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Abstract: Nowadays, AIDS still remains as a worldwide pandemic and continues to cause 
many deaths which arise from HIV-1 virus. For nearly 35 years, drugs that target various 
steps of virus life cycle have been developed. HIV-1 integrase constitutes one of these 
steps which is essential for virus life cycle. Computer-aided drug design is being used in 
many drug development and drug improvement studies as also used in development of 
the first HIV-1 integrase inhibitor Raltegravir. In this study, 3 ligands which are already 
used as HIV-1 integrase inhibitors and 4 newly designed ligands were docked to catalytic 
core domain of HIV-1 integrase. Each ligand docked to three different conformations of 
protein. Prepared complexes (21 items) were carried out by 50 ns MD simulations and 
results were analyzed. Finally, the binding free energies of ligands were calculated. It was 
determined that designed ligands L01 and L03 gave favorable results. The questions about 
the ligands which have low docking scores in a conformation of protein could give better 
scores in another conformation of protein and if the MD simulations carry the different 
oriented and different localized ligands in same position at the end of simulation were 
answered. 
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INTRODUCTION 

 

Human immunodeficiency virus (HIV) is a member of lentiviruses genus from retroviruses 

family, which causes a worldwide pandemic of acquired immunodeficiency syndrome 

(AIDS). It was recently reported that there are about 35 million (33.2 million-34.0 million) 

people living with human immunodeficiency virus type 1 (HIV-1) at 2015, 1.5 million (1.4 

million-1.7 million) deaths that related to AIDS, and 2.1 million (1.9 million – 2.4 million) 

newly infected people [1]. 

 

HIV-1 pol gen encodes three essential enzymes, namely reverse transcriptase (RT), 

integrase (IN), and protease (PR) which are essential for virus life cycle [2]. Because of 

the roles of these enzymes they attract most attention in HIV-1 drug discovery studies. 

Although the first FDA-approved HIV-1 drug Zidovudine [3, 4] (AZT), was a nucleoside 

reverse-transcriptase inhibitor (NRTI) in the following years another drugs of different 

targets were discovered. Besides NRTIs, nucleotide reverse-transcriptase inhibitors 

(NtRTIs), non-nucleoside reverse-transcriptase inhibitors (NNRTIs) are discovered which 

also target RT enzyme. Other anti-HIV drug groups are as follows: Protease inhibitors (PIs), 

fusion inhibitors (FIs), co-receptor inhibitors (CRIs) and integrase inhibitors (INIs) [5, 6]. 

However, instead of using single drugs, a combination of RT and PR drugs, named Highly 

Active Antiretroviral Therapy (HAART) is used to suppress viral replication of HIV-1 [7-9]. 

HAART has an achievement on reducing disease progression, but it is also related to 

collateral problems like resistance of antivirals, toxicity and dosing which are preventing 

successful treatment of HIV [8, 10-19]. These shortfalls of HAART drugs’ combinations 

point out the need for new drugs. Therefore, in this study, we tried to get some new 

inhibitors whose analogues showed good docking scores and interactions with IN in our 

previous work [20]. In contrast to many approved drugs which target RT and PR, only 

three IN inhibitors are currently approved as antiviral drugs. After approving Raltegravir 

(RAL: N-[2-[4-[(4-fluorophenyl)methylcarbamoyl]-5-hydroxy-1-methyl-6-oxopyrimidin-2-

yl]propan-2-yl]-5-methyl-1,3,4-oxadiazole-2-carboxamide) [21, 22] as the first IN 

inhibitor in 2007, US Food and Drug Administration (FDA) also approved Elvitegravir (EVG: 

6-[(3-chloro-2-fluorophenyl)methyl]-1-[(2S)-1-hydroxy-3-methylbutan-2-yl]-7-methoxy-

4-oxoquinoline-3-carboxylic acid) [23], and Dolutegravir (DLG: (4R,12aS)-N-[(2,4-

difluorophenyl)methyl]-7-hydroxy-4-methyl-6,8-dioxo-3,4,12,12a-tetrahydro-2H-pyrido 

[5,6]pyrazino[2,6-b][1,3]oxazine-9-carboxamide) [24] for market distribution.  

 

HIV-1 integrase is a 32 kDa protein consisting of 288 amino acids and is a polynucleotidyl 

transferase enzyme. IN have structurally and functionally three different domains; N-

terminal domain (NTD, 1-49 residues) containing Zn atom and a “His2Cys2
” (HHCC) motif 
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which is highly conserved among all integrases, catalytic core domain (CCD, 50-212 

residues) containing one or two divalent metal ion such as Mg2+ or Mn2+ and Asp64, Asp116 

and Glu152 which is called “D,D-35-E” motif that is essential for catalysis, C-Terminal 

domain (CTD) is nonspecific DNA binding domain and consist of 213-288 residues. 

 

Integrase mediates the insertion of viral DNA to host chromosomal DNA. It cuts a copy of 

double-stranded DNA of reverse transcribed viral RNA from the 3’ ends and inserts into the 

host DNA. Integration occurs in two distinct steps. In the first step called 3’ processing 

integrase cuts two or three nucleotides from the long terminal repeats (LTR) of vDNA at 

highly conserved CA bases which expose 3’-hydroxyl groups. Second step, involving 

insertion of processed vDNA to host DNA, is strand transfer reaction. IN catalyzes 3’-

hydroxyl groups exposed from first step to attack host DNA from phosphate groups [25]. 

Thus, these reactions also make IN a specific target because human body does not need 

such a process.  

 

Due to solubility and inter-domain flexibility problems, full-length structure of integrase 

could not be solved yet. This issue also is one reason of later development of IN inhibitors. 

