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ABSTRACT

Reverse-transcriptase inhibitors (RTIs) are a class of antiretroviral drug used to treat HIV infection. Lamivudine is one of the prominent reverse
transcriptase inhibitors. Recent clinical studies have shown that, due to the prominent usage the resistance has increased against lamivudine, hence
we modeled three new analogs of lamivudine. The drug likeness and molecular properties of the analogs are analyzed and further used in docking
studies. The structure of a catalytic complex of HIV-1 reverse transcriptase is selected for performing the docking studies with the new analogs.
Prior to docking, the protein structure is inserted in water and molecular dynamics simulations were performed. The energy minimized structure is
obtained from the MD simulations and used in docking studies. The new analogues showed good interactions when compared with the lamivudine
prototype. Our multidirectional approach indicates good ligand efficacy in addition to stable binding affinities to HIV-1 reverse transcriptase, and
should be potent candidates for HIV-1 reverse transcriptase inhibition.
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INTRODUCTION

Human immunodeficiency virus (HIV) causes acquired immune
deficiency syndrome (AIDS). The reverse transcriptase of HIV-1 is a
crucial target of antiviral therapy in the treatment of AIDS. HIV
reverse transcriptase is a dimer having two chains, a 64-KD (p66)
subunit and a 51-KD (p51) subunit derived from p66 by proteolytic
cleavage. The two chains have similar four domain structure and
p66 also has a COOH-terminal RNaseH (1, 2).

Reverse-transcriptase inhibitors (RTIs) are a class of antiretroviral
drug used to treat HIV infection. When HIV infects a cell, reverse
transcriptase copies the viral single stranded RNA genome into a
double-stranded viral DNA. The viral DNA is then integrated into the
host chromosomal DNA, which then allows host cellular processes,
such as transcription and translation to reproduce the virus. RTIs
block reverse transcriptase's enzymatic function and prevent
completion of synthesis of the double-stranded viral DNA, thus
preventing HIV from multiplying. One of the prominent and well
tolerated RTI is lamivudine [3-5]. The emergence of resistance in
patients against RTI’s is a major limitation of antiviral therapy.

Lamivudine (2', 3’-dideoxy-3'-thiacytidine, commonly called 3TC) is
a potent nucleoside analog reverse transcriptase inhibitor (nRTI)
has been effectively used to treat HIV and chronic Hepatitis B. It has
been used for treatment of chronic hepatitis B at a lower dose than
for treatment of HIV. Lamivudine which is a Cytidine analogue
inhibit both types (1 and 2) of HIV reverse transcriptase. It is
phosphorylated to active metabolites that compete for incorporation
into viral DNA. Lamivudine inhibit the HIV reverse transcriptase
enzyme competitively and act as a chain terminator of DNA
synthesis. The lack of a 3'-OH group in the incorporated nucleoside
analogue prevents the formation of the 5' to 3' phosphodiester
linkage essential for DNA chain elongation, and therefore, the viral
DNA growth is terminated. Lamivudine possess an advantage over
other anti HIV agents as it showed no evidence of carcinogenicity or
mutagenicity in in vivo studies in mice and rats at doses from 10 to
58 times those used in humans. But due to growing resistance of
lamivudine it becomes necessary to design some lamivudine
derivatives which can act on HIV reverse transcriptase as of the
prototype lamivudine.

In this study modern computational tools are used to design and
analysis some lamivudine derivatives which can ultimately aimed to
overcome the resistance developed by lamivudine.

METHODS
Protein preparation

The 3D structure of our protein is available in Protein Data Bank.
The structure of a catalytic complex of HIV-1 reverse transcriptase
(PDB ID 1RTD) is selected for performing the docking studies [6].
The selected protein 3D structure is having 8 chains, hence only
chain A was isolated from the structure and used for docking by
using SPDB Viewer. The possible conformation of the refined protein
was obtained using procheck analysis, visualized with the aid of
Ramachandran plot by checking the dihedral Phi and Psi angles of
amino acid residues. The energy minimization and stabilization are
carried on the protein structure using molecular dynamics
simulations. The active site of the protein is the binding site or
usually a pocket at the surface of the protein that contains residues
responsible for substrate specificity which often act as proton
donors or acceptors. Identification and characterization of binding
site is the key step in structure based drug design. The binding site
has been identified by computational and literature reports. The
active site region of the protein is identified by CASTp server [7].
These servers analytically furnish the area and the volume at the
probable active site of each pocket to envisage the binding site.

