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Abstract: Background: Herein, molecular docking approaches and DFT ab initio simulations were combined for the first time, to study the 
key interactions of cyclodextrins (CDs: α-CD, β-CD, and γ-CD) family with potential pharmacological relevance and the multidrug resistance 
P-gp protein toward efficient drug-delivery applications.The treatment of neurological disorders and cancer therapy where the multiple drug-
resistance phenomenon mediated by the P-gp protein constitutes the fundamental cause of unsuccessful therapies. 

Objectives: To understand more about the CD docking mechanism and the P-gp. 

Methods: In order to achieve the main goal, the computational docking process was used. The observe docking-mechanism of the CDs 
on the P-gp was fundamentally based on hybrid backbone/side-chain hydrophobic interactions, and also hybrid electrostatic/side-chain 
interactions of the CD-ligands' OH-motifs with acceptor and donor characteristics, which might theoretically cause local perturbations in 
theTMD/P-gp inter-residues network, influencing ligand extrusion through the blood-brain barrier. P-gp residues were conformationally favored. 
Despite the structural differences, all the cyclodextrins exhibit very close Gibbs free binding energy values (or affinity) by the P-gp binding site 
(transmembrane domains - TMDs). 

Result: The obtained theoretical docking-mechanism of the CDs on the P-gp was fundamentally based on hybrid backbone/side-chain 
hydrophobic interactions, and also hybrid electrostatic/side-chain interactions of the OH-motifs of the CD-ligands with acceptor and donor 
properties which theoretically could induce allosteric local-perturbations in the TMDs-inter-residues network of P-gp modulating to the CD-
ligand extrusion from the blood-brain-barrier (or cancer cells). 

 
Conclusion: Finally, these theoretical results open new horizons for evaluating new nanotherapeutic drugs with potential pharmacological 

relevance for efficient drug-delivery applications and precision nanomedicine. 
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1. INTRODUCTION 

The pharmacokinetic bioavailability in the central ner-
vous system for a wide diversity of compounds (including 
nanoparticles) is critically determined by both drug and 
blood-brain barrier (BBB) properties, where the P-gp 

protein is embedded [1, 2]. The P-glycoprotein (Pgp), 
corresponds to a ubiquitous large superfamily of membrane 
efflux transporters of the ABC superfamily (i.e., ABCB1 
transporters), which plays a central role neurological 
disorders and multiple drug-resistance in cancer, the P-gp 
has been well-recognized to be a biomarker of overall poor 

  chemotherapy response and prognosis. From the structural 
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point of view, the P-gp is formed by a single polypeptide 
with a molecular weight of 170 kDa, organized in two 
functional units with pseudo-2-fold molecular symmetry, 
each one comprising six transmembrane α-helices domains 
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(TMD1, TMD2) and the cytoplasmic nucleotide-binding 
domain (NBD), linked by a small polypeptidic sequence. 
From the functional point of view, the P-gp actively 
participates in the efflux process of a wide range of 
physiological substrates and potentially toxic drugs and 
xenobiotics (mainly hydrophobics) out of the cell through 
an ATP-dependent mechanism being found at the apical 
surface of the kidney proximal tubule cells, the canalicular 
membrane of hepatocytes, pancreas, villous intestinal cells, 
and blood–tissue barriers (e.g., brain, placenta, testis). 

Currently, an emerging consensus shows that the TMD 
regions of P-gp protein can modulate its physiological 
function through different mechanisms as i) blocking efflux-
related conformational changes, ii) reducing the drug-
stimulated ATPase activity, or iii) affecting the transporter’s 
structural stability to decrease drug efflux ratios [3-7]. 
Following this idea, some drugs (as Rhodamine B, Verapa-
mil, and Valspodar) have shown significant selectivity by 
the TMD binding sites of P-gp protein exercising an 
inhibition response based on “drug-induced fit” mechanism 
based on a TMD inhibition response [8]. 

In this regard, it is widely understood that an efficient 
drug-delivery procedure should address the molecular 
mechanisms of interaction of a specific drug (i.e., CDs) with 
the relevant binding site of the P-gp to ensure the success of 
neuropharmacology and chemotherapeutic tactics (i.e., 
TMD regions). In this context, a large number of preclinical 
studies have experimentally demonstrated that the phar-
macological modulation of P-gp can directly affect the 
optimal concentrations of several substrates in the brain and 
cancer cells. Nevertheless, computational studies on the 
interaction mechanisms of P-gp with nanotherapeutic drugs 
(CDs) are still largely ignored. Thus, the main objective of 
the present study was to investigate the pharmacodynamic 
binding interactions of a theoretically modeled cyclo-
dextrins family (α-CD, β-CD, and γ-CD) with the TMDs 
main cavity belonging to P-gp protein, which is involved in 
the multi-drug resistance mechanisms during the chemo-
therapy, and actively participating in the drugs and xeno-
biotic-extrusion from the blood-brain-barrier modulating or 
restricting the access of therapeutic drugs to the brain during 
the therapy of neurological disorders [9-14]. 