However, individual structure of domains and combination of core domain with N-terminal 

domain [26] and C-terminal domain [27] have been solved by crystallography and nuclear 

magnetic resonance (NMR) techniques. Among these structures, only 1BL3 [28] and 2ITG 

[29] contain the flexible loop that consists of residues between 140-149. After identifying 

a crystal structure of catalytic core domain with a ligand (5CITEP: 1-(5-chloro-1H-indol-3-

yl)-3-hydroxy-3-(2H-tetrazol-5-yl)) [30], IN catches attention as a new target of antiviral 

drug studies. An advantage of targeting IN is that there is not any homologue enzyme of 

IN in human body. However, beside use of different sets of chemical molecule types for 

inhibition of integrase, only β-diketo acids and their bioisosteres are the approved inhibitors 

and some of them are in clinical trial [31]. Furthermore, in recent years the crystal 

structures of prototype foamy virus integrase (PFV IN) with viral DNA and also contain the 

integrase inhibitors RAL, EVG, and DLG have been reported [32, 33]. Notwithstanding the 

only 15% sequence similarity between HIV integrase and PFV integrase the structure of 

integrase with vDNA provide new perspectives for researchers to understand inhibitor 

interactions with receptor and also DNA and researchers used these structures as 

templates for modelling full-length HIV-1 integrase by computational tools [32-34].  

 

Drug development and improvement are expensive and time-consuming processes. 

Computational methods such as docking, molecular dynamics, and free energy 

computations are widely used to help development of new drugs, understanding 

interactions of drugs with receptors and also reaction mechanisms taking place in 
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inhibition. It is known that receptors are flexible in vivo and even though some docking 

programs allow flexible protein and ligand docking, but it is a time-consuming process and 

such a process also could be performed by molecular dynamics after docking process. 

Therefore, this study also aspires to detail interactions of ligands with receptor in different 

conformations of protein and to define whether a docking program could mislead a 

researcher for obtaining best ligand. Namely, in general, a researcher uses docking 

program for one conformation of protein to dock a series of ligands, but this is only a 

snapshot of dynamic protein. A ligand could be an inappropriate candidate in a 

conformation of protein according to docking score and could be a good candidate in 

another conformation of protein. Also we want to define if the molecular dynamics studies 

carry these complexes; which different conformations of receptor have differently oriented 

ligands in it, to same point at (in terms of conformation of ligand and also ligand-receptor 

interactions) the end of simulation. Two such like studies have been performed by Brigo 

and co-workers [35, 36]. They have studied differences between wild and mutant type 

proteins containing 5CITEP as ligand without docking. The coordinates of studied structures 

are taken from cluster analyses’ trajectories in one of these works [35]. In the second work 

[36], they studied MD behaviors of protein which some diketo acid derivatives and also 

5CITEP docked in. 

 

In this study, approved HIV-1 IN inhibitors (INSTs) RAL, EVG and DLG and four newly 

designed ligands (Figure 1) which are derivatives of previously studied [20] ones used for 

docking, molecular dynamics and Molecular Mechanic Poison-Boltzmann Surface Area 

(MM/PBSA) [37]. Approved inhibitors were selected to make an accurate comparison about 

interactions of ligands with receptor. Furthermore, the fact that these molecules studied 

by many researchers and the existence of crystal structures of these molecules with protein 

(PFV IN) may allow us to look from a more accurate perspective to analyze results. The 

docking modes of ligands with different conformations of receptor, dynamic behaviors of 

protein and complexes, and binding energies of ligands analyzed widely in this work. 

Moreover, the restrained electrostatic potential (RESP) charges of used ligands derived 

from quantum mechanics studies for more compatible results with in vivo. 
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Figure 1. HIV-1 Integrase inhibitors and newly designed ligands those used in the study. 

 

MATERIALS AND METHODS 

 

Preparation of Used Protein Model 

The crystallographic structure of CCD was obtained from the Protein Data Bank 

(www.rcsb.org) [38] with the code 1BL3.pdb. This structure contains A, B, and C chains. 

We used chain C because it has 50-209 residues (others have missing residues) and one 

Mg atom in the catalytic site. It is known that integrase catalyzes strand transfer reaction 

when we have two metal atoms [39]. Therefore, second Mg atom was inserted to model 

by superimposing C chain of 1BL3.pdb with chain A of the recently solved crystal structure 

of PFV integrase with pdb code 4BE2 [40]. Superimposition showed that the E152 residue 

of 1BL3.pdb is in an inappropriate conformation which results in being far from second Mg 

atom. So it also replaced with E152 residue of 4BE2.pdb. All crystal water molecules were 

kept in simulation. 

 

The model loaded to Xleap module of AMBER 12 [41] and hydrogen atoms were added 

automatically by module. Model was neutralized by adding Cl- ions and solvated with TIP3P 

[42] water model in a truncated octahedral box having at least 10 Å distance around the 
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receptor and a distance of 0.4 Å between protein and solute. The Amber ff99SB force field 

was used for the protein. 

 

Preparation of the ligands 

The ligands were designed on the basis of structures those are previously studied such as 

folic acid, methotrexate, and designed compounds LGA and LGB[20]. Ligand optimizations 

were performed by Gaussian 09 [43] program in three steps. In the first step, all ligands 

were optimized with semi-empirical AM1 method, followed by B3LYP/6-31+(d,p) 

optimization and finally latest optimizations were carried out by HF/6-31G* level to produce 

partial charges of ligands with RESP. Antechamber and parmchk modules of ABMER 

package program was used to prepare ligands for Xleap program and to create additional 

force field files which contain missing parameters of any ligands. After docking studies, the 

RESP charges (Supp. Inf.) of each ligand were added in Xleap program by editing 

molecules.  

 

Molecular Dynamics Studies of Receptor 

The minimization of receptor carried out in three steps. In the first step, all the system 

without water was kept fixed to minimize water molecules. In the second step, water and 

H atoms of protein are taken free while protein and Mg atoms were kept fixed. In the first 

and second step, a force constant of 5.0 kcal mole-1 Å-2 was used to restrain fixed atoms. 