Designing of Lamivudine derivatives by the Structural-Activity
Relationship (SAR) and pharmacophore study

Potent derivatives of lamivudine has been designed by addition of side
chains in place of position -R of lamivudine as depicted in Figure.1
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Fig. 1(A): Lamivudine core with -R group at terminal nitrogen
(B) Structure of Lamivudine.
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Three molecules LMA1, LMA2, LMA3 have been designed by
substituting the -R position of lamivudine (In case of lamivudine -R
is substituted with -H). The drug likeness score and molecular
property of these 3 molecules have been predicted using internet
based JAVA dependent MolSoft Drug-Likeness and molecular
property prediction tool (http://www.molsoft.com/mprop/).
Molecular properties are essential for every stages of drug
development from design to synthesis hence predictions of these
parameters are important for drug development point of view. It has
been observed that all 3 compounds show greater drug likeness
score than that of prototype lamivudine which leads us to believe
that some of these compounds will show greater or somehow
similar activity that of the prototype, lamivudine, which make these
3 molecules possible drug candidates to treat lamivudine resistant
HIV (Table I).Topological Polar Surface Area (TPSA)[8] of all the
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molecules have been determined using Field Align software
(http://www.cresset-group.com/products/torch/) developed by
Cresset as TPSA which has been used as a predictor for BBB
penetration [9-10]. To confirm the drug like properties of these
designed lamivudine derivatives molecular docking study of all the
designed molecules have performed taking catalytic complex of HIV-
1 reverse transcriptase as a target.

Proposed synthesis scheme:

In many cases drug development is hampered because of the suitable
synthesis pathway hence synthesis of LMA1, LMA2 and LMA3 has been
shown below taking lamivudine as starting element in Figure.2.
Preparation of these compounds will follow simple nucleophilic
substitution reaction the yield can be varied depending on temperature,
solvent and other parameters taking reactants as constant.
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Fig. 2: Proposed Synthesis scheme for synthesis of Designed Molecules

ADME/T & Drug Likeliness prediction

The ADME/T properties of a drug, together with its pharmacological
properties are conventionally viewed as part of drug development.
The ligands identified were subjected to predict the
pharmacokinetic properties using pre-ADMET online server.
Structures with unfavorable absorption, distribution, metabolism
and elimination have been identified as the major cause of failure of
candidate molecules in drug development. So there is an early
prediction of ADME properties, with the objective of increasing the
success rate of compounds reaching further stages of the
development [11-16].

Molecular Dynamics Simulation

GROMACS is a versatile package to perform molecular dynamics,
that is simulate the Newtonian equations of motion for systems with
hundreds to millions of particles. It is primarily designed for
biochemical molecules like proteins, lipids and nucleic acids that
have a lot of complicated bonded interactions. This package is used

for the stabilization and energy minimization of HIV-1 reverse
transcriptase. The OPLS forcefield for all atoms (OPLS-AA) was
preferred for the simulation. Water molecules were represented
using a simple point charge (SPC216) model. Eight Cl- counter-ions
were added by replacing water molecules to ensure the overall
charge neutrality of the simulated system. Energy minimization
process, position restraint procedure was performed in association
with NVT and NPT ensembles [17-20].

An NVT ensemble was adopted at constant temperature of 300 K
and with a coupling constant of 0.1ps with time duration of 100ps.
After stabilization of temperature an NPT ensemble was performed.
In this phase a constant pressure of 1 bar was employed with a
coupling constant of 5.0 ps with time duration of 1ns. NPT ensemble
was finished after pressure stabilization. The coupling scheme of
Berendsen was employed in both of NVT and NPT ensembles The
particle mesh Ewald (PME) method for long-range electrostatics, a
14A° cutoff for van der Walls interactions, a 12A° cutoff for Coulomb
interaction with updates every 10 steps, and the Lincs algorithm for
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covalent bond constraints were used [21, 22]. A final MD run is
performed for 5ns for the HIV-1 reverse transcriptase.

