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Abstract 

Coumarins of natural origin have been explored as potential inhibitors of P-glycoprotein (P-gp). Esculetin which belongs to the 

class of coumarin has been derivatized with known hydrazine pharmacophores viz; benzoyl hydrazine (BH), isonicotinyl 

hydrazine (INH), and hydrazino benzoic acid. The homology modeling approach was used to predict the three-dimensional 

structure of human P-gp. An in-silico study has been performed for the structural insight into the molecular mechanism of P-gp 

inhibition of the esculetin derivatives by molecular docking (MD) and simulation studies. The cell cytotoxic activities of the 

synthesized compounds were evaluated using in-vitro studies. The sublines resistant doxorubicin (MCF-7/R) were generated and 

the activities of P-gp proteins were estimated using fluorescent dye accumulation assays. The E-BH showed promising P-gp 

inhibitory activity and cell cytotoxicity against MCF7 and MCF7/R (resistant) breast cancer cell lines. In line with experimental 

observations, the E-BH (Esculetin benzoyl hydrazine) has yielded the lowest energy stable complex with P-gp and is stabilized 

by intermolecular hydrogen bonding and more hydrophobic interactions during 100 ns of simulation. This suggested that the 

activity of P-gp is probably controlled by hydrophobic interactions. Performed experimental and computational studies has 

helped to elucidate the mechanism of P-gp inhibition by E-BH. Thus, amongst the three derivatives; E-BH exhibits greater 

efficacy in blocking the efflux mechanism. 
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1. Introduction 

The P-glycoprotein (P-gp) or ABCB1 is an ATP binding 

cassette (ABC) transporter and one of the widely studied 

mediators of drug efflux-based multidrug resistance (MDR) in 

cancer [1-3] P-gp is known to bind to the structurally diverse 

size of molecules (100 to 4000 daltons) and actively extrude 

them across the plasma membrane of various types of cells. 

This leads to an increase in cellular drug resistance toward the 

chemotherapeutic agents. Thus P-gp acts as a prominent tar-

get for designing effective anti-cancer drugs. [4, 5] Consid-

ering the immense role of P-gp in drug efflux mediated mul-

tidrug resistance (MDR) in cancer; many studies have been 

performed to discover the structure, dynamics, and functions 

of human P-gps. [5, 6-14] Understanding the conformational 

flexibility and P-gp-drug interactions during the translocation 

process is a crucial step towards the designing of potent and 

selective inhibitors against the P-gp. This may initiate the 

treatment of MDR in cancer subtypes along with neurological 

diseases including Alzheimer‟s, Parkinson and Epilepsy. [7, 9, 

15-19] Owing to the dynamic nature of P-gps, the molecular 

dynamics simulation is one of the best approaches to study the 

conformational behavior of P-gp, especially by evaluating the 

influence of the surrounding environment. [8, 16, 20-22] 

Combinatorial chemistry and structure-activity relationship 

approaches have been used in the third generation P-gp 

blockers to generate compounds such as zosuquidar 

(LY335979), elacridar (GF120918), etc with antagonism 

function in the range 20-100 nM. 

The 3D-QSAR, molecular docking, and in-depth MD sim-

ulation studies have been performed to design new anti-P-gp 

inhibitors, locate the molecular interactions between P-gp and 

inhibitors, explore the conformational dynamics of P-gp, and 

substantiate the experimental observations. [8, 16, 22-27] 

Recently, all-atom MD simulation studies confirmed that the 

inward-facing conformations of P-gp were highly plausible in 

presence of an intact lipid bilayer. [21, 22, 28, 29] The com-

putational techniques are playing a crucial role in under-

standing the structure, dynamics, and functions of human 

P-gp. The three-dimensional structure of human P-gp pre-

dicted using homology modeling is being used for further 

studies. [19, 23, 25, 27, 29-32] 

P-gp blockers of natural origin such as flavonoids, stilbenes, 

and coumarins are explored as potential inhibitors. An 

in-silico study has been performed to depict the molecular 

interactions between various coumarin derivatives and anti-

cancer drug (paclitaxel) with the P-gp. [33] Esculetin 

(6,7-dihydroxycoumarin) [1] is a coumarin derivative ex-

tracted from plants, such as Artemesia scoparia (Redstem 

Wormwood), Artemesia capillaris (Capillary Wormwood), 

Ceratostigma willmottianum (Chinese Plumbago), skin or 

trunk bark of Cortex Fraxini and in the leaves of Citrus li-

monia (Chinese lemon). [34] Esculetin, commonly used in 

folk medicine has been reported to possess various pharma-

cological and biochemical activities including anti-oxidant, 

anti-inflammatory, anti-proliferative, and anti-obesity activi-

ty. [35] 

 
Scheme 1. Esculetin derivatives. 