In final minimization, all the system was released free. Minimizations carried out as 1000 

steps steepest descent method followed by 1000 steps conjugate gradient method. 

 

Minimization and MD simulations were carried out with pmemd module of AMBER 12. 

Minimized structure was used as starting point of MD simulation. Before production 

simulations, the system was heated to 300 K for 500 ps where protein except hydrogens 

and Mg atoms restrained with 1.0 kcal mole-1 Å-2 force constant. Heating followed by a 500 

ps equilibration simulation.  

 

MD simulations were performed at 300 K temperature. Langevin thermostat with a collision 

frequency of 2 was used to maintain the temperature of system. The long-range 

electrostatic interactions were treated by the Particle Mesh Ewald (PME) protocol [44] with 

a 10 Å cut-off distance. To constrain bond lengths involving hydrogens, SHAKE [45] 

algorithm was applied. A time step of 2 fs and periodic boundary conditions were employed 

throughout simulation.  
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After 20 ns MD simulation of receptor cluster analyses were carried out by kclust tool of 

MMTSB Toolset [46] based on RMSD mode. Three different cluster sets of receptor were 

defined and best models of each clusters were used for docking, MD simulations of 

complexes and MM/PB(GB)SA calculations. 

 

Docking Studies 

All docking studies were carried out with AutoDock 4 [47] docking program and with the 

aid of MGL Tools [47] in preparing structures for docking and analyses of results. 

Lamarckian Genetic Algorithm was used for docking with the settings of 150 individuals in 

a population, maximum energy evaluations of 2,500,000, maximum generations of 27,000 

and 50 docking runs for each ligand. Autodock 4 scores docking of ligands by calculating 

their binding energies and the best scored conformations of ligands were selected for 

further studies. 

 

Molecular Dynamics Studies of Complexes 

Ligands having best scores for each conformation of receptor combined in Xleap program 

and also RESP charges of ligands were added. The way and conditions detailed in molecular 

dynamics studies of receptor followed for molecular dynamics studies of complexes for 50 

ns.  

 

MM/PB(GB)SA Studies 

The binding free energies of ligands were calculated by MM/PBSA and MM/GBSA methods 

which implemented in AMBER 12 suite program as MMPBSA.py [37]. A schematic 

representation of thermodynamic cycle of method shown in Figure 2. With an interval of 

10 ps, 1000 snapshots were extracted from MD production trajectories. The binding free 

energy was computed from the free energy difference of the free ligand, free receptor and 

ligand-receptor complex as formulated below: 

∆��������,	
��
��� = ∆��
�����,	
��
��� − (∆�������
�,	
��
��� +  ∆����
��,	
��
���)    (��. 1) 

 

where Gcomplex, Greceptor, and Gligand are the free energy of complex, receptor and ligand 

molecules, respectively. These energy values are calculated using an average over the 

extracted snapshots taken from single MD trajectories. Each state can be estimated from 

molecular mechanics energy EMM, solvation free energy Gsol, and solute entropy S.  
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∆�	
� = ∆�'(/*( + ∆�+,       (��. 4) 

In Eq. (2), the terms ∆EMM, ∆Gsol, and -T∆S are dedicated to the changes of gas phase 

energy, solvation free energy, and the conformational entropy upon binding, respectively. 

∆EMM is the sum of internal energy, ∆Eint, (bond, angle, and dihedral energies), 

electrostatic, ∆Eelectrostatic, and van der Waals energies, ∆Evdw which are computed from MD 

simulations. Solvation free energy, ∆Gsol, depends on polar and nonpolar contributions. 

∆GPB/GB, is the electrostatic solvation free energy (polar contribution), and ∆GSA is the 

nonelectrostatic solvation energy (nonpolar contribution). The polar contribution is 

calculated from either PB or GB model. Dielectric constants for solute and solvent were set 

to 1 and 80, respectively. The nonpolar solvation energy, ∆GSA, was computed from the 

solvent accessible surface area (SASA) with a probe radius of 1.4 Å (Eq. (5)).  

∆�+, = .!/!/ + 0                  (��. 5) 

 

where γ is the surface tension constant and β is the offset constant. These values are set 

to 0.0072 kcal mol−1 Å−2 and 0 kcal mol−1 for MMGBSA and 0.0378 kcal mol−1 Å−2 and -

0.5692 kcal mol−1 for MMPBSA. Besides free energy calculations, normal mode analyses 

(nmode) also were performed for defining entropy contribution to binding energies by using 

an interval of 100 ps 100 frames were extracted from MD trajectories. Less snapshots 

selected from snapshots used for free energy calculations due to time consuming of nmode 

analyses. 

 

Figure 2. Thermodynamic cycle of MM-PB(GB)SA method. 
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RESULTS AND DISCUSSION  

 

Molecular Dynamics Studies of Receptor 

An important point in MD simulation is to evaluate the stability of system which can be 

defined by root mean square deviations (RMSD) of time-varying backbone atoms 

coordinates respect to MD starting frame (Figure 3.). Small changes in RMSD values 

suggest that there are not significant movements in the CCD and system reaches a plateau 

after 2.5 ns with a value of ~2.3 Å. This situation could be attributed to structure of CCD 

having less flexible subdomains, only 140-149, 166-171 and 186-194 residues are flexible 

in CCD. The RMSD plot of 138-150 which also contains the flexible loop shows that it 

undergoes a conformational change approximately at 4.5 ns which is ratified by MD 

simulation movie (Figure 3). 

 

Figure 3. The time evolution of the RMSD values of backbone atoms for all residues 
(red) and for 140-149 residues (green) in the HIV-1 IN catalytic core. 

 

The distances of Mg2+ ions with concerned residue atoms extracted from MD simulation 

revealed that the catalytic center is reached a stabilization point (Supp. Inf. Figures 1, 2.). 
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One of the Mg2+ ion coordinates with OD1 and OD2 oxygen atoms of D64 and D116 

respectively, and oxygen of four water molecules, while second Mg2+ ion coordinates with 

OD2 atom of D64 and OE1 and OE2 atoms of E152 alongside three waters’ oxygen atoms. 