Molecular Docking Analysis

Autodock is used for the Molecular docking studies of the ligands
with the receptor protein. Autodock uses binding free energy
evaluation to find the best binding mode. Autodock energy values
were calculated by the characterization of intermolecular energy
(consist of van der Walls energy, hydrogen bonding energy,
desolvation energy, and electrostatic energy), internal energy of
ligand, and torsional free energy. The docking energy is obtained
from the van der Walls energy and hydrogen bonding energy
together, while the binding energy is built up from van der Walls
energy and desolvation energy. The binding strength and the
location of ligand in most of the cases can be decided by the
electrostatic interaction between ligands and receptor. The
hydrophobic interaction obtained from the docking can affect the
agonistic activity to a larger extent [23].

Molecular Imaging & MD Analysis

All the visualizations were carried out using Pymol, VMD tools and
graphs were plotted using XMgrace Program [24-26]. The trajectories
were analyzed using the inbuilt tool in the GROMACS distribution.
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RESULTS AND DISCUSSION

The 3D structure for our protein is available in Protein Data Bank.
The structure of a catalytic complex of HIV-1 reverse transcriptase
(PDB ID 1RTD) is selected for performing the docking studies. The
MD simulations were performed on the obtained HIV-1 reverse
transcriptase structure. Initially the system is energy minimized for
a period of 1 ns and a position restraints simulation is performed
using steepest decent integrator on a stepwise manner. The RMSD
for the protein backbone was about 0.3nm after 3ns of MD
simulation. The RMSD varied in the first nanosecond time frame but
it was quite stable after reaching 1ns of simulation. The average
temperature in 3 ns of MD simulation was maintained at 300 K for
the investigated system. Therefore, the extracted equilibrium
structure at 300 K belonging to the HIV-1 reverse transcriptase was
obtained under stable temperature conditions. These facts show that
energy conservation was satisfied in MD simulation. After structural
refinement of HIV-1 reverse transcriptase model by MD simulation,
the quality of the backbone geometry of the developed model was
validated (Figure.3). The protein folding process shows good
reliability as the protein structure is quite stable during the period of
simulation. The average structure was obtained from the MD
simulations and using the active sites obtained from CASTp, the
ligands are docked flexibly into the HIV-1 reverse transcriptase.
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Fig. 3: (A).The variation of the total energy in investigated system during MD simulation (B).Time dependence of the RMSDs (A) of 1rtd for
the backbone atoms in the 3 ns MD simulation
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Fig. 4: The structure of all three designed lamivudine derivatives
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The drug-likeness and the molecular properties of the designed ligands
(Figure.4) are analyzed using Molsoft program and the designed ligands
presented better drug-likeness values than the lamivudine prototype. In
this study we also verified whether the designed ligands are satisfying
the Lipinski rule of five, which indicates if a chemical compound could be
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an orally active drug in humans. Our results showed that all the designed
ligands have fulfilled this rule which can be seen in Table I and II. Field
point display of all designed molecules have been viewed using Cresset’s
Field Align software as these parameters are important prerequisites of
computer aided drug design (Figure.5).

Table I: Molecular and Drug likeness Property of all the designed molecules taking lamivudine as prototype.

Molecule ID Drug Likeness Model MolLogP**  MolLogS(mg./L)** TPSA*** Number of Stereo Rule of Five

Score** Centre** violation**
Lamivudine 1.05 -1.26 2289.86 88.2 2 0
Prototype
LMA1 1.16 0.35 1955.97 74.2 2 0
LMA2 1.23 -0.71 3975.81 65.4 2 0
LMA3 1.30 0.17 1885.47 74.2 2 0
** calculated using MolSoft Drug-Likeness and molecular property prediction tool
*** calculated using Cresset’s Field Align software
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Fig. 5: Field point display of (A) LMA1, (B) LMA2, (C) LMA3.

Moreover, we used PreADMET server to study the absorption,
distribution, metabolism, excretion and toxicological properties of
all three designed compounds comparing them with the lamivudine
prototype. Interestingly, all three designed ligands presented a low
in-silico toxicity risk profiles, good intestinal absorption and blood-
brain barrier penetration, similar to the prototype which is depicted
in Table IL

Toxicity of all designed molecules have been predicted using
PreADMET server and compared with the prototype drug
lamivudine (Table III). It is observed that in Ames test all designed
molecules show mutagenic character including the prototype drug

lamivudine but lamivudine shows positive result in carcinogenicity
prediction in mouse and negative result in carcinogenicity
prediction in rat but the designed molecule LMA1 shows negative
result in both of the above parameters which is also true with the
designed molecule LMA3 which predicts that both LMA1 and LMA3
will have lower carcinogenic risk than that of prototype lamivudine.
But as lamivudine showed no evidence of carcinogenicity or
mutagenicity in in vivo studies in mice and rats at doses from 10 to
58 times those used in humans hence it can be predicted that both
LMA1 and LMA3 will also show no evidence of carcinogenicity and
mutagenicity in in vivo studies in higher doses than that of
lamivudine.