Using MDR1 transfected Madin-Darby canine kidney 

(MDCK-MDR1) cells expressing MDR1 phenotype and ve-

rapamil as a positive control along with six natural coumarins 

viz. umbelliferone, esculin, esculetin, cnidiadin, angelicin, 

and psoralen were evaluated. Cniadin (furanocoumarin) was 

capable of significantly accumulating R-123 and 

[
3
H]-vinblastine ([

3
H]-VBL), and inhibiting P-gp photo-

labeling in MDCK-MDR1 cells. [36] Hydrazone pharmaco-

phores have been used extensively for derivatization and 

modulating pharmacological activity. [37] In the present 

paper, the natural coumarin has been derivatized using dif-

ferent hydrazine pharmacophores. Thus three different ana-

logs of Esculetin hydrazine were synthesized, tested for their 

anti-P-gp activity, and further substantiated by homology 

modeling, molecular docking, and MD simulation studies. 

The performed experimental and computational studies 

may prove the potential to acquire the conformational dy-

namics of P-gp and its catalytic inhibition mechanism. The 

studies will help to design new potent and selective inhibitors 

of P-gp using in-vitro and in-silico studies. 

2. Materials and Methods 

2.1. Synthesis of Esculetin Derivatives 

Substituted hydrazones of coumarin possess biological ac-

tivities like anti-inflammatory, antibacterial, antifungal, an-

ticancer, antitubercular, and antioxidant. [38] Because of a 

wide variety of biological activity we are interested in the 

preparation of Hydrazone derivatives of esculetin. Esculetin 

was reacted with hydrazines in toluene by the Schiff base 

condensation method to give esculetin hydrazone derivatives. 

The molecular water produced in the reaction was extracted 

using molecular sieves. The solvents were dried thoroughly 

using known protocols. The esculetin hydrazone derivatives 
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such as esculetin-isonicotyl hydrazide (E-INH) 15, es-

culetin-benzoyl hydrazide (E-BH) 16 and es-

culetin-hydrazinobenzoic acid (E-HBA) 17 were condensed 

by directly reacting esculetin with isonicotyl hydrazide (INH) 

12, benzoyl hydrazide (BH) 13 and hydrazinobenzoic acid 

(HBA) 14, respectively. 

 

Scheme 2. Preparation of esculetin-isonicotyl hydrazide. 

 

Scheme 3. Preparation of esculetin-benzoyl hydrazide. 

 
Scheme 4. Preparation of esculetin- hydrazinobenzoic acid. 

2.1.1. Characterization 

Fourier transform infrared spectroscopy (FTIR) measure-

ments were recorded on Bruker Platinum ATR TENSOR- 37 

spectrophotometer (Germany) in the 4000-400 cm
-1

 region at 

room temperature. While 
1
H NMR was reported in Bruker 

Advance III HD NMR 400 MHz machine using d
6
-DMSO as 

a solvent. HRMS spectra were recorded on a Bruker Impact 

HD UHR-TOF mass spectrometer using an ESI (Electron 

Spray Ionization) source. The mass spectra were recorded 

using the method of 50-600 mass range. The compounds were 

analyzed with LCMS positive ion mode by using acetoni-

trile/methanol as solvent. 

2.1.2. HPLC Analysis of Synthesized E-BH, E-HBA 

and E-INH Compounds 

Bruker UPLC (Thermo)-MS was used to quantify the pu-

rity of the synthesized compounds. HPLC at two wavelengths 

254 nm and 290 nm using the following conditions: 1.7 μm 

Evo C18 100A, LC column 50 mm × 2.1 mm, solvent A of 

0.1% (formic acid) water, solvent B of 0.1% (formic acid) 

acetonitrile was set for 40 mins using gradient elution. Es-

culetin used in the synthesis was purchased from Sigma Al-

drich (purity > 99%). While, E-BH (% yield 18 %), E-HBA (% 

yield 21 %), and E-INH (% yield 16 %) column purified were 

analyzed by UHPLC wherein the data indicate > 95 % purity. 

Note: Complete chemical characterization of the compound 

is reported in Figures S1-S4 in the supplementary infor-

mation. 

2.2. Biological Activity 

2.2.1. Cell Lines, Development of Resistant Subline 

MCF-7 cells (attached type monolayer culture) were main-

tained in RPMI 1640 medium supplemented with 10% 

heat-inactivated fetal bovine serum, L-glutamine, and antibiotics 

(Penicillin and Streptomycin). The cultures were maintained at 

37°C in a humidified atmosphere of 5% CO2 in a Thermo 

Fischer Scientific incubator. The sublines resistant doxorubicin 

(MCF-7/Dox) for doxorubicin were generated as per the refer-

ence, with subsequent treatment of Dox from 10 nM to 600 nM. 

[39, 40] Developed sublines were tested for activities of P-gp 

proteins using fluorescent dye accumulation assays. 

2.2.2. Anti-Proliferative Activity Assay 

The proliferation activities of the esculetin derivatives were 
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tested on sensitive and resistant MCF-7 cell lines. [41] The 

test compounds were diluted with serial dilution in the 

96-well microtiter plates. 1 x 10
4
 cells were seeded in each 

well and the plates were incubated at 37°C for 72 h. The 

control well was assigned accordingly. For the assay 20 L of 

5 mg/mL MTT solution was added to each well. The plates 

were incubated at 37°C for 4 h. For the dissolution of form-

azan crystals produced by the mitochondrial enzymes from 

the living cells, plates were further incubated at 37°C over-

night. The cell proliferation inhibition was determined by 

measuring the optical density of the colored product at 570 nm 

with a Perkin Elmer (Enspire) multiplate reader. 