After MD simulation of receptor three conformationally different structures of CCD were 

defined by cluster analyses. Superimposition of clusters’ members named C1, C2 and C3 

is represented as ribbon and basic style in Figure 4. C1 constitutes 23.77% of 10,000 

frames, where C2 and C3 constitute 61.51 % and 14.72 % of 10,000 frames, respectively. 

As denoted from evaluation of RMSD plots there is not a major conversion in CCD structure. 

 

Figure 4. Superimposition of three different conformations of protein obtained from 
clustering analyses which are represented as C1, C2, and C3 as basic (left) and as ribbon 

(right) view. 

Docking Studies of Ligands 

The approved HIV-1 integrase inhibitors RAL, EVG, and DTG and newly designed ligands 

L01 (3,3'-azanediylbis(2-((6,8-diaminonaphthalen-2-yl)amino)-3-oxopropanoic acid)), 

L02 (3,3'-azanediylbis(2-((2,4-diaminopteridin-6-yl)amino)-3-oxopropanoic acid)), L03 

(3,3'-azanediylbis(2-((6,8-diamino-7-(3-(2-chlorophenyl)propyl)naphthalen-2-yl)amino)-

3-oxopropanoic acid)) and L04 ((E)-2-((6,8-diamino-7-(3-(2-chlorophenyl)-3-oxoprop-1-

en-1-yl)naphthalen-2-yl)amino)-3-oxo-3-(2-phenylacetamido)propanoic acid) were 

docked to CCD active site. The docking scores of ligands in C1, C2 and C3 structures are 

listed in Table 1 while hydrogen bonds seen between ligands and receptors and ligand 

atoms interacted with metals are shown in Table 2. As an example of docking, the sites of 

three conformations of protein which L04 posed are depicted in Figure 5 and others were 

shown in Supporting Information (see Figure 3). Differentiation of docking ligand to three 

conformations of protein structure obviously seen from figure. L04 is the best scored ligand 
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in C1 while L01 has best score in both C1 and C3. All ligands seem to be best docked to 

C1 conformation of protein except EVG. Its docking score higher in C3 than in C1. 

 

Table 1. Docking scores (kcal/mole) of ligands in 
different conformations of catalytic core domain. 

 C1 C2 C3 
L01 -11.55 -11.08 -11.50 
L02 -9.06 -8.04 -7.44 
L03 -11.31 -10.09 -9.87 
L04 -12.14 -9.28 -8.34 
DTG -11.70 -10.69 -11.21 
EVG -10.90 -10.32 -11.04 
RAL -11.49 -9.98 -9.31 

 

Unsurprisingly, the docking scores of ligands, their docked place in catalytic center and the 

interactions of ligands with receptor are different from each other. These results were 

expected to some degree, on the other hand the confirmation given by the calculation 

presented in this study is also is an important element in the field of drug discovery. The 

docking score of L04 is -12.14 kcal/mole in C1 conformation of receptor while -8.34 

kcal/mole in C3 conformation of receptor. We can think like this: Anyone who searches for 

a ligand library may eliminate L04 in C3 conformation of receptor due to its low docking 

score. And also this result directs us to MD simulations. Because we use MD simulations to 

detail dynamics and behaviors of protein or complexes. So the MD simulation analyses of 

complexes will inform us to know if a ligand having different orientation, docking score and 

interactions in different conformation of a receptor will change to same orientation and 

give same interactions with protein after MD simulation or not.  
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Figure 5. Docking sites and orientations of L04 in C1, C2, and C3 protein conformations. 

 

RAL, EVG, and DTG have been used in many theoretical and experimental studies [40, 48-

50]. Recently, crystal structures of PFV integrase with viral DNA including RAL, EVG, and 

DTG have been obtained. From these structures, 3L2V.pdb and 3OYA.pdb contain RAL, 

3L2U.pdb contains EVG and 3S3M.pdb contains DTG. While Raltegravir interacts with 
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Tyr212 and Gly215 equivalent residues of HIV-1 IN Tyr143 and Gln146, it is also in 

interaction with Pro214 (Pro145 in HIV-1 IN) in 3OYA crystal structure. In their contained 

structures, EVG and DTG interact with same residues and also DTG interact with Glu221 

(GLu152 in HIV1) in addition to Tyr212 and Pro214 residues. Notwithstanding our docking 

studies show that in all three conformation of protein, RAL interacts with Tyr143, the 

docked position of RAL is very different from position it is placed in crystal structure. This 

is referred to flexible loop, being in very different conformations in PFV structures and 1BL3 

structure (used in this study), and also is referred to PFV having vDNA in catalytic site. The 

docking test of EVG to 3L2U crystal structure supports our consideration (Supporting 

information, see Figure 4). Performed test run docked the ligand pretty much to the same 

position of crystal structure while only some substituents of ligand are in different 

conformations. It is also must be noted that existence of DNA or RNA in structure changes 

docking results positively (EVG docking test score is 17.6 kcal/mole). Sharma et al. have 

also reported this issue in their study [19]. Besides, one must bear in mind that docking 

programs consider crystal structures containing ligand for developing program algorithms.  

 

From Table 2 it has been seen that while all ligands interact with Mg atoms, some of ligands 

have four oxygen atoms in interaction with two Mg atoms. HIE67, GLU92, and ASN117 

residues are found to create H bond with ligand atoms. The interactions of all ligands with 

protein residues at their docked sites are generally given in Table 3. C1 conformation of 

protein has vdW interactions with all ligands. It is consistent with docking scores of ligands.  
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Table 2. Hydrogen bonds and metal contacts obtained from docking results between ligand atoms and protein residues. 