Then, considering the pharmacological relevance of the 
current problem, we propose for the first time the use of an 
in silico nanopharmacology approach combining molecular 
docking and “Density Functional Theory” simulations (i.e., 
DFT ab initio simulation) to evaluate the structural, 

the binding interactions (ΔG docking binding affinity, 
kcal/mol) between the cyclodextrin family α-CD, β-CD and 
γ-CD and the P-gp [17]. Firstly, the 3D-protein structure of 
the human P-gp was theoretically obtained by using the 
Phyre2 Protein Fold Recognition Server [18] due to the 
absence of the crystallographic P-gp model.pdb in the RCSB 
Protein Data Bank. For this purpose, the Phyre2 server uses 
an advanced remote homology modeling detection algori-
thm to rigorously build a 3D-protein molecular structure as 
a proper crystallographic pdb.model with high accuracy 
(> 98%); just by using the NCBI FASTA amino-acid 
sequence of the human P-gp as input file [18]. 

Before the docking experiments, the P-gp structure was 
prepared using the AutoDock Tools 4 and AutoDock Vina 
software. The P-gp hydrogen atoms were added, according 
to appropriate hybridization geometry, to those atoms based 
on built-in modules to add partial charges, protonation states 
followed by bond orders assignment and set up rotatable 
bonds of the P-gp like pdb X-ray crystallography-structure 
[19, 20]. 

Afterward, the prediction of the P-gp binding sites (i.e., 
site composing the TMD region of the P-gp) was carried out 
by using DeepSite software, where all the molecular des-
criptors related to cavities and small tunnels of the protein 
as van der Waals surface were detected. To perform the 
simulation experiments, we used one simulation box that 
determined the potential concave area for the binding of 
CD-ligands. Herein, the binding pockets detection proce-
dure was performed using the P-gp grid-box size with 
dimensions of X= 40 Å, Y= 40 Å, Z =40 Å and a center 
coordinates of X=-24.4Å, Y= 5.1Å, Z = -3.2 Å before to the 
P-gp interaction evaluation with the ligands under study 
(i.e., α-CD, β-CD and γ-CD). 

To do this, the Autodock Vina software applies thermo-
dynamic force field parameters as part of its thermody-
namics scoring function, which allows predicting the Gibbs 
free energy (or binding affinity as FEB values Ү ΔGbind 

expressed in kcal/mol) from the formed docking complexes 
(P-gp plus CDs: α-CD, β-CD, γ-CD and rhodamine B used 
as reference control of maximum theoretical P-gp inhi-
bition). For this instance, the cited docking complexes were 
considered thermodynamically stable when the obtained ΔG 
or FEB values < 0 kcal/mol, otherwise categorized like 
energetically unfavorable, pointing out low or complete 
absence of binding affinity. 

The ΔGbind values can be expressed as the sum of 
electronic, and binding affinity properties of the CDs family 
interacting with the target P-gp protein [15, 16]. The present 
study could open new horizons toward an efficient and 
rational design of new drug-delivery systems for potential 
nanobiomedical applications. 

 
2. MATERIALS AND METHODS 

2.1. Molecular Docking Simulation 

Herein, molecular docking experiments based on 
Autodock Vina software were performed in order to predict 

individual molecular mechanics terms (Amber force-field 
parameters) for standard-chemical potentials (ΔGbind Ү 
FEB), including the van der Waals interactions (ΔGvdW), 
hydrogen bond (ΔGH-bond), electrostatic interactions 
(ΔGelectrost), and intra-molecular ligands interactions (ΔGint) 
from empirically validated Autodock Vina scoring function 
according to the general thermodynamic equation 1 depicted 
below: 
FEBdock ≈ ∆Gbind = ∆GvdW + ∆GH-bond + ∆Gelectrost + 
∆Gint (1) 



 

 

n 

Furthermore, it is well known that the Autodock Vina 
scoring function presents an optimal-linear correlation with 
the individual chemical potentials cited above. Also, it is 
important to note that overall docking parameters are based 
on distance-dependent atom-pair interactions (dij) from the 
CD-ligand(i) and the P-gp protein(j). 

Next, the docking complexes between the P-gp and the 
CDs with the lowest Gibbs docking free energy of binding 
(FEB negatives value) were obtained. Also, the best root-
mean-square-deviation (R.M.S.D) was set as a criterion of 
docking accuracy for R.M.S.D < 2Å according to equation 2. 

