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ABSTRACT: Despite several studies towards anti-HIV therapy, HIV infections remain a challenge 

due to the resistivity of developed drugs. The emergence of new HIV-1 PR mutations has led to  

the drug resistance of the available FDA-approved drugs and lower activity towards the HIV protease. 

Based on this the molecular properties of 4-hydroxy-6-methyl-3-[(1E)-1-(2-phenylhydrazinylidene) 

ethyl]-2H-pyran-2-one (DHAA-PH) has been carried out using the hybrid Density Functional Theory 

(DFT) and Time-Dependent (TDFT) method at B3LYP/6-31+G(d,p) levels of theory. To substantiate 

the sensitivity of functional applied M06-2X/ 6-31 1++G(2d,2p) and mPWB1W/6-311++G(2d,2p) 

was used to calculate the geometric, IR, 1H NMR, and energy gap calculations. DFT calculations  
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with M06-2X and mPWB1W were observed to agree with the experiment compared to B3LYP 

functional. The absorption spectra of DHAA-PH showed three distinct bands which were designated as 

S0 to S1, S0 to S2, and S0 to S3 in order of increasing energy. The high intensity (oscillator strength) of 

S0 to S1 infers that the transition is quantum-mechanically allowed, while the low intensity of S0 to S2 

and S0 to S3 transitions suggests quantum mechanically forbidden transitions. Molecular dynamics 

simulations revealed that the obtained MMGBSA binding energies are better compared to the 

experimentally reported binding energies for HIV-1 protease inhibitors. 3D QSAR and computational 

ADMET study were performed. Pharmacophore fragments of the compound were identified as well 

as the fragments determining its toxicity and metabolic properties. Based on the analysis of these 

fragments, the ways to further design promising HIV1-protease inhibitors were proposed. 

 

KEYWORDS: Energy gap; DFT; Oscillator strength; HIV-1 protease; QSAR; ADMET. 

 

INTRODUCTION 

Human Immunodeficiency Viruses (HIV) has been rated 

one of the predominant cause of death in many  

countries [1]. One of the most prominent and studied 

targets against HIV is HIV-1 protease [2]. The 

effortlessness transfer of the virus and drug resistivity have 

geared up the burden for the search for new and promising 

anti-HIV drugs [3, 4]. To combat this, synthesis of HIV 

protease potential inhibitors have been the goal of much 

research [4]. HIV protease structural conformation is 

 a C2-symmetric homodimer of 99 amino monomers with 

substrate binding pockets [5, 6] with the active-active site 

composed of catalytic residue ASP25 and ASP25’ [7]. 

Synthesized compound mimics the active sites and binds 

to the active sites of the protein. The main interaction is 

with the carboxylic groups of the catalytic aspartic acid 

residues of the enzyme [8] and in general, compounds  

that form more hydrogen bonds with the active site, 

display improved activity [9-11]. Pyran-2-one and its 

derivatives have been a subject of study because they serve 

as building blocks for complex compounds due to its 

unsaturated cyclic nature [12].  Its derivatives are essential 

group of compounds with quite interesting applications [13, 14].  

Their metal complexes have found applications  

as therapeutic agents against bacteria based on selective 

DNA cleavage ability [15].  Our group reported  

the synthesis, NMR and X-ray structural characterization 

of 4-hydroxy-6-methyl -3-[(1E)-1-(2-

phenylhydrazinylidene)ethyl]-2H-pyran-2-one (DHAA-

PH) [16], Scheme 1,  but no theoretical calculations  

have been done on this compound to provide information 

on possible interaction, dynamics and its inhibitory potential 

activity against wild-type HIV-1 protease. Binding  

free energy calculations is an essential study in structure-based 

drug design [17-19] which has been reported to be good  

in the design of HIV protease inhibitors [18]. These  

can be obtained using several methods such as Free Energy 

Perturbation (FEP) [20, 21], and molecular mechanics 

generalized Born (GB) Surface Area (MM-GBSA) and 

Poison-Boltzmann surface area (MM-PBSA) [22, 23]. 

MM-GBSA has been widely used for protein-drugs [24], 

nucleic acid [25] and ligand binding interaction [26, 27]. 