 C1 C2 C3 

 H bonds (Residue and 

Ligand atoms) 

Mg-Ligand 

atoms 

H bonds (Residue and 

Ligand atoms) 

Mg-Ligand atoms H bonds (Residue and 

Ligand atoms) 

Mg-Ligand 

atoms 

L01 
GLU152OE1-H49 
GLN148OE1-H47 
ASN117OD1-H61 

MG210-
O18,O27 
MG211-
O17,O26 

HIE67O-H48 
HIE67ND1-H45 

ASP116OD1-H53 
ASN117O-H62 

 

MG210-O23,O21 
MG211-O18, O27 

ASN117O-L01H62 
ASN155HD22-L01O17 

HIE67O-H48 
ASP116OD1-L01H53 

MG210-
O23,O21 
MG211-
O18,O27 

L02 

HIE67H-O 
LYS159HZ1-N4 
LYS159HZ3-N5 

CYS65O-H 
GLU92OE1-H7 
GLU92OE2-H11 

THR66HA-O 
 

MG210-
O3,O5 

MG211-O2 

HI67HN-N10 
ASN155HD22-O5 

GLU92OE1-H3 
GLU92OE2-H4 

SER119OG-H5,H6 
HIE67ND1-H9 

MG210-O2 
MG211-O4 

LYS159HZ1-L02N11 
ASP116OD2- L02H2 
ASN117O- L02H3 

GLU152OE1- L02H7 
LYS156HE2- L02N11 

MG210-O2 
MG211-
O4,O3 

L03 

HIE67ND1-H7 
ASN155HD21-O5 
ASN155HD22-O5 
LYS156HZ2-O4 
LYS156HZ3-O4 
LYS156HZ3-O5 

 

MG210-O,O2 
MG211-
O,O1,O4 

 

ASP116OD1-H1 
CYS65O-H6 

HIE67ND1-H10 

MG210-O, O1 
MG11-O2,O5 

HIE67O-L03H3 
ASP116OD2-L03H3 
ASP116OD2-L03H10 

ASN117O-L03H9 

MG210-O4 
MG211-O2 

L04 

LYS159HZ2-O4 
LYS159HZ3-N2 
THR66OG1-H 
HIE67O-H2 

HIE67ND1-H5 

MG210-O,O1 
MG211-O3 

 

LYS159HZ1-O4 
ASP64OD2-H 
CYS65O-H1 
HIE67O-H5, 

MG210-O,O1; 
MG211-O3 

ASN117HD22-L04O4 
ASN155HD22-L04O 
ASP116OD2-L04H3 

ASN117O-H 

MG210-O2 
MG211-
O1,O3,O 
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Table 3. Hydrogen bonds and metal contacts obtained from docking results between ligand atoms and protein residues (Continued). 
 C1 C2 C3 

 
H bonds (Residue and 

Ligand atoms) 
Mg-Ligand 

atoms 
H bonds (Residue and 

Ligand atoms) 
Mg-Ligand 

atoms 
H bonds (Residue and 

Ligand atoms) 
Mg-Ligand 

atoms 

DTG 
GLU152OE1-H13 

LYS156HZ1-F 
LYS156HZ3-F1 

MG210-
O2,O3 

MG211-
O2,O4 

 

GLU92OE1-H3 
CYS65O-H8 

GLU152OE1-H4 

MG210-O3,O2, 
O1 

MG211-O2,O4 

HIE67H-DTGO 
ASN155HD22-DTGO1 

SER119H-DTGF1 
SER119H-F30 

HIE67O-DTGH6,H7 
GLU92OE1-DTGH13,H14 

GLU92OE2-DTGH9 
 

MG210-O4,O2 
MG211-

O3,O2,O1 

EVG 
THR66OG1-H21 

HIE67-H8 
GLU152OE1-H20 

MG210-O,O4 
MG211-
O2,O3 

 

ASN117O-H21 
ASP64OD1-H20 
ASN117O-H10, 

MG210-O2 
MG211-O,O4 

CYS65O-EVGH21 
GLU92OE2-EVGH21 
THR66HA-EVGO3 
CYS65O-EVGH 

ASN117O-EVGH10 
 

MG210-O2 
MG211-O4,O 

RAL 

CYS65H-O2 
GLU152OE2-H13 
GLY118HA3-N4 

TYR143HA-F 
CYS65O-H2 

MG210-
O2,O4 

MG211-O1 
 

LYS159HZ2-RALN4 
GLU152OE1-RALH15 

 

MG210-O,O1 
MG211-O4,O1 

HIE67H-RALO2 
THR66HA-RALO2 
HIE67HD2-RALN4 
GLU92OE2-RALH1 
GLU92OE1-RALH15 

MG210-O,O1 
MG211-O4,O1 
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Table 4. Various interactions between ligand atoms and protein residues composed by docking. 
 C1 C2 C3 

L01 

π-cation: LYS156NZ 
vdW: ASP64, CYS65, THR66, GLY140, ILE141, 

ASN155, LYS159 
π-sigma: HIE67 vdW: ASP64, THR66, LEU68, 

GLY118, ASN155, LYS159 vdW: CYS65, THR66, GLY118 

L02 ASP64, THR66, ASP116, GLU152 vdW: THR66, ASN117, GLY118, GLU152 

π-alkyl: LYS156 
vdW: CYS65, THR66, GLY118, ASN155, 

LYS156 

L03 

Charge interactions: LYS156, THR66, VAL72, 
TYR143, GLU92 

vdW: ASP64, CYS65, ASP116, ILE141, PRO142, 
GLN148, LYS159 

π-sigma:THR66 
Charge interactions: HIE67 

vdW: LEU68, GLU92, ASN117, GLY118, 
SER119, ASN120, LYS159 

π-π: TYR143 
π-cation: LYS159 

Charge interactions: LEU68, LYS159 
vdW: ASP64, THR66, GLY118, TYR143, 

GLU152, ASN155, ILE162, 

L04 
Charge interactions: LEU68, HIE67 

vdW: ASP64, CYS65, GLU69, GLY70, VAL72, 
GLU92, ASP116, GLU152, ASN155 

π-sigma:THR66 
Charge interactions: LEU68, LYS159 

VAL72, ASP116 

Charge interactions: PHE139 
vdW: ASP64, CYS65, GLY140, PRO142, 

TYR143, GLU152 

DTG 

Charge interactions: HIE67, VAL72, LYS156 
vdW: ASP64, CYS65, THR66, GLU92, ASP116, 