R. M. S. D (posei-CDli≈∆nd, pose -P+p) =  
 

Q∑n(TtoU(iV.X_li≈∆nd)-TtoU(ZV[≈\))] 
(2) 

 

Then, the free energy of binding (ǼGbind Ү FEB 
values; kcal/mol) of the formed docking complexes (i.e., P-
gp/CDs: P-gp/α-CD, P-gp/β-CD, and P-gp/γ-CD) were 
obtained. It is important to note that the Rhodamine B (i.e., 
the specific inhibitor of the P-gp/TMDs-ligand extrusion 
binding domains of P-gp) was used as reference control of 
simulation for comparison purposes for all the simulations. 

Next, the 2D/3D-LigPlot interactions diagrams were 
performed in order to identify key amino acid residues 
involved in the CDs-interactions (as hydrophobic, hydrogen 
bond, and electrostatic interactions) with the critical binding 
site of the P-gp/TMDs [21]. The Lig-Plot algorithm 
automatically generates schematic 2D/3D diagrams showing 
details to represent the inter-atomic interactions for all the 
docking complexes (i.e., P-gp/CDs: P-gp/α-CD, P-gp/β-CD, 
and P-gp/γ-CD) at molecular and atomistic-level [21]. 

In order to ensure the accuracy of the molecular docking 
calculations, several runs started from random conforma-
tions of the ligands (CDs: P-gp/α-CD, P-gp/β-CD, and P-gp/ 
γ-CD) were performed. For this instance, the exhaustiveness 
parameter was set at 50 (i.e., the number of CDs binding 
conformations in the P-gp binding site which is placed in 
the transmembrane domain (TMDs) of the P-gp protein) 
[19-22]. 

2.2. Local Perturbation Response Analysis 

This computational algorithm evaluates the degree of 
perturbation induced by a given ligand (i.e., CDs: α-CD, β-
CD and γ-CD) in the target residues network of a given 
receptor (i.e., P-gp/TMDs protein) based on elastic normal 
mode analysis. Herein, the allosteric local perturbations in 
the P-gp/TMDs were determined by measuring the P-gp/ 
TMDs binding-residue displacements from their equilibrium 
positions for both, i) unperturbed (i.e., P-gp/TMD unbound 
state) and ii) the perturbed state (i.e., P-gp/TMDs bound 
state, in the presence of CDs ligands), see equation (3): 

normal mode (under CD-ligand interaction), and the term uj 

represents the displacement of an individual P-gp/TMD resi-
due (j) in the unperturbed mode (or equilibrium position), 
and Na is the number of interacting residues identified in 
the 2D/3D-lig-plot approach [23-25]. 

2.3. Density Functional Theory 

The energetic, structural, and electronic properties of the 
P-gp/TMD residues under interaction with CDs were 
simulated using DFT ab initio calculations [26]. For this 
purpose, the SIESTA code was used, which performs full 
self-consistent calculations by solving the Kohn–Sham 
equations and using numerical atomic orbitals as basis sets 
[27, 28]. Here, for overall interactions, a grid integration 
cutoff of 200 Ry was used to represent the charge density. 
Besides, the atomic structures were relaxed until the residual 
forces were less than 0.05 eV/Å for all atoms in the 
structures of P-gp/TMDs and residues and CD-ligands. The 
interactions between the core and the valence electrons were 
described by improved Troullier – Martins pseudopotentials 
[29], whereas the molecular orbitals were making use of a 
localized double zeta plus polarization (DZP) basis set. 

Next, the correlation energies based on the local density 
approximation (LDA) were set, as proposed by Perdew and 
Zunger [30]. In fact, the LDA approach has been shown to 
be more suitable than the generalized gradient approxima-
tion (GGA) to study weakly interacting systems like the 
involved in the present work, where the π-π stacking 
interactions are predominant. The binding energy was 
calculated using the base overlap error correction (BSSE) 
[31, 32], according to equation 4. 
Ee = fE(gD + hip) − E,gD + hip+kostl− E(gDiℎosn + 
hip)o (4) 

where, Eb is the total energy of the system and E (CD + 
P-gp) is the total energy of an individual CD-ligand plus the 
different target-residues involved in the docking interactions 
with P-gp/TMDs. The subscript ‘‘ghost” corresponds to the 
additional basis wave functions centered at the position of 
the CDs or at P-gp/TMDs, but without any atomic potential. 
The values for the minimum distances (Å) between the 
systems were obtained from the nearest interacting atoms. In 
this concern, it is important to note that, even if density 
functional tight-binding (DFTB) could be applied as a good 
control simulation experiment to enrich our DFT results we 
strongly suggest that the DFTB method would not introduce 
statistically significant differences with respect to method 
DFT ab initio simulation proposed in this study from the 
thermodynamics point of view being the main energetic con-
tributions provided by the previous molecular docking simu-
lations for this instance. This type of methodology has been 
used in other studies within our research group [31, 32]. 