This approach has been reported to be one of the best 

models for predicting relative binding free energies of 

proteins due to its accuracy especially for ranking  

the binding affinities of the inhibitors[28, 29].  

In this study, the structural, molecular properties, and 

the binding potential of DHAA-PH against wild-type HIV 1 

protease was examined using quantum mechanics 

methods, molecular dynamics simulations and QSAR 

study along with elucidation of ADMET characteristics. 

 

COMPUTATIONAL METHODS 

Quantum mechanics calculations 

DHAA-PH was optimized in gas phase and in DMSO 

as the solvent, using the hybrid Density Functional Theory (DFT) 

method at B3LYP/6-31+G(d,p) levels of theory,  

which is the combination of functional hybrid exchange  

of Becke’s three, [30] with functional correlation gradient 

of Lee and Yang [31]. Properties such as the geometric 

properties; selected bond length, the electronic properties; 

dipole moments, energy gap, and IR was calculated using 

DFT-B3LYP/6-31+G(d,p) levels of theory and the 

frequency calculations were performed with a scaling 

factor of 0.964[32]. The excitation energy, absorption  
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Scheme 1: The synthetic  scheme of DHAA-PH [16]. 

 

maxima and oscillator strength were calculated using Time 

Dependent Density Functional Theory (TDDFT) method 

at B3LYP/6-31+G(d,p).  
1H magnetic shielding constants, obtained on a δ-scale, 

relative to the TMS (reference) was calculated using the 

Gauge-Independent Atomic Orbital (GIAO) method, 

developed by Wolinski et al[33]. Polarizable Continuum 

Model (PCM) [34] through a single point (B3LYP/6-

311+G(2d,p)) calculation[35] was employed to calculate 

the 1H NMR chemical shift (DMSO-d6 solvent: dielectric 

constant, ε = 46.826).  

In order to check the sensitivity of the functional used 

two additional functionals (M06-2X and mPWB1W)[36, 37] 

was applied for geometric, IR and NMR calculations. 

These functionals have been reported to perform well  

for thermodynamics and kinetics[38, 39] in conjunction with 

larger 6-311++G(2d,2p) basis set[37]. Frequency 

calculations were performed with a scaling factor of 

0.947[32]. All quantum chemical calculations have been 

performed using Gaussian 09 [40] software. 

 

Natural Bond Orbital (NBO) analysis 

Second-order perturbation theory is a vital tool used  

to study the delocalization of electron density. The NBO 

was calculated on DHAA-PH complexed with WT HIV-PR 

using at M06-2X /6-311++g(2d,2p).  The electronic wave 

functions are described in terms of a set of unoccupied 

non-Lewis localised and molecular orbitals.[41]  

The conjugative (delocalisation) interaction was determined 

using the equation: 
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Where 𝑞𝑗 is the donor orbital occupancy, 𝜀𝑖 and 𝜀𝑗 are 

diagonal matrix elements and F(i,j) is the off-diagonal 

Fock matrix elements. 

Molecular modelling 

Molecular docking  

The 3D crystal structure of WT-PR complexed with 

Ritonavir (PDB code: 1HXW)[3] was used as the starting 

structure. Docking studies were carried out using  

AutoDock tools [42] 1.5.4 software. The grid box which 

corresponds to the active site aspartate 25 (ASP 25) was 

(X= 15.938 Y= 26.981   Z= 4.533) and dimension (X=24 

Y= 24 Z= 24) with 1.00 Å as the grid spacing employed. 

Gasteiger charges were computed using the AutoDock 

Tools graphical user interface supplied by MGL Tools 

[43]. The Lamarckian Genetic Algorithm, which regarded 

as one of the most reliable docking methods in 

Autodock[44, 45] was applied. The docked conformations 

of each compound were ranked based on their binding 

energies and binding pose. The docking procedure  

was tested with control using Ritonavir, which was docked 

into the active site of the enzyme and then compared 

to the crystal structure. DHAA-PH was aligned  

over the Ritonavir using Pymol software[46] (Fig. 2b) 

 