2.2.3. Rhodamine 123 Intracellular Uptake and 

Efflux Assay 

The cell concentrations of the Parental and resistant cell 

lines were adjusted to 2 x 10
6
 cells/mL. The trypsinized cells 

were suspended in RPMI 1640 medium and 0.5 mL of the 

aliquots was placed in micro-centrifuge tubes. 40 g/mL of 

the compounds to be tested were incubated for 10 min at 25 ºC. 

Rhodamine-123 (P-gp substrate) was added to the samples, 

and cells were incubated for 20 min at 37 ºC. After centrifu-

gation, the cells were washed twice in 0.5 mL PBS and re-

suspended in 0.5 mL PBS for the assay. The cell population 

was measured using flow cytometry using fluorescence. The 

fluorescent activities for the treated MCF-7 cell lines were 

calculated by comparing them with the fluorescent activities 

of the untreated cells. The FACS analysis was done using Cell 

Quest Software (Becton Dickson, NJ, USA instrument at 

NCCS, Pune, India). 

The efflux of rhodamine 123 in MCF7R cells in the absence 

or presence of esculetin derivatives was used to assess their 

P-gp activity as reported. [42] To determine the IC50 of the 

esculetin derivatives, cells were incubated at 37 ºC with 5 M 

rhodamine 123 for 30 min. The control wells were devoid of 

the test compounds. The cells were washed in phosphate 

buffered saline and placed at 37 °C in the incubator for 10 

mins to efflux the Rhodamine 123. The intracellular levels of 

rhodamine 123 were quantified by spectrofluorimetry using a 

SpectraMax spectrofluorimeter (Molecular Devices, 

Sunnyvale, CA, USA) (excitation and emission wavelengths 

were 485 and 535 nm in 96 well black plates). The percentage 

of Rhodamine 123 accumulations in control cells not exposed 

to P-gp inhibitors was arbitrarily set at 100 %. The data ob-

tained was then used to calculate the amount of Rhodamine 

123 effluxed out of the cell for graphical representation. 

IC50 values for inhibition of P-gp activity, which corre-

spond to half-maximal effective concentration (EC50) values 

for increasing rhodamine 123 efflux were determined using 

the Prism software (non-linear regressions). 

Total protein concentration was measured using Pierce
TM 

BCA kit using Bovine serum albumin as standard. The protein 

values obtained were used to normalize Rhodoamine 123 with 

the total protein content in the cell. The P-gp inhibitory po-

tency IC50 values for the esculetin derivatives were obtained 

from the following equation: 

E = Eo (IC50
s/ IC50

s+1) 

Where, E = efflux in presence of inhibitor; Eo = efflux in 

absence of inhibitor; I = inhibitor concentration, IC50 = con-

centration that exhibit 50 % inhibition, s= slope factor) 

2.2.4. Statistics 

Experimental data were routinely expressed as means ± 

SEM from at least three independent experiments. Statistical 

analysis of quantitative data was performed with a student‟s 

t-test and analysis of variance (ANOVA). 

2.3. Computational Methods 

2.3.1. Homology Modeling of Human P-Glycoprotein 

The three-dimensional structure of human P-gp was not 

available. Therefore, the homology modeling approach was 

used to predict the three-dimensional structure of human P-gp, 

similar to earlier studies. [22, 25, 27, 31, 32, 42] The amino 

acid (1280 aa) sequence of human P-gp (P08183) was re-

trieved from the UniProtKB database and the sequence 

alignment was performed using a basic local alignment search 

tool (NCBI/BLAST). The murine P-gp showing the highest 

match with 87 % of sequence identity (4KSB.pdb) was se-

lected as a template to predict the three-dimensional structure 

of human P-gp by homology modeling using modeler version 

9.15 software. [41, 43] The stereochemical quality and vali-

dation of the predicted human P-gp model were accessed by 

Ramachandran plot using PROCHECK program and ProSA 

web-server, respectively. [44, 45] This P-gp model was used 

for a molecular docking study to explore the binding mecha-

nism of Esculetin and its derivatives. 

2.3.2. Molecular Docking Studies of Esculetin and Its 

Derivatives Against Human P-gp 

The molecular docking approach has been widely used to 

infer the selectivity profile and the critical interactions be-

tween the active site pocket of receptors and the inhibitor 

molecules. [46, 47] The molecular docking studies of es-

culetin and its derivatives against the human P-gp were per-

formed using the Autodock 4.2 software. [48] The receptor 

structure of human P-gp was prepared using Autodock wizard. 