3. RESULTS 
ep =  1  ∑N∆ jp − u j (3) 

(i) N∆  =1 3.1. Theoretical Modeling and Preparation of the Cy- 

Where, ep(i) represents the effect of the allosteric local 
perturbation in the normal elastic mode (i), the term pj is the 
displacement of the P-gp/TMDs residue (j) in the perturbed 

clodextrin Molecules 

Initially, the isolated CDs molecules (α-CD, β-CD and γ-
CD) were analyzed, Figs. (1a-c); respectively. Then, the 



 
 
 

 
Fig. (1). In the top, representation of the optimized structure of the evaluated cyclodextrin family as: (A) α-CD (B) β-CD, and (C) γ-CD. At 
the bottom, graphical representation of the energy levels with the corresponding plots of electronic charge density obtained (3.30×10−3 e/Å3 

isosurface) obtained from the HOMO and LUMO orbitals for the CDs as: (D) α-CD, (E) β-CD, and (F) γ-CD. (A higher resolution / colour 
version of this figure is available in the electronic copy of the article). 

 

electronic levels of the isolated CD molecules, their 
optimized structures, and the local density of states (LDOS) 
plot corresponding to the highest occupied molecular orbital 
(HOMO), and the lowest unoccupied molecular orbital 
(LUMO) were represented in the Figs. (1d-f) for the α-CD, 
β-CD and γ-CD; respectively. Besides, the energy levels as 
HOMO-LUMO-differences (∆H-L) for α-CD, β-CD and γ-
CD with the corresponding values of 4.49 eV, 4.31 eV, and 
5.42 eV; respectively, were obtained. 

For all α-CD, β-CD and γ-CD, was observed that the 
contribution to the formation of the HOMO was concen-
trated over the hydroxyl groups with the largest contribution 
to the oxygen atoms, while the LUMO was mainly located 
in the hydrogen CD-atoms [32-34]. 

 
3.2. Computational  Modeling  and  Crystallographic 
Validation of the Human P-gp 

Next, the prediction/identification of the human P-gp/ 
TMD binding sites was carried out as one of the most 
important step in the macromolecular simulations. To do 
this, an appropriate crystallographic structural validation of 
the P-gp protein was performed. Then several modeling 
procedures for detecting the relevant protein cavities as con-
cave surface within relevant TMDs regions were implemen-
ted. In our computational study, the prediction of P-gp/ 
TMDs binding-sites was carried out by applying a machine 
learning method-based on 3D-Deep Convolutional Neural 
Networks which identify concave van der Waals regions 
while excluding convex ones in the P-gp/TMDs protein 
region evaluated [35]. The obtained results on the structure 

prediction, identification, and crystallographic validation of 
P-gp/TMDs binding sites are depicted in Fig. (2). 

 
4. DISCUSSION 

4.1. Mechanistic Interpretation of Molecular Docking 
Results 

Molecular docking is one of the most used structure-
based methods in rational drug design and molecular recog-
nition, especially when the crystallographic 3D structure of 
the ligand and relevant target protein are available. The 
molecular docking simulation has been efficiently extra-
polated to traditional in silico pharmacology to the newest 
field of Computational Nanopharmacology toward potential 
nano-therapeutic drug discovery. In the present study, the 
computational modeling of the binding interaction of a 
cyclodextrins family (α-CD, β-CD and γ-CD) with the P-gp 
protein was carried out for the first time performing a 
molecular docking. 

For this purpose, in order to avoid obtaining false 
positives from the docking experiment was verified that the 
modeled residues belonging to the human P-gp.pdb x-ray 
structure were conformationally favored by considering all 
their possible conformations within the P-gp protein, which 
were well-defined by the favored torsion dihedral angles Ψ 
(Psi) vs. Φ (Phi) around the C(α) of the peptide-bond of the 
P-gp residues in Ramachandran plot [36]. For this instance, 
conformationally favored dihedral angles Ψ (Psi) vs. Φ (Phi) 
of the P-gp residue were found within the purple contour 
lines of the Ramachandran plot. Otherwise, they were 
considered as conformationally-disallowed residues for the 



 

 

 

 
Fig. (2). (A) Representation of the whole 3D X-ray crystallographic molecular structure model from human multi-drugs resistance protein 
transport (P-gp) with the relevant functional domains like P-gp nucleotide-binding domains (NBDs) and the transmembrane domains 
(TMDs) in outward-facing conformation for CD ligand-extrusion. (B) DeepSite prediction of topological cavities of P-gp highlighting the 
ligand-extrusion binding site (i.e., TMDs as light blue-labelled region). (C) Crystallographic validation is based on Ramachandran plot (Phi 
vs. Psi torsion dihedral angles) and the corresponding spatial distribution of Ramachandran outliers (empty pink-labelled circles) outsite of 
the purple contour line. All the possible combinations of torsion dihedral angles of each P-gp res are depicted by the black dots inside the 
purple contour line for conformationally-favored P-gp/TMD residues. (A higher resolution / colour version of this figure is available in the 
electronic copy of the article). 