Molecular dynamics simulations 

The inhibitor-enzyme complex setup for  Amber 

molecular dynamics was done in Antechamber tool 

implemented in Amber14[47]. The complex obtained from 

molecular docking was separated in Discovery studio 

software. The optimized ligand (DHAA-PH) was complexed 

with the enzyme in Amber. The complex  

was immersed in a cubic box with 10 Å distance of TIP3P[48] 

explicit water and counterions were added to neutralize  

the complex. The missing protons were treated using  

the X-leap[49] software. Molecular dynamics (MD) calculation 

were performed using Amber 14[50] package. MD simulations 

were carried out with the ff99SB[51] force field (for proteins) 

and GAFF[52]  (DHAA-PH).  Prior to MD simulations, 

two-stage geometric minimization was performed 
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by 2500 steps of steepest decent minimization followed  

by 2500 of conjugated gradient for relaxation of any steric 

clashes and contacts. First stage involves a minimization 

step with a constraint of 500 kcal/(mol·Å2). The second 

stage involved optimization without constraints.  

The system was then heated from 0 to 300 K under  

the NVT ensemble for 500 ps using the Langevin 

dynamics with a collision frequency of 1.0 ps-1. All bonds 

involving hydrogen atoms were constrained using SHAKE 

algorithm[53]. Partial Mesh Ewald (PME)[54] method 

was applied to take care of long-range electrostatic 

interactions while with a cutoff of 12 Å was set for 

nonbonded van der Waals force. 1ns of protein-retrained 

equilibration MD with force constraint of 10 kcal/(mol·Å2) 

was performed. 60 ns MD production with a time step of 2 fs 

with no harmonic restraints were run with the periodic 

boundary condition under the NPT ensemble at 300 K and 

a pressure of 1 atm. Analysis of RMSD was performed  

on Cα carbon of the protein backbone 

 

Post MD analysis 

MD trajectories analysis was performed for Root Mean 

Square Deviation (RMSD), Root Mean Square Fluctuation 

(RMSF) and radius of gyration (Rg) using PTRAJ and 

CPPTRAJ[55] in AMBER14.  

 

MM-GBSA free energy calculations 

The Binding free energies were computed using  

the MM-GBSA method in AMBER 14 package. A total 

number of 100 snapshots were chosen evenly from the last 

2 ns on the MD trajectory, at an interval of 10 ps. The MM-

GBSA method can be summarized as below: 

 to tal cpx rec lig
G G – G  G        (2) 

where, the binding free energy, ∆Gbind, is estimated  

as follows: 

to tal M M so l
G E G T S           (3) 

∆Gtotal was measured as a sum of changes in the 

molecular mechanics (MM) gas-phase binding energy 

∆EMM, solvation energy ∆Gsol and entropy term (T∆S).  

The ∆EMM was calculated by eqn 4. 

M M in t vd w ele
E  E E            (4) 

∆EMM is further divided into the amber force field 

internal energy terms (bond, angle and torsion), ∆Eint; the 

non-covalent van der Waals, ∆Evdw; and electrostatic 

energies component, ∆Eele. 

In MM-GBSA method, the solvation free energy can 

be calculated as follows: 

so l G B n o n p o la r
G  G  G        (5) 

n o n p o la r
G  S A S A b         (6) 

GGB is taken as the polar solvation contribution 

calculated by solving the GB equation [24] 

Gnonploar is the non-polar salvation contribution, which 

was estimated by the solvent accessible surface area 

(SASA), which was determined using a water probe radius 

of 1.4 Å. The surface tension constant c was set to 0.0072 kcal/mol 

and b to 0 kcal/mol [56] 

 

3D QSAR and ADMET study 

All calculations of both target HIV1-protease 

inhibitory activity, ADMET and related properties such as 

toxicities, logP, pKa, pKac were performed using 

“Cinderella’s Shoe” (CiS) and CoMIn software [57-60] 

considering both interior and exterior molecular 

characteristics on ChemoSophia web-portal 

[61][61][61][60][60]. The determination of 

pharmacophore, toxicophore fragments and the fragments 

responsible for metabolism were also performed using 

“Cinderella’s Shoe” (CiS) and CoMIn software on 

ChemoSophia web-portal. 