GLN148, ASN155 

Charge interactions: HIE67, VAL72 
vdW: ASP64, THR66, ASP116, TYR143, 

ASN155, LYS159 

Charge interactions: CYS65 π-lone pair 
vdW: ASP64, THR66, ASP116, ASN117, 

GLY118, GLU152 

EVG 
π-sigma: THR66 

vdW: CYS65, HIE67, VAL72, GLU92, ASP116, 
GLN148, GLU152, ASN155, LYS156, LYS159 

vdW: CYS65, GLU92, GLY118, PRO142, 
TYR143, GLU152 

vdW: THR66, HIE67, GLY118, GLY140, 
ILE141, PRO142, TYR143, GLU152, ASN155 

RAL 
Charge interactions: ILE141 

vdW: THR66, HIE67, ASN117, SER119, TYR143, 
ASN144, ASN155 

π-π T-shaped:TYR143 
Charge interactions: LEU68 

vdW: ASP64, CYS65, THR66, GLU92, 
ASP116, ASN155 

π-π t-shaped: HIE67 
Charge interactions: HIE67, VAL72 

vdW: CYS65, ALA91, ASN117 GLY118, 
THR143, ASN155 



Ercan, JOTCSA. 2017; 4(1): 243-270.   RESEARCH ARTICLE 

259 
 

Molecular Dynamics Studies of the Complexes 

From the RMSD plots of complexes versus time, it is seen that the proteins reached stable 

states (Figure 6). In the plot of C1 complex of Dolutegravir, an ascension is seen at about 

1.5-5 ns. MD movies of this complex showed the flexible loop between residues 185-198 

are causing this rise. It is also seen from the RMSD plots of mentioned residues (not shown 

here). 

 

Figure 6. The time evolution of RMSD values for backbone atoms of complexes, C1, C2, 
and C3 (L01 black, L02 red, L03 green, L04 blue, DTG cyan, EVG magenta, and RAL 

yellow). 

All ligands seem to be in a stable state despite the high RMSD values of L02 and L03 in C1 

(Figure 7). We also determined the ligands docked to different conformations of protein 

with diverse orientations and interactions did not resemble each other by MD simulations 

(Figure 8). As an example, L01 docked to three different conformations of protein. Each 

docking orientation is different. And it could be seen that MD simulation did not put those 

three orientations of L01 to the same position (Figure 8). We would like to point out that 

this is not an absolute result because an MD simulation of 50 ns (a sufficient time for an 

MD simulation) was performed in this study and it is not definite to know there will be a 

change or not by extending time. However, the clustering analyses performed for the 50 

ns simulation show that the conformations of complexes are close to each other and so it 
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is not necessary to depict the achieved clusters here. By the way, the images of structures 

having lowest energies illustrated here for each complex. 

 

Figure 7. 50 ns time evolution of RMSD values of ligand atoms (C1 black, C2 red, and 
C3 green). 
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Figure 8. The positions of ligands in each protein structure. Superimposed structures are 
taken from a lower-energy structure of each complex’s MD simulation. 

Ligand-residue interactions, which are observed from docking results, seem to change 

significantly by MD simulations. Especially, most of hydrogen bonds and electrostatic 

interactions of ligands with residues obtained from docking disappeared by MD simulations 

(Table 4).



Ercan, JOTCSA. 2017; 4(1): 243-270.   RESEARCH ARTICLE 

262 
 

Table 5. Ligand-residue interactions observed from the structures with lowest energies located from MD simulations. 
 C1 C2 C3 

L01 vdW: ASP64, HIE67, ASP116, 3 water molecules 
H bonds: 1 water molecule 

π-π T shaped: HIE67 
vdW: CYS65, HIE67, ASN117, PHE139, LYS159 

and 3 water molecules 
H bonds: THR66, ASP116, ASN155 and 1 water 

molecule 
 

vdW: ASP64, CYS65, GLU92, ASP116, GLY118, ASN120, 
GLU152 and 1 water molecule 

H bonds: THR66, SER119, ASN155 and 4 water molecules 
 

L02 
THR66, CYS65, ASP116, ASN155, 2 water 

molecules 
H bonds: GLU152 and 4 water molecules 

π-alkyl: LYS156, LYS159 
vdW: TCYS65, HIE67, ASN117, GLU152, 

ASN155 and 1 water molecule 
H bonds: THR66, LYS159 and 1 water molecule 

Electrostatic: LYS159 
vdW: ASP64, CYS65, ASP116, GLY118, GLU152 and 2 

water molecules 
H bonds: SER119, ASN120, ASN155 and 3 water molecules 

 
L03 

vdW: THR66, HIE67, LEU68, ASP116, ASN117, 
ASN155 and 2 water molecules 

H bonds: 1 water molecule 

π-π stacked:HIE67 
π-alkyl: HIE67 

vdW: CYS65, THR66, GLY70, GLU92, ASN117 
and 2 water molecules 

H bonds: ASP64, ASP116, GLU152, ASN155 and 
2 water molecules 

 

Electrostatic: ASP64 Amid π-stacked: ALA91 
π-alkyl: VAL72, LYS159 alkyl-alkyl: LEU68 

vdW: THR66, HIE67, ILE89, PRO90, GLU92, SER119, 
ASN120, ASN155, LEU158, ILE162 and 3 water molecules 