 
Table 1. Results of binding free energies for the obtained docking complexes for the best CDs/P-gp complexes based on the affinity in 
kcal/mol. Here, the docking simulation of the Rhodamine B molecule was used as a reference control. 

 

Ligands FEB (kcal/mol) R.M.S.D (Å) 

Rhodamine B (control) -8.1 1.14 

α-CD -5.1 1.97 

β-CD -5.1 0.82 

γ-CD -4.0 1.70 
 

dihedral angles Ψ (Psi) vs. Φ (Phi) placed outside of the 
Ramachandran purple contour line (Ramachandran outliers) 
[37], (Please refer to Fig. 2C). Then, it should be pointed 
out that the aforementioned Ramachandran outliers were not 
identified for the key binding P-gp/TMD residues involved 
in the docking interactions with the CDs evaluated. 

Following this modeling protocol, the thermodynamics 
interactions of α-CD, β-CD and γ-CD ligands with P-gp 
(PDB ID: 4KSB) were evaluated. Then, the obtained Gibbs 
free energy of binding (FEB, in kcal/mol) showed that all 
the tested ligands (i.e., α-CD, β-CD, γ-CD, and the 
Rhodamine B used as reference control) were able to 
spontaneously interact with P-gp protein with an expected 
negative FEB value and good crystallographic adjustment 
based on (R.M.S.D < 2 Å) obtained for three P-gp/CD 
complexes (P-gp/α-CD, P-gp/β-CD, and P-gp/γ-CD). These 
theoretical evidence suggest that the three CDs evaluated 
could mimic the pharmaco-toxicodynamic behavior of the 
Rhodamine B (i.e., specific P-gp-TMD inhibitor, which 
represents a measure of the maximum inhibition-based 
affinity) being used here as reference control of all our 
simulations in terms of the strength of interactions. See 
Table 1. 

It is well-known that the P-gp activity increases the 
membrane permeability for ions associated with changes in 

the ATP-intracellular levels, which are the source of energy 
for the P-gp physiological function like the drug extrusion 
from the blood-brain-barrier [38]. 

This criterion must be considered as very important due 
to from the pharmacotoxicodynamic point of view, the 
cyclodextrin ligands (CDs) could theoretically mimic the 
molecular mechanisms of interaction of the Rhodamine B in 
the TMD domain of P-gp in order to ensure the desired 
selectivity of the CDs ligands (α-CD, β-CD, and γ-CD) 
toward efficient drug-delivery applications. 

In this context, to avoid obtaining false positives on 
docking interaction results the absence of restricted flexi-
bility for each P-gp_res obtained from the lig-plot analysis 
was performed. In order to check this, the crystallographic 
validation based on the Ramachandran plot of Ψ (Psi) vs. Φ 
(Phi) for each ligand-interacting P-gp residue was perfor-
med [36]. In this regard, the presence of Ramachandran 
outliers involved TMD binding residues was not identified 
in the P-gp whole structure (refer to Fig. 2C). 

Next, the best binding pose obtained for the three CDs 
studied and the corresponding theoretical control-based 
Rhodamine B was represented by means of the 2D/3D 
ezLigPlot diagrams in each simulation experiment [21], as 
shown in Fig. (3) (Rhodamine B), Fig. (4) (γ-CD), Fig. (5) 
(α-CD), and Fig. (6) (β-CD). 
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Fig. (3). Representation of the 2D/3D lig-plot diagrams for the best docking pose obtained for the Rhodamine B/P-gp complex. (A higher 
resolution / colour version of this figure is available in the electronic copy of the article). 

 

 
Fig. (4). Representation of the 2D/3D lig-plot diagrams for the best docking pose obtained for the docking complex γ-CD/P-gp. (A higher 
resolution / colour version of this figure is available in the electronic copy of the article). 
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Fig. (5). Representation of the 2D/3D lig-plot diagrams for the best docking pose obtained for the docking complex α-CD/P-gp. (A higher 
resolution / colour version of this figure is available in the electronic copy of the article). 

 

Fig. (6). Representation of the 2D/3D lig-plot diagrams for the best docking pose obtained for the docking complex β-CD/P-gp. (A higher 
resolution / colour version of this figure is available in the electronic copy of the article). 