 

RESULTS AND DISCUSSION 

Geometric properties 

DFT predicted bond lengths, angles, dipole moment, 

bond angles, dipole moment and polarizability are presented  

in Table 1. DFT calculations gave good result and agreed 

with experiment. DFT calculations for C-C bond lengths 

(C1-C2) are close to experiment, but about 0.01-0.02 Å 

longer. Calculated O-C bonds are about 0.002 Å while 

calculated O1-C5 and N1-N2 is about 0.008 and 0.026 Å 

shorter than the experimental values. Calculated bond 

angles were also in agreement with the experimental 

values, though about 0.46 (°) slightly different.  The good 

agreement observed may be because of the functional used 

and the basis set, since adding diffused and polarized 

functions enhance accuracy in (DFT) calculations. M06-2X 

and mPWB1W functional applied to improve  

the calculated geometries showed better correlation  
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Table 1: Selected bond distances (Å) and angles (°) for DHAA-PH obtained at B3LYP/6-31+G(d,p) levels of theory. 

Bond lengths (Å) B3LYP/6-31+G(d,p) M06-2X/6-311++G(2d,2p) mPWB1W/6-311++G(2d,2p) Expt* 

C1-C2 1.452 1.443 1.450 1.432 

C2-C3 1.406 1.382 1.411 1.394 

C3-C4 1.429 1.401 1.410 1.421 

C4-C5 1.352 1.343 1.350 1.331 

C10-C11 1.394 1.375 1.384 1.379 

O1-C5 1.348 1.351 1.344 1.356 

O2-C1 1.214 1.213 1.215 1.212 

O3-C3 1.325 1.316 1.333 1.313 

N1-N2 1.353 1.376 1.344 1.379 

N1-C6 1.308 1.290 1.301 1.295 

Bond angles (°)     

C(5)-O(1)-C(1) 123.92 123.30 123.88 123.46 

C(6)-N(1)-N(2) 120.47 120.44 120.63 120.76 

Single point calculation 

Dipole moment 

(D) 
1.62 1.66 1.68  

Polarizability 60.35 60.43 6066  

Expt*: Experimental [16] 

 

Table 2 . The experimental and calculated IR for DHAA-PH obtained using B3LYP/6-31+G(d,),  

M06-2X/ 6-311++G(2d,2p) and mPWB1W/6-311++G(2d,2p). 

Normal mode 
Corrected calculated B3LYP/  

6-31G** harmonic frequency(cm-1) 
M06-2X mPWB1W 

Expt frequency 

(cm-1)* 
Assignment 

ν1 1,607 1,601 1,603 1,601 CH-N stretch 

ν2 1,677 1,683 1,686 1,684 C=O stretch 

ν3 3,052 3,054 3,058 3,055 C-H stretch 

ν4 3,410 3,301 3,340 3,300 N-H stretch 

ν5 3,466 3,421 3,455 3,455 O-H stretch 

Expt*: Experimental frequency [16]. The experimental spectrum is presented in the supplementary material Figure S3 

 

with experimental values. Polarizability α is the capacity  

for a molecule to be polarized. It is a property of matter;  

it controls the dynamical fields. Calculated dipole moment 

and polarizability was reported as 1.62 D and 60.4 Å3. 

 

IR Spectra 

The experimental IR spectra are shown in Fig. S3.  

A broad band was observed at 1,601 cm-1 which were assigned 

to νCH-N band and this agrees with experimental data,  

this is because of hydrogen bonding which is often strong 

in heterocyclic and amine substituted compounds.  

C=O, C-H, N-H bands were also strong and broad bands 

and are also in agreement with experimental data [16].  

To evaluate the density functional used two other 

functionals, which has been reported to perform well with 

kinetics and thermodynamics was applied and the result 

showed that M06-2X and mPWB1W functional gave 

better agreement with experimental values. 
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Table 3: The experimental and calculated 1H NMR and 13C NMR chemical shift for DHAA-PH obtained using  

B3LYP 6-31+G(d,p) and M06-2X/6-311++G(2d,2p) 