H bonds: CYS65, ASP116 and 1 water molecule 

L04 
vdW: ASP64, THR66, GLU69, HIE67, VAL72, 

ILE73, ASP116, GLU152 and 4 water molecules 
π-alkyl: CYS65 

π-π T shaped: HIE67 
vdW: ASP64, CYS65, THR66, GLU92, ASP116 

and 4 water molecules 

π-cation: LYS159 
π-alkyl: TYR143, PRO145 

vdW: ASP64, THR66, HIE67, ASP116, GLU152, ASN155 
and 2 water molecules 

H bonds: 1 water molecule 
DTG 

vdW: ASP64, ASP116, ILE141, TYR143 
H bonds: GLN148 and 2 water molecules 

π-alkyl: LYS159 
vdW: CYS65, THR66, ASP116, GLU152, 
ASN155, LYS156 and 1 water molecule 

H bonds: 1 water molecule 
 

vdW: CYS65, GLU92, ASP92, ASP116, GLY118, GLU152, 
LYS159 and 3 water molecules 

H bonds: ASN155 and 1 water molecule 

EVG 
vdW: ASP64, THR66, HIE67, ASP116, ASN155, 

LYS159 and 5 water molecules 
H bonds: GLN148 and 2 water molecules 

π-anion: ASP116 
vdW: ASP64, GLY118, PHE139, GLY140, 

GLU152 and 4 water molecules 
H bonds: ASN117 and 2 water molecules 

π-anion: ASP64 
vdW: HIE67, GLU92, ASP116, GLU152 and 2 water 

molecules 
H bonds: CYS65, THR66, ASN155 and 1 water molecule 

 
RAL π-π stacked: TYR143 

vdW: ASP64, ASP116 and 2 water molecules 
H bonds: 1 water molecule 

vdW: ASP64, CYS65, THR66, HIE67, ASP116, 
TYR143, LYS159 and 5 water molecules 

H bonds: 1 water molecule 

alkyl-alkyl: ILE141 
π-anion: GLU152 

vdW: ASP64, ASP116, TYR143, LYS156, LYS159 and 4 
water molecules 
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Binding Free Energies of Ligands 

The binding modes of the ligands to the different conformations of HIV-1 integrase catalytic 

core domain were competed by end point energy method, (MM-PB(GB)/SA). Calculated 

values are shown in Table 5. 

∆Eelec: Contribution of electrostatic energy to binding energy, ∆EvdW: Contribution of van der Waals 
interactions to binding energy, ∆GPB and ∆GGB: Binding energies according to Poisson-Boltzmann 
and Generalized-Born methods. Mean energies are in kcal mol-1. 

Binding free energies of ligands were calculated by Poisson-Boltzmann (PB) [37, 51] and 

Generalized-Born (GB) [37, 51] approaches. As the varying docking scores, interactions 

and orientations of ligands in different conformations of protein, binding free energies of 

ligands also differ from each other. In general, the scores of PB approach are at the lowest 

than scores of GB approach but in this study some of ligands gave greater PB scores than 

GB scores such as c1_L04, c2_L02, c2_L04, c2_dtg and c3_dtg/evg/ral. In the complexes 

which ligands having low binding energy, the electrostatic contributions seem to be lower 

and mainly the lower binding energy values are complying with this parameter. 

 
Table 6. Binding free energies of ligands calculated by MM-PB(GB)SA method and 

contribution of entropy to binding free energies. 
 

∆Eelec ∆EvdW ∆GPB ∆GGB -T∆S ∆Gbind
PB ∆Gbind

GB 

C1_L01 -482.0850 -4.2186 -13.0748 -16.5701 28.6627 15.5879 12.0926 

C1_L02 -413.9868 -3.1813 -2.3425 -5.6870 22.4444 20.1019 16.7574 

C1_L03 -512.5300 -13.5305 -35.9332 -49.3102 27.2606 -8.6726 -22.0496 

C1_L04 -294.7430 -9.4281 -14.7613 -2.3909 24.3747 9.6134 21.9838 

C1_DTG -336.6129 -8.0492 -7.5524 -11.5279 23.6320 16.0796 12.1041 

C1_EVG -422.7991 -1.9412 -39.7112 -41.0937 24.8457 -14.8655 -16.2480 

C1_RAL -278.8543 -6.2337 0.0161 -2.4443 21.3160 21.3321 18.8717 

C2_L01 -539.7636 -5.0295 -49.4787 -52.4085 27.7591 -21.7196 -24.6494 

C2_L02 -532.3656 -6.4072 -25.1195 -15.7172 26.7391 1.6196 11.0219 

C2_L03 -512.5300 -13.5305 -35.9332 -49.3102 30.7403 -5.1929 -18.5699 

C2_L04 -296.6142 -6.6585 -13.3614 0.3272 22.4650 9.1036 22.7922 

C2_DTG -338.2980 -0.1855 -17.6762 -7.9015 25.0018 7.3256 17.1003 

C2_EVG -311.6691 -7.5985 -8.0243 -16.2065 24.9792 16.9549 8.7727 

C2_RAL -277.6655 -9.7355 -3.8454 -4.3016 20.6870 16.8416 16.3854 

C3_L01 -518.1380 -6.6245 -4.8480 -34.2500 29.0603 24.2123 -5.1897 

C3_L02 -443.3987 -13.3996 6.4690 -11.4051 28.1492 34.6182 16.7441 

C3_L03 -498.7371 -27.6130 -31.0748 -37.0633 31.3367 0.2619 -5.7266 

C3_L04 -279.6095 -14.7686 3.2340 -9.2501 26.8973 30.1313 17.6472 

C3_DTG -338.2980 -0.1855 -17.6762 -7.9015 25.8882 8.2120 17.9867 

C3_EVG -383.1383 -3.2655 -37.1270 -35.7265 25.2536 -11.8734 -10.4729 

C3_RAL -285.5304 -10.2197 -9.3601 -3.8106 -22.5998 13.2397 18.7892 
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From all ligands, the best binding free energy belongs to L01 in C2 protein while Elvitegravir 

shows favorable values except in C2 protein (C1PB: -39.71, C1GB= -41.09, C3PB: -37.13, 

C3GB= -35.73). Elvitegravir is also well bounded to protein than RAL and DTG inhibitors. 