The molecular structures of esculetin and its derivatives 

(E-INH, E-HBA, and E-BH) were generated and geometri-

cally optimized by the density functional theory (DFT) 

method using the B3LYP/6-31G** basis set. [49] The opti-

mization calculations were performed with the help of Guas-

sian‟09 software. [50] The P-gp structure was refined by 

substituting the non-polar hydrogen atoms with the polar 

hydrogen atoms and by adding the Kollman united atom 

charges using Autodock wizard. Similarly, gasteiger charges 

and hydrogen atoms were added to the esculetin and its de-
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rivatives. The grid map for the esculetin and its derivatives 

over the P-gp receptor was calculated by assuming that it 

would cover the ligand and the active site pocket of the P-gp 

receptor. The grid size was set to 52 Å × 54 Å × 58 Å for P-gp 

with 0.375 Å grid spacing. The Lamarckian genetic algorithm 

with 150 randomly placed entities, 2,70,000 generations, 

2,500,000 energy evaluations, and a 1 Å step size for transla-

tion was used for the docking process, with a total of 100 runs 

per compound. The earlier crystallographic and modeling 

studies showed multiple drugs and substrate binding pockets 

for P-gp. [42, 44, 46, 50] All these binding pockets contain a 

few common amino acid residues, which stabilize the sub-

strates/inhibitors and P-gp complexes. Therefore, amino acid 

residues such as Met69, Pge72, Tyr307, Phe336, Leu339, 

Phe343, Gln725, Phe728, Phe732, Phe978, and Val982 were 

chosen as flexible residues during molecular docking studies 

similar to the earlier report. [42] The favored docked com-

plexes of P-gp and esculetin derivatives having the highest 

binding affinity with the lowest energies were selected and 

analyzed for hydrogen bonding and hydrophobic interactions. 

The Van der Waals, electrostatic, and hydrogen bonding 

energies for interacting residues from favorable docked 

complexes of P-gp and esculetin derivatives were also cal-

culated. The pictorial presentation of favorable docked com-

plexes and their molecular interactions was made by Pymol 

(Molecular Graphics System, Version 1.8 Schrödinger, LLC) 

and LigPlot software. [51] 

2.3.3. Molecular Dynamics Simulation Protocol 

The lowest energy stable docked complex of P-gp and 

E-BH was embedded into the POPC 

(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) lipid 

bilayer using the CHARMM-GUI web server. [52, 53] The 

coordinates for the lipid bilayer were obtained from the OPM 

database. [54] The CHARMM36 force-field was used to 

derive the parameters for lipids and P-gp, while the PRODRG 

server was used to generate the parameters for the ligand 

molecule. The MD simulation was performed with the help of 

GROMACS package version 5.0.7. [55]
 
The equilibration 

protocol consisted of steepest descent energy minimization 

followed by 200 ps of MD in NVT ensemble at 300 K and 1 ns 

of MD in NPT ensemble with position restraints applied to 

P-gp-lipid bilayer complex. Finally, the system was subjected 

to a production MD run of 100 ns at 300 K temperature and 1 

bar pressure under the isothermal-isobaric (NPT) ensemble. A 

time step of 2 fs was used throughout the simulation with the 

periodic boundary conditions. The LINCS algorithm was 

applied to restrain all bonds to a hydrogen atom and permit a 

time step of 2 fs. [56] The long-range electrostatic interactions 

were calculated by employing the PME algorithm with a 

cutoff distance of 1.2 nm. [57] The simulation trajectories 

were analyzed using the VMD software. [58] The snapshot 

structures of P-gp and E-BH simulated complex at different 

time intervals were selected and analyzed for the hydrogen 

bonding and hydrophobic interactions using the Ligplot 

software
 
and the pictorial representation was made by Chi-

mera software. [59] 

3. Results and Discussions 

3.1. Anti-Proliferative Activity Assay 

Figure 1 shows the % cell toxicity using MCF7 and MCF7R 

cell lines. The MTT assay was done at 24, 48, and 72 h for the 

different esculetin derivatives. Concentration dependant cell 

death was observed for Esculetin and the hydrazine derivatives. 

Almost similar cytotoxic values were obtained for both cell lines. 

 
Figure 1. Cytotoxic effects of esculetin derivatives on A) MCF-7 and B) MCF-7 R cells observed by MTT assay for 72 h. [24 and 48 h data are 

included in the SI]. 
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3.2. Rhodamine 123 Accumulation Studies 

As compared to the parental MCF7 cells, the accumulation 

of rhodamine 123 in MCF7R cells was less, depicting P-gp 

mediated efflux of the dye in the MCF7R cells. While, in the 

presence of verapamil (50 M) used as the reference; known 

to fully inhibit P-gp activity. [60] Rhodamine 123 accumula-

tion in MCF7R cells was restored to the level found in MCF7 

cells. In contrast, verapamil does not alter the rhodamine 123 

level in MCF 7 cells (Figure 2). When interpreting data from 

the rhodamine 123 transport assay the dye is partly metabo-

lized to rhodamine 110 through deacetylation followed by its 

glucuronidation. [61] 

 
Figure 2. Accumulation of rhodamine 123 in MCF-7 and MCF7R cells. Cells were exposed to 5 M rhodamine 123 for 30 min at 37ºC in the 

absence or presence of 50 M verapamil and quantified by spectrofluorimetry. Data are expressed as fluorescence arbitrary unit (FAU)/mg 

protein and are the mean ± SEM of three independent experiments. 