Nucleus 
B3LYP/ 

6-31G** in DMSO 
M06-2X 

Expt 
1H NMR (ppm)* 

Nucleus 
B3LYP/ 

 6-31G** in DMSO 

Expt 
13C NMR (ppm)* 

H3 2.10 2.16 2.18 (3H, s) C19 16.22 15.90 

H7 3.00 2.17 2.18 (3H, s) C18 20.10 19.87 

H8 2.17 2.17 2.18 (3H, s) C3 93.34 96.26 

H1 1.79 2.76 2.74 (3H, s) C5 99.03 105.27 

H4 1.10 2.74 2.74 (3H, s) C16 105.29 113.40 

H6 1.80 2.75 2.74 (3H, s) C12 104.01 113.40 

H9 8.21 5.81 5.81 (1H, s) C14 110.84 122.07 

H12 8.81 6.53 6.50 (1H, s) C13 122.56 129.64 

H5 6.91 6.81 6.88 (6H, m) C15 120.93 129.64 

H16 6.80 6.66 6.88 (6H, m) C11 133.05 144.60 

H14 7.26 7.31 7.33 (6H, Ar, m) C2 158.20 163.12 

    C6 162.40 168.65 

    C4 163.30 180.40 

Expt*: Experimental [16]. See Figure S2. 

 

NMR spectra 

Result in Table 3 revealed that some 1H NMR chemical 

shift using B3LYP/6-31+G(d,p) functional was slightly 

overestimation which may be as a result of the 

underestimation the orbital energy inherent in the DFT 

method (B3LYP) [14]. The 1H NMR signal at δ 2.17 (3H, s) 

is assigned to the methyl proton H3C-C. The signals  

at δ 8.21 (1H, s) and 8.81 (1H, s) are assigned to methine 

protons, H-C. The signals at δ 6.91 (6H, m) and 6.80 (6H, m) 

are assigned to phenyl protons. Analysis of the 1H NMR 

chemical shift using M06-2X/6-311++G(2d,2p) showed 

better correlation with experimental 1H NMR signals  

with an average deviation of 0.01 

 

Electronic properties 

Frontier Molecular Orbital represented in the form  

of highest occupied molecular orbital (HOMO) and  

the lowest unoccupied molecular orbital (LUMO), is a central 

parameter that defines electron density [62-64] around  

a molecule and it also proposes the reactivity [63, 65]  

of the compound. The LUMO-HOMO (energy gap) of 

DHAA-PH was calculated to be 3.68 eV, this corresponds 

to π-π* transition a high reactivity. Using a more accurate 

functional and higher basis set, M06-2X/6-311++G(2d,2p) 

the HOMO-LUMO energy gap was observed to 3.41 eV 

which is lower compared that observed for B3LYP 

functional. The LUMO is extended over the C-C bonds, 

the nitrogen and oxygen atom. The LUMO spreads over 

the entire molecule framework due to electron 

delocalization [66] while the HOMO is distributed  

over the C=C bonds (Fig. 1) 

The calculated absorption data of DHAA-PH showed 

three distinct bands which were designated as S0 to S1, S0 

to S2, S0 to S3 in increasing order of excitation energy (3.49 

to 4.50 eV). The absorption wavelength (λmax) arising from 

the S0 to S1 transition is 355.14 nm; this excitation 

corresponds to the HOMO-LUMO transition. This  

is a broad band with moderately high intensity (oscillator 

strength of 0.6) which implies that it is quantum 

mechanically allowed (allowed transition), suggesting  

a strong intramolecular charge transfer character [63, 67]. 

The absorptions λmax arising from S0 to S2 and S0 to S3 

transitions are 281.58 and 275.30 nm respectively. These 

excitations correspond to the promotion of an electron 

from HOMO-LUMO +1 and HOMO-LUMO +2 

respectively. Because of their low intensity, it implies they 

are both quantum mechanically forbidden. The 

absorptions λmax arising from S0 to S1 , S0 to S2 transitions 

with M06-2X/6-311++G(2d,2p) were 354.2 and 322.5 nm 

respectively. The promotion of electrons from HOMO- 
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Fig. 1: LUMO and HOMO of DHAA-PH showing the distribution of electron density obtained at the DFT method. 

 

LUMO+1 were observed to be a mechanically allowed 

transition. These properties are particularly useful for 

determining the relative strength of compounds in drug 

discovery.  