 

The computational results show a prevalence of non-
covalent interactions as twelve hydrophobic interactions 
based backbone & side-chains interactions. Additionally, it 
was identified a hybrid interaction based on hydrophobic 
backbone & side-chain interaction with a π-π stacking 
interaction between the benzene ring of the Rhodamine B 
with the residue Phe143 and a salt-bridge hydrogen-bond 
interaction between the central C-H atom of the Rhodamine 
B with the residue Glu74 forming a triangle-shape. 
Following this procedure, for the case of the γ-CD, the P-gp 

docking interactions were mainly based on hydrophobic 
interactions with the presence of three well-defined electro-
static interactions with a with different toxicodynamic 
behavior from the biochemical point of view, see Fig. (4). 

Also, we show a prevalence of non-covalent interactions 
as hydrophobics contacts mainly based on side-chain and 
hybrid backbone/side-chain interactions. Besides, four well-
defined electrostatic interactions of γ-CD with key P-gp/ 
TMD residues were identified composed of a ligand-
acceptor OH-γ-CD interaction with Lys259, and three OH- 



 
 

 

 
Fig. (7). Representation of the refined DFT interaction study for the two-best ranked cyclodextins (β-CD and α-CD) with key target residues 
of P-gp and considering the critical distance with P-gp residues/TMDs as (A) the β-CD interacting with Lys 84 of P-gp/TMDs, and (B) α-CD 
interacting with the target-residues of P-gp as: Asn427, Lys92 (or Lys97), and Glu66(or Glu423) obtained from the previous lig-plot 
interaction study. The position of the P-gp target-residues with β-CD and α-CD correspond to the exact positions obtained for final 
crystallographic docking poses. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 

 

γ-CD ligand-donor interactions were detected from the key 
P-gp residues (Glu 423, Met 946, and Gln1060). Next, the 
docking complex formed between the α-CD and the P-gp 
was obtained, as represented in Fig. (5). 

Herein, the α-CD/P-gp complex was mainly formed by 
the presence of non-covalent hydrophobic side-chain 
interactions (i.e., Glu99, Lys98, Lys92, Ser93, Lys88, 
Phe87, Glu66, Glu423, Asn427), and backbone contacts 
(Lys97, Lys95). By the other hand, the presence of hybrid 
interactions based on side-chain and electrostatic-based 
ligand-acceptor (Asn427) and ligand-donor (Lys92, Lys97, 
and Glu66) were detected as relevant for the stabilization of 
the docking complex α-CD/P-gp. 

Following the order, the lig-plot diagram for the 
complex β-CD/P-gp was determined, as depicted in Fig. (6). 

Herein, the docking-mechanism of β-CD was fundamen-
tally based on a hybrid backbone/side-chain hydrophobic 
interactions (Lys92, Ser93), five hydrophobic side-chain 
interactions (Phe87, Pro66, Lys84, Pro420, Glu66), and one 
hybrid electrostatic/backbone/side-chain interactions with 
the OH-ligand acceptor/donor group of the β-CD with the 
allosteric regulatory residue of P-gp (Ser93). 

 
4.2. Refined DFT Interactions Modeling of CD Ligands 
with Relevant P-gp Residues 

Next, we present refined DFT results by considering the 
two-best ranked cyclodextins (β-CD and α-CD) with a 
similar value of free energy of binding of -5.1 kcal/mol 
(please, refer to Table 1). The results are presented in Fig. 
(7) as follows. 

By the other hand, the inter-atomic hydrogen-bond 
interaction distances from the CD-ligands (i.e., CD-atom 
acceptors and CD-atom donors) interacting with the relevant 
atoms of the P-gp target residues (Lys84, Lys97, Lys92, 

Glu423, Glu66, Asn427) were calculated by the refined 
DFT approach from the obtained docking complexes (i.e., β-
CD/P-gp, α-CD/P-gp), see Table 2. 

Energy levels for the respective P-gp and β-CD are 
shown in Fig. (8); in addition with the calculated total 
charge density isosurface plots. Here, the reduction occurs 
because P-gp target-residues levels are introduced between 
the HOMO-LUMO gap of the isolated CDs. 

In the case of the β-CD interacting with P-gp target-
residues, the ΔRHL, independently of the conformation, is 
reduced by roughly 0.9 %. As can be seen, by the charges 
localized just in the β-CD and the P-gp target-residues, with 
no charge lines between the interacting systems (β-CD/P-
gp), see Fig. (8). 

By the other hand, for the α-CD ligand interacting with 
corresponding target residues of P-gp, the DFT parameter of 
ΔRHL is independent of the conformation. As depicted in 
Fig. (9), the charges were localized just in the α-CD and the 
P-gp target-residues, with no charge lines between the 
interacting DFT systems (i.e., α-CD+P-gp considering the 
target residues). 