Drugs that are known to interfere with the mitochondria 

usually decrease the mitochondrial membrane potential and 

increase the cellular accumulation of rhodamine 123 in P-gp 

expressing cells by inhibiting its efflux. However, the mito-

chondrial membrane potential studies have not been evaluated 

for the esculetin derivatives in the current studies. The origi-

nal sensitive culture contained only non-expressing P-gp cells 

(Figure 3A). As the cells developed resistance via the step-

wise increments of doxorubicin (10 to 600 nM) resulting in 

resistant MCF-7 sublines, with a high percentage of the cells 

expressing active P-gp The fraction of cells that had P-gp 

activity was greater than the P-gp non-expressing cells in 

number as observed from the histogram exhibiting a single 

peak of low fluorescence (Figure 3B). 

 
Figure 3. Flow cytometry histogram of the rhodamine 123 accumulation assay; A) sensitive MCF-7 cell line and B) resistant MCF-7 subline. 

M1 represents the high fluorescence (FL) region, M2 represents the low FL region. 
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3.3. Determination of P-gp IC50 Values for the 

Esculetin Derivates as P-gp Inhibitors 

The concentration-dependent effects of esculetin and hy-

drazine derivatives on the cellular accumulation of rhodamine 

123 were determined in MCF7R cells. To estimate inhibition 

of P-gp activity for the esculetin derivatives the cellular up-

take was evaluated (Figure 4). Firstly, all derivatives were 

tested at concentrations ranging from 5-25M in 0.1 % 

DMSO used as a vehicle. Confocal studies for E-BH at 5M, 

exhibited a substantial intrinsic fluorescence signal within the 

MCF7R cells, while no significant accumulation was detected 

with the parent compound esculetin (Figure 4A). 

 
Figure 4. Fluorescence imaging of esculetin derivatives uptake 

using TRITC filter; A) Esculetin (E), B) E-BH, C) E-HBA and D) 

E-INH. 

 
Figure 5. Efflux of rhodamine 123 in MCF7/R cells. Verapamil 5 M 

was used as a positive control. 

The potency of E-BH was then measured in comparison 

with the positive controls. Verapamil (5 M) increased R-123 

uptake by 3-fold, respectively. [62, 63] Exposure to 5 M of 

E-BH induced a higher accumulation of R-123 (9.5 times the 

control level) as depicted in Figure 5. 

The E-BH significantly inhibited rhodamine 123 efflux as 

compared to other esculetin derivatives. The IC50 values for 

verapamil and esculetin derivatives were calculated using the 

formula described in Materials and methods and is computed 

in Table 1. 

Table 1. P-gp inhibitory potential based on rhodamine 123 efflux 

assay. 

Drug M of Esculetin derivatives (IC50) 

Esculetin 135.5±22.6 

E-INH 16.3±1.6 

E-BH 8.4±1.83 

E-HBA 11.6±2.1 

Verapamil 15.1±2.3 

3.4. Computational Studies on Human P-gp and 

Esculetin Derivatives 

3.4.1. Homology Modeling of Human P-gp 

To corroborate the experimental results and to understand 

the molecular mechanism of P-gp inhibition by esculetin 

derivatives, homology modeling, molecular docking, and MD 

simulation studies were performed. The three-dimensional 

structure of human P-gp was predicted by a homology mod-

eling study using the murine P-gp as a template structure 

having an 87% sequence identity (Figure S6). The 50 

three-dimensional model structures of P-gp were generated 

and the best model was selected based on the discrete opti-

mized protein energy (DOPE) score. The 10000 steps of 

steepest descent energy minimization were performed on the 

predicted model of P-gp to remove the steric hindrances and 

ensure structural stability (Figure 6). 

Further, the validation is a key step to accessing the quality 

and reliability of the P-gp model; therefore, the stereochem-

ical analysis of P-gp model using the Procheck server. Ra-

machandran plot analysis of the human P-gp model showed 

that 90% of residues are in the most favorable region and 9.3% 

of residues are in the allowed regions, which confirms the 

good quality of the predicted model (Figure S7). 
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Figure 6. Predicted three-dimensional structure of human P-gp using homology modeling study. 

Table 2. Predicted amino acid regions for transmembrane (TMDs) and nucleotide-binding domains (NBDs) from the human P-gp model. 