 

Molecular docking  

To explain and understand the biological and 

interaction potential of DHAA-PH, molecular docking 

approach has been done to determine the binding affinity 

with WT-PR to ascertain the interactions (Fig. 3a). 

Docking studies are essential in the prediction of ligand-

receptor complex structures and to rank the ligand 

molecules according to the binding energies. The binding 

energies of the docked DHAA-PH based on the best three 

poses are presented in Table S4. The cage heteroatoms 

formed a strong hydrogen bonding interaction with the 

enzymatic aspartic acid (Asp25) residues. The carbonyl 

group hydrogen bonds with the side of the side chains  

of isoleucine (ILE50/ ILE50’) and Glycine (GLY27) side 

chain formed a hydrophobic interaction with the N-H 

group of connecting the phenyl group (Fig. 3b). Fig. 4 also 

showed a good interaction between the compound and 

WT-PR. The molecular docking simulation clearly 

showed that the inhibitor fits into the active site of  

the enzyme pockets. 

 

Flexibility and Stability indices (RMSF/RMSD) 

The RMSD plot.[69-71] provides insight into  

the atomic fluctuations and structural movement from initial 

coordinates over MD tractories. 60 ns MD simulations 

were performed and to see the consistency of the 

simulation process, Root Mean Square Deviation (RMSD) 

of the DHAA-PH backbone was analysed and plotted  

as shown in Fig. 3.  

The RMSD of DHAA-PH was stable within 1.0-2.0 Å, 

except for simulations of 30 ns and 40ns which had a high 

deviation but this normalized and became stable after 40ns. 

The trajectories thus became stable up to 60ns thus proving 

a suitable basis for further analyses. 

Root mean square fluctuation (RMSF) of the C atoms 

were analyzed to give intuition into the fluctuation and 

flexibility of different regions of the amino acid 

residues[72, 73]. Fig. 4 indicates much higher fluctuations 

for the most part of the flap regions (residue 43-56 and 

residue 100-150). 

The flexibility of the flap region is vital to the activity 

of the protease and flap dynamics of HIV-1 PR is related 

to the substrate binding and it plays a very important role 

in inhibitor effectiveness.[74] It was reported that these 

regions facilitate the entry and binding of a 

substrate/inhibitor in the active site through their 

movements. Even though this is not within the scope of 

this study, their fluctuations can circuitously lead to 

significant conformational changes in the active site 

cavity. 

 

Binding free energy (∆Gbind) analysis 

Calculated binding energies of DHAA-PH complexed 

with WT HIV-1-PR was determined using the MM-

GBSA/PBSA method, by extracting 1000 snapshots at 10 ps 

interval from the last 10 ns production MD trajectories.  

The entropy (-TΔS) contributions were calculated using 

normal mode analysis 67, 68 by extracting 100 snapshots 

from the MD trajectories.  The contributing binding 

components upon complexation, namely, ΔEvdw, ΔEele, 

ΔGgas, ΔGpolar, ΔGnonpolar and ΔGsolvation are shown in Table 4.  

The results reveal binding free energies (∆Gbind)  

of -22.9 kcal/mol which is higher and better than the reported 
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(c) 

Fig. 2: (a) 3D diagram of DHAA-PH in complex with WT HIV-1-PR (b) Aligned docked pose with the control experiment  

(b) hydrogen bond interactions for the WT HIV-PR complexes with DHAA-PH from the MD simulation. These plots  

were created with the Ligplot software.[68] 

 

experimental binding energies of wildtype C-SA HIV PR 

in complex with the FDA approved drugs[75]. The binding 

energies are characterised by a more negative van der 

Waals value and they are less electronegative. The 

estimation of the binding free in this study will provide 

valuable insight into the development of new HIV-1 

protease inhibitors. 

 

Natural bond orbital analysis (NBO) 

Second order perturbation theory explains that large  

E2 values demonstrate strong and intense molecular orbital 

interactions and charge transfer between donor and 

acceptor in a molecular system.[65, 76, 77].  Table 5 shows 

that stabilization energy E2 for the transfer of electron from 

a lone pair (LP) of the O10 atom of the donor (Asp25 of 

WT HIV-1-PR) to the σ*N28—H29 of the acceptor 

indicating high intermolecular interaction (Fig. 5). 