Considering the electronic properties of the CDs and the 
interacting residues of P-gp reported in Table 2, we strongly 
suggest that these CDs-ligand are able to interact with good 
binding affinity based on physical adsorption, these 
theoretical evidences fits well with the previous molecular 
docking results. It is important to note that these 
computational results have extraordinary relevance. Because 
theoretically indicate that the electronic properties of the 
cited CDs were not significantly altered by the interaction 
with P-gp target-residues (Lys84, Lys97, Lys92, Glu423, 
Glu66, Asn427), suggesting that these privileged ligands 
(CDs: α-CD and β-CD) could be used as an efficient 
matrices for efficient drug-delivery applications for 
potential nano biomedical applications. 



 

 

 
Table 2. Results of the refined DFT parameters as i) inter-atomic bond distances between interacting atoms of key P-gp residues 
and CD-ligand atoms, ii) binding energy (Ebind), iii) ∆HL, and iv) the reduction in the HOMO-LUMO gap (ΔRHL) obtained for α-
CD and β-CD; just considering the P-gp target-residues forming hydrogen bond contacts in the docking complex with P-gp. 

 
Complex Distance (Å) Ebind (eV) ΔHL(eV) ΔRHL(%) 

 
 

β-CD/P-gp 

1.97 (NLys84 - Hβ-CD) 
2.20 (NLys84 - Hβ-CD) 
1.95 (HLys84 - Hβ-CD) 
2.19 (HLys84 - Hβ-CD) 

 
 

0,52 

 
 

3.66 

 
 

18.5 

 
 

 
α-CD/P-gp 

2.05 (OLys97 - Hα-CD) 
2.37 (OLys92 - Hα-CD) 
2.05 (OGlu423 - Hα-CD) 
2.1 (OGlu66 - Hα-CD) 

2.45 (NAsn427 - Hα-CD) 
2.39 (HAsn427 - Hα-CD) 

 
 

 
0,31 

 
 

 
4.24 

 
 

 
0.9 

 

Fig. (8). Representation of the electronic levels for the isolated components as (A) Lys, (B) β-CD; and the component under interaction 
represented by (C) β-CD plus Lys-P-gp. In (D) is depicted the total charge density isosurface, for the obtained DFT complex β -CD plus 
Lys-P-gp by using an orbital charge density isosurfaces 0.0028 e-/(Å)3. (A higher resolution / colour version of this figure is available in the 
electronic copy of the article). 

 

4.3. Local Perturbation Response Scanning (LPRS 
maps) 

This approach allowed us to evaluate allosteric local 
perturbations induced by the ligands (α-CD, β-CD and γ-
CD) in the transmembrane domains (TMDs) of the P-gp 
binding site, as well as, the different amplitude of 
perturbations (i.e., binding interactions) induced in the inter-
residue communication network of the P-gp protein. 
Because, the transitions across the different functional states 
from inward to TMDs facing outward during the ligand-
extrusion is facilitated and also is dependent, on the TMDs 
flexibility properties which are directly associated to the 
allosteric biophysical control that takes place in the inter-
residue communication network of the P-gp from both, the 
unbound and bound state (in the presence of α-CD, β-CD 
and γ-CD). Herein, the LPRS maps based on elastic network 
models (ANM) were used to calculate the effectiveness and 

sensitivity of the propagation of the allosteric signal in the 
network of binding residues of P-gp, see Fig. (10). 

According to the simulated LPRS maps (Fig. 10, C-E, 
and E) obtained from the docking complexes (γ-CD/ P-gp, 
α-CD/ P-gp, and β-CD/ P-gp); we strongly suggest that the 
CDs studied exhibit a significant difference in the pattern of 
interaction compared with the docking complexes used as 
simulation controls (Figs. 10 A and B) (unbound or 
unperturbed P-gp/TMD binding-site, and the Rhodamine B/ 
P-gp. Herein, we use the ANM models by using rotation-
translations blocks approximation (RTB model) to 
investigate the collective fluctuations (or motions) in the 
low-frequency normal modes of the P-gp protein. Where, 
the target TMD residues of P-gp are split into n-(b)-blocks 
formed by one or of a few consecutive TMD-binding 
residues that belong to the different polypeptides of the 
TMD-chains which could potentially bind with the CDs 



 
 
 

 
Fig. (9). Representation of the electronic levels for the isolated components like (A) Lys92 (or Lys97), (B) Asn427, (C) Glu66(or Glu423), 
(D) α-CD, and the DFT system interacting together as (E) α-CD plus P-gp. Lastly, and (F) represents the total charge density isosurface, for 
the final DFT complex obtained as α-CD plus P-gp-target residues by using an orbital charge density isosurfaces of 0.0028 e-/(Å)3. (A high-
er resolution / colour version of this figure is available in the electronic copy of the article). 