Amino acid regions Transmembrane Domains No. Amino acid regions Loop/Turns 

1-86 Helices/TM1 87-96 Loop 

97-164 TM2 165-169 Loop 

170-210 TM3 211-212 Loop 

213-267 TM4 268-269 Loop 

270-322 TM5 323-329 Loop 

330-369 TM6 381-626 NBD1/Helices/Sheets/Loops 

627-683 Linker Region 684-698 Loop 

699-740 TM7 741-746 Loop 

747-797 TM8 798-810 Loop 

811-852 TM9 853-855 Loop 

856-909 TM10 910-912 Loop 

913-966 TM11 967-976 Loop 

971-1013 TM12 1014-1026 Loops 

1027-1280 NBD2   

 

Furthermore, the overall quality of the P-gp model was 

predicted by the ProSA server. The Z-score (-12.73) indicates 

that the P-gp model is in the range of native conformation of 

proteins, which proves the quality of the model is acceptable. 
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The inward-facing conformation of P-gp contains two 

trans-membrane (TMD1 and TMD2) domains which are 

associated with the other two nucleotide-binding domains 

(NBD1 and NBD2) (Table 2). Each TMD contains six al-

pha-helical segments which are linked to NBDs by intracel-

lular loops (ICL), as observed in template murine P-gp. [64] 

The intracellular helix is forming ball and socket joints in 

between the TMDs and NBDs segments. The overall struc-

tural features of predicted human P-gp are in good agreement 

with murine P-gp. This P-gp model was used for molecular 

docking studies with esculetin and its derivatives. 

3.4.2. Molecular Docking of Esculetin and Its 

Derivatives Against the Human P-gp 

The molecular docking results of esculetin and its deriva-

tives with human P-gp are depicted in Figure 7 and the sup-

plementary figure S8. The E-BH showed promising anti-P-gp 

activity in the in-vitro study which is substantiated by the 

lowest energy stable complex produced in the docking ex-

periment. Therefore, herein the detailed docking result of 

P-gp with E-BH (Figure 7), and the remaining docking results 

(esculetin and other derivatives) are provided in the supple-

mentary information (Figure S8). 

The energetically stable docked complex (-9.02 kcal/mol) 

of P-gp and E-BH is depicted in Figure 7. In this favorable 

docked complex, the E-BH binds in deep transport active 

substrate-binding cavity located at the interface between the 

transmembrane domain of P-gp by forming strong hydrogen 

bonding and hydrophobic interactions (Figure 7B, Table 3). 

The Tyr307 and Gln725 residues were involved in hydrogen 

bonding interactions with E-BH. The hydroxyl (O4) group of 

E-BH was involved in bifurcated interactions with phenolic 

OH of Tyr307 and the amino (NE2) group of Gln725 by 

maintaining the 2.53 Å and 2.72 Å bond distances, respec-

tively. These hydrogen bonding interactions might be 

providing the suitable conformational space to E-BH within 

the catalytic pocket of P-gp to form an energetically stable 

docked complex. Additionally, the Phe728, Ala729, Phe732, 

Leu975, Phe978, and Val982 residues from the transmem-

brane domains of P-gp were involved in hydrophobic contacts 

with E-BH (Figure 7B). Similar results were reported in ear-

lier docking studies of human P-gp and drug molecules. [25, 

42] According to the preceding studies, the hydrophobic res-

idues from the substrate-binding pocket of human P-gp have a 

crucial role in the smooth transport of drugs/substrates across 

the membrane. [43] Therefore, the observed hydrogen bond-

ing and hydrophobic interactions might be helpful in the 

proper positioning of E-BH in the substrate binding pocket to 

inhibit or block the drugs/substrate efflux mechanism of P-gp. 

 
Figure 7. A) Energetically favorable docked complex of P-gp and E-BH, and B) Hydrogen bonding and hydrophobic interactions from favored 

docked complex of P-gp and E-BH. 
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Table 3. Intermolecular hydrogen bonding and hydrophobic interactions between the favorable docked complexes of Esculetin and its deriv-

atives with human P-gp. 

Sr. No. Atoms Involved 1-2-3 in hydrogen bonding Distance in Å 
Binding Energy in 

kcal/mol 
Fig. Ref. 

Benzoyl Hydrazide (E-BH) with P-glycoprotein  

1 Tyr307-OH.....O4-E-BH 2.53 

-9.02 7B 2 Gln725-NE2......O4-E-BH 2.72 

3 Phe728, Ala729, Phe732, Leu975, Phe978, Val982 Hydrophobic interactions 

4-Hydrazino Benzoic Acid (E-HBA) with P-glycoprotein 

4 Tyr307-OH.....O3-E-HBA 2.76 

-8.60 S8-A 
5 Gln725-NE2......O2-E-HBA 2.59 

6 
Phe72, Phe728, Ala729, Phe732, Leu975, Phe978, 

Ser979, Val982 
Hydrophobic interactions 

Isonicotyl Hydrazide (E-INH) with P-glycoprotein  

7 Gln725-NE2......O3-E-INH 2.67 

-8.11 S8-B 
8 Gln725-NE2......O4-E-INH 2.44 

9 
Phe72, Phe728, Ala729, Phe732, Ser733, Ile736, 

Leu975, Phe978, Val982 
Hydrophobic interactions 

Esculetin (E) with P-glycoprotein  

10 Tyr307-OH.....O3-Esculetin 2.83 

-6.27 S8-C 

11 Tyr307-OH.....O4-Esculetin 2.61 

12 Tyr310-OH.......O2-Esculetin 3.15 

 Gln725-NE2......O3-Esculetin 2.57 

 Phe336, Phe728 Hydrophobic interactions 

 

Further, the calculated hydrogen bonding, Van der Waals, 

and electrostatic energies for interacting residues support the 

docking results (Table S1). Similar docking results were also 

obtained for the Esculetin and its other derivatives against the 

P-gp (Figure S8, Table 2, and Table S1). The binding energy 

pattern of favorable docked complexes of P-gp with E-BH 

and other esculetin derivatives is in line with experimental 

observations of P-gp inhibition by E-BH, esculetin, and its 

derivatives (Table 1). More hydrophobic interactions between 

esculetin derivatives and catalytic residues from the potential 

substrate binding site of P-gp produced the lowest energy 

stable docking complexes (Figures 7 and S8). 