The most surprising result is that Raltegravir seems to be the worst ligand overall ligands 

according to binding free energies. Besides, it has the lowest average binding score in 

three conformations of protein. This situation is also in contrast with conception of RAL 

binds rather electrostatically to protein because obtained electrostatic energies of RAL are 

low in generally.  

 

From the designed ligands, while the results of L01 and L03 are favorable, L04, which has 

the best docking score (-12.09 kcal/mole) in C3 complex showed low binding free energies 

(∆GPB= 3.23 and ∆GGB= -9.25) in contrast to its docking score. Nevertheless, from plotting 

(Figure 9) docking scores with binding free energies of ligands, it has seen in general the 

docking scores of ligands are compatible with their binding free energies. We can make an 

inference that used docking program has a strong estimating property of binding free 

energies. 

 

Figure 9. The relation between docking scores and binding free energies calculated by 
MM-PB(GB)SA. 

The contribution of entropy to binding free energies were also computed. While 

electrostatic energies, vdW energies, and non-polar solvation terms have positive 
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contribution on binding ligands to protein, polar solvation and entropy terms have negative 

effect on binding ligands. 

 

CONCLUSION 

 

As a conclusion, three ligands which are currently in use as HIV-1 In inhibitors and four 

newly designed ligands were used in this study. A molecular dynamics simulation of 10 ns 

was performed to protein before docking studies. And docking studies were run for three 

conformations of protein obtained from cluster analyses. Ligands are bound to three 

conformations of protein in different orientations and so have diverse binding free energies. 

L04 is the ligand having best docking score (-12.14 kcal/mole) in C1 protein conformation 

while docking of L02 into C3 protein conformation has the lowest docking score (-7.44 

kcal/mole).  

 

After docking studies, a 50 ns MD simulation was performed for each complex and results 

were analyzed. Ligands’ binding free energy calculations were carried out by MM-PB(GB)SA 

and the results were contributed by entropy calculations. The calculations showed that the 

binding of L01 to C2 protein is the best bound ligand over other ligands. Besides, ligand 

having the best docking score, L04, did not demonstrate a good binding to protein. This 

issue was the one of purposes to search in study and we can say that docking scores could 

believe a researcher for selecting proper ligands, according to results. It is also should be 

noted the MM-PB(GB)SA calculations could not produce absolute experimental results but 

produce outcomes those are compatible with experimental results [52-54]. 

 

Another aim of the study was to evaluate new molecules as new HIV-IN inhibitors. From 

designed ligands L01 (3,3'-azanediylbis(2-((6,8-diaminonaphthalen-2-yl)amino)-3-

oxopropanoic acid)) and L03 (3,3'-azanediylbis(2-((6,8-diamino-7-(3-(2-

chlorophenyl)propyl)naphthalen-2-yl)amino)-3-oxopropanoic acid)) showed promising 

results. As the last aim of this study, we could see that MD calculations do not convert 

conformations of different oriented ligands (in different conformations of protein) to same 

positions in terms of location and interactions of ligand protein. We also should remark 

that even though the simulations were carried out for a meaningful time of MD calculations, 

it is only a simulation of 50 ns and so those issues may vary in vivo. 
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Türkçe Öz ve Anahtar Kelimeler 
 

Bazı Önceden Çalışılmış ve Yeni Tasarlanmış Ligandların HIV-1 
İntegraz’ın Katalitik Çekirdek Bölgesine Bağlanması ve Moleküler 

Dinamik Hesapları ve Bağlanma Sonuçları Üzerinde Proteinin 
Yönelimsel Değişimlerinin Etkisinin İncelenmesi 

 
Selami Ercan* 

 
Öz: Günümüzde AIDS kontrolden çıkmış bir salgın hastalık görünümündedir ve HIV-1 
virüsünden kaynaklanan çok sayıda ölüme neden olmaktadır. Yaklaşık 35 yıldır virus hayat 
çevriminin çeşitli adımlarını hedef alan ilaçlar geliştirilmiştir. HIV-1 integraz, virus hayat 
çevrimi için esas olan bu adımlardan birini oluşturur. Bilgisayarlı ilaç tasarımı pek çok ilacın 
geliştirilmesinde ve iyileştirme çalışmalarında kullanılmakta olup ilk HIV-1 integraz 
inhibitörü olan Raltegaravir’in geliştirilmesinde de kullanılmıştır. Bu çalışmada, dört yeni 
tasarım ligand ile daha önce HIV-1 integraz inhibitörü olarak kullanılan üç ligandın HIV-1 
integrazın katalitik merkez bölgesine bağlanması incelenmiştir. Her ligand proteinin üç 
farklı biçimine bağlanmıştır. Hazırlanan kompleksler (21 adet) 50 ns MD simülasyona tabi 
tutulmuş ve sonuçlar incelenmiştir. Son olarak, ligandların bağlanma serbest enerjileri 
incelenmiştir. Tasarlanan ligandlardan L01 ve L03 uygun sonuçlar vermiştir. Bir protein 
yapısında düşük bağlanma skoruna sahip ligandların başka bir konformasyonda daha iyi 
skor verip veremeyeceği ve MD simülasyonlarının, simülasyonun sonunda aynı konumda 
ancak farklı konumlanmış ve farklı yönlenmiş ligandları barındırıp barındırmayacağı 
hakkında sorulan sorulara cevap bulunmuştur.  
 
Anahtar kelimeler: HIV-1 integraz; ilaç tasarımı; bağlanma; moleküler dinamik; 
bağlanma serbest enerjisi.  
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