 

3D QSAR and ADMET analysis  

The 3D QSAR study and the ADMET properties were 

performed at web-portal www.chemosophia.com 

[61][61][61][60][60] in the framework of the "Cinderella 

Shoe" method[58, 60], and also within the CoMIn 

algorithm[57, 59]. Results showed that DHAA-PH has  
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Table 4: Calculated binding free energies and normal mode analysis DHAA-PH complexed with WT HIV-PR  

obtained over the last 10 ns MD simulations.  Energy components are in kcal/mol. 

Free energy method Distribution GBSA PBSA 

 Evdw -28.6±3.3 -28.6±3.3 

 Eelec -6.6±3.2 -6.6±3.2 

 Ggas -35.3±4.4 -35.3±4.4 

 Gsol 12.5±3.0 37.1±7.3 

 Gbind -22.9±3.5 -1.7±6.4 

 -TΔS   

    

 Gexpt
a -13.9  

Gbind
 = Calculated G binding Using MMGBSA/PBSA, Exp (G)a = Experimental[75] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: The RMSD plot DHAA-PH complexed with WT HIV-

PR obtained as a function of 60 ns MD runs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: The per- DHAA-PH 

complexed with WT HIV-PR obtained as a function of 60 ns MD runs. 

 

high inhibition activity against HIV-1 protease (see Table 1). 

The pharmacophore part of the DHAA-PH is localized  

on almost all peripheral atoms (red colour in Fig. 6) excluding 

carbonyl oxygen which does not contradict the results of 

molecular docking (Fig. 2c). The greatest contribution into 

anti-malarial activity is made by red-coloured atoms inside 

the red ellipse: hydrogen in 5 position, hydrogen of  

the 4-hydroxy group and the methyl hydrogens. According 

to the results of the docking, these fragments play the role 

of a spacer between Ile84 and Gly126. 

A study of ADMET properties, showed that the logP 

value of DHAA-PH is 1.88 falls well in the range  

of Lipinski’s rule of five[78, 79] and the probability  

of toxicity is high enough (the value is 0.8018).  

The toxicoforic parts of DHAA-PH are not unexpected. 

These are sufficiently reactive pyrane oxygen, hydroxy 

substituent and hydrazonoyl group as it is shown  

in Fig. 7.  

The probability of metabolism by cytochrome P450 3A4 

isoform is high (0.9993) at 2D6 isoform is also high 

(0.5359) (Table 6). Most likely, in in vivo studies,  

the molecule will not reach the target due to metabolism. 

Metabolic vulnerabilities for CYP450 3A4 cover  

a significant portion of the molecule (Fig. 8), while  

the potential centers for metabolism by CYP450, 2D6 are only 

all oxygens and a nitrogen of hydrazonoyl group. 

Furthermore, pKa calculated was 7.95 and pKa for 

conjugated acid (pKca) was 2.32 (i.e., the compound 

possesses low acidity and basicity) that also presuppose 

low undesirable effects. 
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Table 5: Second-order perturbation stabilization energies corresponding to the main intermolecular charge transfer  

interaction (Donor to Acceptor) between DHAA-PH and Asp25 of WT HIV-1-PR using M06-2X /6-311++g(2d,2p). 

Donor Acceptor E2 (kcal mol-1) 

LP(O10) σ* (N28—H29) 48.33 

LP(O10) σ* (N28—H29) 21.10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: (a) Description of intermolecular charge transfer obtained from Fock-matrix in NBO analysis. (b) 2D diagram  

showing the hydrogen bonding interaction between N-H of DHAA-PH and Asp25 of WT HIV-1-PR. The curved arrows  

(a and b) represents the direction of charge transfer from lone pair to antibonding (LP→ σ*). 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Pharmacophore parts of the DHAA-PH (shown as balls) 

obtained using framework of the "Cinderella Shoe" method 

and within the CoMIn algorithm. 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Toxicophoric parts of DHAA-PH (shown as balls) 

obtained using framework of the "Cinderella Shoe" method 

and within the CoMIn algorithm. 

 

Therefore, DHAA-PH can be a promising drug but  

the subsequent design of new HIV-1 protease inhibitors 

should include not only an increase in anti-HIV activity 

but also a decrease in toxicity and ability to metabolize. 