3.4.3. MD Simulation Study on a Favorable Docked 

Complex of E-BH and P-gp 

Molecular dynamics simulation was performed to get 

structural insight into the conformational dynamics of 

TMDs/NBDs domains and to understand the inhibition 

mechanism of human P-gp by E-BH. The dynamic stability of 

the P-gp and E-BH complex was monitored by calculating the 

root mean square deviation (RMSD) of Cα atoms of the pro-

tein backbone throughout the 100 ns of simulation and shown 

in Figure 8A. The RMSD displayed a rapid increase in the 

first 30 ns, followed by a plateau over the simulation time. 

The RMSD value ranged from 7.5 nm to 8.5 nm throughout 

the simulation. The large deviation in RMSD may be due to 

the „breathing motions‟ of the protein as described earlier by 

using MD alongside double electron-electron resonance 

spectroscopy. [29] The RMS fluctuation analysis showed the 

highest degree of fluctuations in residues (Cα atoms) from the 

NBD domains, the extracellular loop connecting TMD do-

mains, and the terminal regions (Figure 8B). Further, the 

displacements (RMSD) of individual helices from the TMDs 

and NBDs showed the highest degree of fluctuations for TM1, 

TM2, TM7, TM8, and NBD1 during the simulation (Figure 

8C-8E). This may accentuate the flexible nature of the P-gp 

transporter. The TM4, TM6, TM10, and TM12 showed good 

stability in simulation which provides the steady interface of 

hydrophobic residues for interactions with E-BH and is 

comparable with the previous experimental and computa-
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tional observations (Figure 8C-8E). [8, 25, 64, 65]
 

 
Figure 8. A) RMSD fluctuation of P-gp and E-BH complex during 100 ns of MD simulation study. B) RMSF fluctuations for 1280 residues of 

human P-gp during 100 ns of simulation, C) RMSD fluctuations in TM helices of TMD1, D) RMSD fluctuations in TM helices of TMD2 and E) 

RMSD fluctuations in NBD1 and NBD2 of human P-gp. 

Furthermore, the quantitative investigations of movements of TM helices have been made by calculating the distances be-

tween the top and bottom residues of adjacent TMs helices of two TMDs that are facing each other during the simulation (Figure 

9). 
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Figure 9. Calculated the distances between the top and bottom residues of adjacent TMs helices facing each other in two TMDs during sim-

ulation; A) Distance between the top (red color) and bottom residues (green color) from TM1 and TM7 helices, B) TM2 and TM8, C) TM3 and 

TM9, D) TM4 and TM10, E) TM5 and TM11, D) TM6 and TM12 and G) Distance between NBD1 and NBD2 domains. 
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The smooth movement of TM1 and TM7 helices was ob-

served during the simulation (Figure 9A). A very small and 

steady movement in top residues of TM2-TM8 and 

TM5-TM11 was observed; while the bottom residues of hel-

ices come closer (Figures 9B and 9E). This leads to slightly 

opening the conformational space of P-gp in an outward di-

rection during the simulation. In addition, the top and bottom 

residues of TM3-TM9 helices showed a decrease in distances 

which indicated that TM3 moved along with TM9 in the same 

direction (Figure 9C). A similar trend was observed for 

TM4-TM10 and TM6-TM12 helices (Figures 9D and 9F). 

Also, the distances between the NBD1 and NBD residues 

were decreased within the range of 4 Å to 6 Å throughout the 

simulation time (Figure 9G). These results indicate that a 

small movement of TMDs and NBDs domains of P-gp was 

observed in the simulation. The overall conformational sta-

bility of the P-gp during simulation is due to the stable mo-

lecular interactions between the P-gp and E-BH. 

Moreover, the MD simulation results were also analyzed by 

selecting the snapshot structures at various time intervals and 

subjected to molecular interactions analysis between P-gp and 

E-BH complex (Figures 10 and S9, Table S2). At 100 ns 

(Figure 10), the E-BH forms hydrophobic interactions with 

Ala729, Phe732, Phe978, and Val982 residues from the cat-

alytic pocket of P-gp, similarly as observed in the docking 

results (Figure 7B and Table 3). Also, the Met69, Tyr310, 

Thr333, Phe336, Phe728, Phe732, Leu975, Phe978, Ser979, 

Val982, and Phe983 residues of P-gp were involved in hy-

drophobic interactions with E-BH throughout the simulation 

(Figure S9 and Table S2). 