 

Fig. (10) contd… 



 

 

 

 
Fig. (10). Representation of the 3D-molecular structure of the evaluated protein-ligand complexes with the corresponding LPRS map on the 
right-site like (A) Unperturbed P-gp binding-site (TMD region), (B) Rhodamine B/ P-gp as specific P-gp-TMD inhibitor used as control of 
the simulation, (C) γ-CD/ P-gp, (D) α-CD/ P-gp/TMDs, and (E) β-CD/P-gp/TMDs. For this instance, the range of low-frequency normal 
modes from 1 to 3 was selected according to collectivity degree, which is highly associated to the collective intrinsic dynamics, local 
allosteric cooperativity in the P-gp structure, and biochemical functions of P-gp protein on ligand-extrusion. (A higher resolution / colour 
version of this figure is available in the electronic copy of the article). 

 

ligands (i.e., γ-CD, α-CD, and β-CD). Herein, the local 
perturbations induced by the CD ligands in the residues 
network of P-gp (C(α)- nodes) were evaluated based on the 
ep(i) parameter, which represents the effect of the pertur-
bation response in the P-gp (Please refer to equation 3). 

For this instance, the row and column of the LPRS maps 
describe the effectiveness and sensitivity profiles for unper-
turbed and perturbed P-gp residues in the unoccupied P-gp 

TMD binding (Fig. 10A), or presence of ligands (α-CD, β-
CD and γ-CD). Specifically, we can see the local perturba-
tions induced by the CD ligands in the residue network by 
observing the changes in the flexibility of the P-gp TMD 
binding residues blocks in the LPRS maps where blue re-
gions indicate conformational chain rigidification of the P-
gp (i.e., the P-gp target chain A); while orange-to-dark red 
region indicates conformational chain flexibilization, when 



 
 

we compare the unbound state (unperturbed residue net-
work) with the bound state in the presence of the CD ligands 
studied. Herein, the local perturbations were mainly ob-
served in the block of residues located from 1 to 450 residue 
numbers in the P-gp/TMD binding site in all the LPRS maps 
obtained. 

It is important to note that all the LPRS maps were 
obtained in the range of low-frequency normal modes which 
are highly associated with the collective intrinsic dynamics 
of the P-gp/TMD regions, allosteric cooperativity in the 
whole P-gp structure and the process of ligand-extrusion of 
the P-gp protein. 

These theoretical observations have a great relevance 
from the pharmaco-toxicological point of view, considering 
that this region corresponds to the extrusion-binding domain 
(as TMDs of P-gp) responsible for the main function of P-
gp protein in the blood-brain-barrier (BBB), to avoid poten-
tial neurotoxicity effects and events of multi-drug resistance 
observed in cancer chemotherapy. 

 
CONCLUSION 

In the present study, molecular docking approaches and 
DFT-ab initio simulations were combined for the first time, 
to study relevant binding interactions of a cyclodextrin 
family (α-CD, β-CD and γ-CD) with the multi-drug resis-
tance P-gp protein, toward efficient drug-delivery applica-
tions. Then, results of crystallographic validation-based 
using Ramachandram plots show that all the modeled 
residues belonging to the P-gp.pdb x-ray structure were 
conformationally favored showing a total absence of dis-
allowed conformations for interacting P-gp target residues, 
ensuring the quality of our modeling results. In this regard, 
the theoretical results point that, despite the differences in 
the docking interaction patterns for the CDs evaluated, all 
the cyclodextrins exhibit a very similar affinity-based Gibbs 
free binding energy. Overall results suggest that the 
docking-mechanism of the CDs evaluated are mainly based 
on hybrid backbone/side-chain hydrophobic interactions, 
and also with the presence of hybrid electrostatic/ 
backbone/side-chain interactions from the OH-moieties of 
the CD-ligands and involving electrostatics acceptor and 
donor interactions. Besides, the results obtained on the local 
perturbations maps strongly suggest that the CD-ligands can 
induce significant changes associated with allosteric signals 
propagation in the inter-residues network of the TMD 
regions of the P-gp which theoretically could modulate the 
biochemical function of the P-gp from the pharmacological 
point of view (CDs-ligand extrusion) during the treatment of 
neurological disorders or cancer therapy. 

Finally, these in silico results open new horizons for the 
evaluation of new nano-therapeutic systems-based cyclo-
dextrins with potential pharmacological relevance for 
efficient drug-delivery applications; and could promote at 
the same time, cutting-edge studies in computational neuro-
science and precision oncology from a perspective of 
rational-drug design by using nanotechnology. 
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