For this reason, changes could be made to the fragments 

responsible for toxicity and metabolism, without affecting 

the pharmacophoric fragments. The atoms that can be replaced 

to achieve above-mentioned goals are all oxygens  

and the anilide nitrogen. Obvious variants of changes  

in the structure are the replacement of oxygens by sulfur 

and NH group by CH2. The newly designed structures  

are represented in Scheme 2. 

The computation of their characteristics shows  

the following (Table 1). The promising target anti-HIV1-

protease inhibitory activity should have the compounds III 

and IV. Their logP values fit well into the Lipinski’s rule 

of five. They should also have low acidity and basicity. 

Both compounds showed decreased metabolic activities  
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Table 6: Calculated probabilities of HIV1-protease inhibition (HIV1), ADMET properties such as probability of toxicity  

(Toxicity), probabilities of metabolism at isoforms CYP450 3A4 (CYP450 3A4) and CYP450 2D6 (CYP450 2D6),  

pK for acids (pKa) and for conjugated acids (pKca). 

Molecule HIV-1 Toxicity CYP450 3A4 CYP450 2D6 logP pKa pKca 

I 0.4882 0.7241 0.7712 0.0435 2.32 7.04 1.95 

II 0.0762 0.8759 0.9978 0.9056 3.06 8.43 1.62 

III 0.5852 0.9206 0.9986 0.4880 3.03 8.13 2.78 

IV 0.8113 0.7011 0.9872 0.0137 1.90 8.76 3.69 

DHAA-PH 0.5584 0.8018 0.9993 0.5359 1.88 7.95 2.32 

 

 

 

 

 

 

 

 

 

 

                                           (a)                                                                                                                (b)  
 

Fig. 8: Parts of DHAA-PH responsible for metabolism (shown as balls) by CYP450 a) 3A4; b) 2D6 isoforms. 
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Scheme 2: The newly proposed structures with potential anti-HIV1-protease inhibitory activity. 

 

relative to the parent compound DHAA-PH, however, 

the decrease in metabolic activity on the isoform CYP 3A4 is 

small enough and remains high. Moreover, the toxicity of 

compound III should increase relative to the parent 

compound DHAA-PH and, in this case, compound IV is 

the most promising among all newly designed compounds 

which possess improved target activity, toxicity and 

metabolic properties. The further way for the design of 

new promising anti-HIV1 drugs should include further 

improvement of metabolic properties with respect to 

isoform CYP 3A4. 

 

CONCLUSIONS 

MD and DFT simulation studies were carried out to 

understand inhibitor/enzyme interaction. DFT studies on 

DHAA-PH has been carried out using the hybrid Density 

Functional Theory (DFT) method at B3LYP/6-31G*, 

M06-2X/6-311++G(2d,2p) and mPWB1W/6- 
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311++G(2d,2p) levels of theory. The result showed that 

the studied inhibitor has good binding properties such as 

polarizability of 60.4 Å3 and energy gap of 3.68 and 3.41 

eV, which corresponds to π-π* electronic transition. M06-

2X/6-311++G(2d,2p) and mPWB1W/6-311++G(2d,2p) 

showed better agreement with experimental values. 

Natural bond orbital analysis using the second perturbation 

energy E2 obtained using M06-2X/6-311++G(2d,2p) 

revealed that DHAA-PH complex displayed stronger 

intermolecular charge transfer. The sides chain that formed 

good interactions and hydrogen bonding with the 

backbones of DHAA-PH are aspartic acid (Asp25), 

isoleucine (ILE50/ ILE50’) and Glycine (GLY27).  

We hope this will facilitate the new drugs discovery for HIV 

treatments. A 3D QSAR and computational ADMET study 

of 4-hydroxy-6-methyl-3-[(1E)-1-(2-phenylhydrazinylidene) 

ethyl]-2H-pyran-2-one has been performed. 

Pharmacophore fragments of the compound have been 

identified as well as the fragments determining its toxicity 

and metabolic properties. Based on the analysis of these 

fragments, the ways to further design of promising  

HIV1-protease inhibitors have been proposed. 
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