 
Figure 10. Depicted molecular interactions between E-BH and P-gp after 100 ns of MD simulation study. 

Remarkably, the Phe72 (TM1), Ty310 and Phe336 (TM6), 

Phe728 and Phe732 (TM7), Phe978 and Phe983 (TM12) 

residues are involved in the inhibition of P-gp activity and 

were noticed consistently during the simulation period (Figure 

11 and Table S2). Similar interactions were noticed in the 

earlier molecular docking and MD simulation studies of P-gp 

with inhibitor molecules. [25, 65, 44, 66-72] This again con-

firms the acceptable quality of the predicted model of human 

P-gp. Additionally, the E-BH showed a tendency to preserve 

the stable binding interactions with P-gp throughout the sim-

ulation period. From these results, it is anticipated that fluc-

tuations of TMD and NBD domains during the simulation did 

not affect the molecular interactions between the E-BH and 

catalytic residues of P-gp. 

In addition to this, the TM1 and TM7 domains were inter-

acting with each other in such a way that it would block the 

exit side or the efflux motion path of the P-gp transporter 

(Figure 12). The interactions of E-BH to the P-gp substrate 

binding site may render the fully open or outward confor-

mation of P-gp during the simulation. Thus, considering all 

these noticed facts, the E-BH might be acting as a good anti-

cancer agent in chemotherapeutic treatment by inhibiting the 

drug efflux mechanism of the P-gp transporter across the 

membrane. Therefore, the performed molecular docking and 
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MD simulation studies may pave the way to get a structural 

insight into conformational dynamics of P-gp and E-BH me-

diated inhibition of P-gp. 

 
Figure 11. The top view of the human P-gp and E-BH simulated complex showed the interactions from the hydrophobic residues with the E-BH 

during simulation. 

 
Figure 12. A) Depicted the role of TM1 and TM7 domains in preventing the exit of E-BH from the human P-gp transporter by blocking the exit 

site. B) The location of E-BH in the interface between transmembrane TM4, TM6, TM10, and TM12 domains and the TM1 domains was 

blocking the exit site of the P-gp transporter. 

Moreover, the docking and MD simulation results antici-

pated that aromatics and hydrophobic residues (Met69, 

Tyr310, Thr333, Phe336, Phe728, Ala729, Phe732, Leu975, 

Phe978, Ser979, Val982, and Phe983) of P-gp are forming 

strong hydrophobic contacts with E-BH (Figures 7 and 10) 

and Esculetin, E-INH, E-HBA (Figures S8 and S9, Table 3). 

This data suggested that the activity of P-gp is most probably 

controlled by hydrophobic interactions and less by hydrogen 
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bonding and other interactions. Hence, the H-bonds observed 

in docking studies could be involved in the formation of tight 

binding of E-BH within the catalytic pocket to inhibit the 

activity of P-gp. These results are in line with the earlier 

mutational studies of human P-gp. [2] Further, the analysis of 

murine-P-gp crystal complexes showed that all the 

above-mutated residues were involved in hydrophobic con-

tacts with peptide inhibitor molecules, except the Gln725, 

which is involved in H-bond with the carbonyl oxygen of 

cyclic hexapeptide inhibitors. [73] Moreover, based on the 

involvement of hydrophobic residues in the drug efflux 

mechanism, the P-gp was termed as “hydrophobic vacuum 

cleaner”. [74] All the obtained docking and simulation results 

are comparable with the earlier experimental and computation 

studies. Therefore, the predicted conformational dynamics of 

P-gp and the molecular interactions mediated inhibition of 

P-gp efflux transporter may pave the way to design the potent 

and selective inhibitors of P-gp for the treatment of cancer, 

Alzheimer‟s, Parkinson‟s, and Epilepsy. 

4. Conclusions 

The natural coumarin hydrazine derivatives were success-

fully synthesized and characterized by various spectroscopic 

techniques. The E-BH has shown potent P-gp inhibitory ac-

tivity (8.0 M) in rhodamine 123 accumulation assay as 

compared to other esculetin derivatives (E-INH and E-HBA). 

These results were substantiated using a molecular docking 

study. The E-BH was forming an energetically (-9.02 

kcal/mol) stable complex with P-gp by forming hydrogen 

bonding and hydrophobic interactions. Similar interactions 

were found in earlier crystallographic and computational 

studies and validated by performing molecular dynamics 

simulations. Docking and MD simulation results anticipated 

that aromatics and hydrophobic residues such as Met69, 

Tyr310, Thr333, Phe336, Phe728, Ala729, Phe732, Leu975, 

Phe978, Ser979, Val982, and Phe983 were forming strong 

hydrophobic contacts with E-BH and other Esculetin deriva-

tives. This confirms that the activity of P-gp is most probably 

controlled by hydrophobic interactions and less by hydrogen 

bonding and other interactions. Therefore, performed bio-

logical experiments and computational predictions may pave 

the way to design potent and selective P-gp inhibitors or 

blockers to treat various types of human cancers and other 

diseases. 
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