD1 is shown in Figure 1.
The alignment revealed that it contained the residues of
the Walker A motif Gly678 – Lys684 and the Walker B
motif Ile788 – Asp792. The residues of the ABC
signature motif Leu768 – Gln772 were also contained.
The PDB code of 2CBZ was selected for the present 3D
structure modeling of NBD1 because the detailed
analysis of its structure had been provided [19]. The
NBD1 model with the best packing quality function and
full energy minimization was utilized in the present
study (Figure 2).
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Figure 1. The sequence alignment of NBD1 (PDB code: 2CBZ). It contains the residues of the Walker A motif Gly678 – Lys684
and the Walker B motif Ile788 – Asp792. The residues of the ABC signature motif Leu768 – Gln772 are also contained.

Figure 2. The identified possible LBSs depicted with the
hydrophobic (white) or hydrophilic (red) alpha spheres,
which serves as probes denoting zones of tight atom packing.
The potential LBS can be found in close proximity to ATP in
the NBD1 model. For ATP; Blue: nitrogen; gray: carbon;
purple: phosphorus; red: oxygen; white: hydrogen. For NBD1;
Blue: turn; red: α-helix; yellow: β-sheet.

Binding site selection and exploration of the NBD1
model
The Site Finder module of the MOE identified 11
possible LBSs in the modeled NBD1. The previous
report by Ramaen et al. identified a few residues that
interacted with ATP, including the nucleotide-binding
site residues such as Lys684, Ser685, Gln713 and
Asp792 [19]. Our present results also identified these
residues, and the possible ligand-binding pockets
within the newly generated 3D structures of NBD1 are
shown in Figure 2. The hydrophobic (white) or
hydrophilic (red) alpha spheres, which served as
probes denoting zones of tight atom packing, revealed
that the potential LBS could be found in close proximity
to ATP in the NBD1 model.
http://bioinfo.aizeonpublishers.net/content/2014/1/bioinfo310-314.pdf

Docking simulation of 6MITC to the NBD1 model
It has been reported that some ITCs interact with ABC
transporters, such as P-gp and MRP1, and that ITCs
have inhibitory effects on these ABC transporters [20].
We recently found that 6MITC demonstrated significant
growth inhibitory activity towards a macrophage-like
tumor cell line [10], suggesting that 6MITC can be
utilized for the anticancer drug development. However,
whether or not 6MITC can bind to NBD1 of MRP1 is not
known. Further, if 6MITC binds to NBD1, the precise
mode of the binding of 6MITC needs to be elucidated.
To this end, the ASE-Dock [17] was performed and
showed that 6MITC bound to the LBS in the NBD1
model (Figure 3). To create ligand-receptor interaction
plots for the 6MITC-NBD1 complex, the Ligand
Interactions module of the MOE was used, which
provided a clearer arrangement of the key
intermolecular interactions that aid in the
interpretation of the 3D juxtaposition of 6MITC and the
LBS in NBD1. In total, 10 residues were identified as the
preferred interaction residues, and the presence of
hydrogen bonds was found between 6MITC and Gln714
and His827 (Figure 4). The presence of a hydrogen
bond was found between the isothiocyanato (-NCS)
group of 6MITC and Gln714. The S=O oxygen at C6 of
6MITC was also identified as the element that formed
the hydrogen bond with His827.
Analysis of the interaction energies between 6MITC
and NBD1
We also analyzed the residues exhibiting higher
interaction energy values for the 6MITC-NBD1 complex
to identify the influential residues for the 6MITC-NBD1
interactions. The ligand-residue interaction energies
were calculated by the method of Labute [21], which
assigns energy terms in kcal/mol for each residue.
Generally, a negative value indicated that the residue
attracted the ligand, while a positive value indicated
that the residue repelled the ligand. The higher energy
values for the 6MITC-NBD1 complex are shown in
312
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Figure 5. Asp792 had the highest interaction energy
value of −6.6314 (kcal/mol), followed by Lys684 (5.9400), Asp793 (-4.4889), Gln714 (-2.6184), Val680 (2.0262) and Thr826 (-1.0640). Interestingly, His827
showed a positive interaction energy value of 1.3706.
This is perhaps partly due to the higher ligandattracting negative energies created by the residues,
such as Lys684 and Asp792. The present results
confirmed the importance of residues Lys684, Asp792
and possibly His827 for the 6MITC-NBD1 interactions.
In fact, it has been reported that these residues played
significant roles in the ligand-receptor interactions in
the catalytic site of NBD1 [19].

bonds is found between 6MITC and Gln714 and His827. The
presence of a hydrogen bond is found between the
isothiocyanato (-NCS) group of 6MITC and Gln714. The S=O
oxygen at C6 of 6MITC is also identified as the element that
formed the hydrogen bond with His827

Figure 5. Ligand-residue interaction energies for the 6MITCNBD1 complex. Asp792 has the highest interaction energy
value of −6.6314 (kcal/mol), followed by Lys684 (-5.9400),
Asp793 (-4.4889), Gln714 (-2.6184), Val680 (-2.0262) and
Thr826 (-1.0640). His827 shows a positive interaction energy
value of 1.3706.

CONCLUSION

Figure 3. Docking simulation of 6MITC to the NBD1 model.
The enlarged figure of the LBS in the 6MITC-NBD1 complex.
6MITC binds to the LBS in the NBD1 model. For ATP and
6MITC; Blue: nitrogen; gray: carbon; purple: phosphorus; red:
oxygen; white: hydrogen; yellow: sulfur. For NBD1; Blue: turn;
red: α-helix; yellow: β-sheet.

Examination of the 6MITC-NBD1 complex provides
considerable insight into the binding mechanism of
6MITC to NBD1 and suggests approaches by which
MRP1 inhibitors with greater selectivity may be
attainable. Further, detailed analysis of the ligandreceptor interaction is of great significance in designing
in silico MRP1-inhibiotor models for successful
development of anticancer drugs. The main objective in
the present study was to determine whether or not
6MITC can act as an inhibitor of NBD1 in human MRP1
and to elucidate the precise mode of 6MITC binding to
the NBD1 model. Analyses of the structural properties
of the 6MITC-NBD1 complex and the docking
simulations of the 6MITC-NBD1 pose suggest that
6MITC possibly inhibits NBD1 interfering with its
nucleotide-binding site residues such as Lys684,
Ser685, Gln713 and Asp792. Val680, Gln714, Asp793,
Thr826 and His827 also showed higher interaction
energy with 6MITC, suggesting that 6MITC could hinder
interactions of these residues with substrates. To the
best of our knowledge, this is the first report of the
NBD1 model with 6MITC as a potential MRP1 inhibitor.
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Figure 4. The ligand-receptor interaction plots for the
6MITC-NBD1 complex created by the Ligand Interactions
module of the MOE. Ten residues are identified as the
preferred interaction residues, and the presence of hydrogen
http://bioinfo.aizeonpublishers.net/content/2014/1/bioinfo310-314.pdf

ABBREVIATIONS
ABC, ATP-binding cassette; ASE-Dock, alpha sphere and
excluded volume-based ligand-protein docking; ITC,
isothiocyanate; LBS, ligand-binding site; MDR,
multidrug resistance; MOE, Molecular Operating
Environment; MRP1, multidrug resistance-associated
protein 1; NBD1, nucleotide-binding domain 1; P-gp, P313

Hideaki Yamaguchi et al. / Int J Comput Bioinfo In Silico Model. 2014, 3(1): 310-314

glycoprotein; TMD, transmembrane domain; 6MITC, 6(methylsulfinyl)hexyl isothiocyanate.
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