Table II: ADMET properties of the Ligand molecules obtained from PreADMET server.

S. Ligand Name Donor Acceptor Mol. Wt  Blood-Brain Barrier %human intestinal Plasma protein
No. HB HB (g/mol) penetration absorption binding
1 Lamivudine 3 5 229.0 0.087
Prototype 75.92 6.53
2 LMA1 2 5 257.0 0.04 85.78 16.75
3 LMA2 1 5 257.0 0.01 90.96 18.51
4 LMA3 2 5 269.0 0.06 87.63 34.18

*permissible ranges are as follows: mol wt.: (130-725); donor hb: (0.0-6.0); accept hb: (2.0-20.0); QPlogPo/w: (-2.0 to 6.5); QPlogBB: (<0.1 low, 2-
0.1 medium, >2.0 high absorption to cns); %human intestinal absorption: 70-100 % well absorbed, 20-70% moderately absorbed, 0-20 poorly
absorbed, %plasma protein binding: >90 strongly bound, <90% weakly bound.

Table III: Predicted toxicity of the molecules using PreADMET server

Molecule ID Ames Test Carcinogenicity(Mouse) Carcinogenicity(Rat)
Prototype Lamivudine Mutagen Positive Negative
LMA1 Mutagen Negative Negative
LMAZ2 Mutagen Positive Negative
LMA3 Mutagen Negative Negative
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LMAZ2

LMA3

Fig. 6: The H-Bond interactions spotted in black dotted lines and their bond lengths of each ligand with HIV-1 reverse transcriptase
visualized in Pymol.

The designed ligands were subjected to molecular docking studies
using Autodock software. The docked complex is visualized using
Pymol and the hydrogen bond interactions and their bond lengths
are calculated as shown in Figure.6 and Table-1V.

The obtained results of the molecular docking of HIV-1 reverse
transcriptase with the four ligands showed good binding energies
and inhibition constants (Table IV). Hydrophobic interactions often
provide a very important contribution to the binding affinity for
ligands. All the four ligands have shown significant number of
Hydrogen bonds between the receptor and the ligands. In the case of
lamivudine prototype ligand all the H-bonds are formed with Lys
amino acid, two of them accounting for Lys108 and one with Lys101.

Among the three designed analogues LMA1 showed the best binding
energy and also highest number of H-bond interactions. In the case
of LMA1, seven H-bond interactions have been obtained with GIn182
accounting for the H-bonds, Arg172 accounting for two H-bonds and
1le178, 180 accounting for one each. In case of LMAZ2, a lone H-bond
is formed with Lys101 amino acid. In case of LMA3, four H-bonds
have been formed with Pro225, Pro236, Leu234, Tyr318 accounting
for one each H-bond. Docking analysis showed that hydrogen
bonding govern the binding affinities between the ligand compounds
and HIV-1 reverse transcriptase (27, 28). Based on the binding
energies, H-bond interactions and Inhibition constant values LMA1
is considered the best derivative of lamivudine prototype. The
general binding pose is depicted in Figure. 7.

Fig. 7: Molecular surface of HIV-1 reverse transcriptase showing the ligand in binding cavity.
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Table IV: H-bond Interactions and Bond length obtained for Lead ligand with HIV-1 reverse transcriptase.

S. No. Name of the Ligand Binding energy Inhibition constant H-Bond interactions Bond length (A°)
(K.Cal/Mol) (298.15 K) Ki (uM)
1 Lamivudine Prototype -6.61 14.2 (Lys 103) O - OH 2.5
(Lys 103) HN-0 29
(Lys101)O-N 3.4
2 LMA1 -6.72 30.28 (GIn182) HN -0 2.0
(Ile 180) O - OH 2.7
(GIn 182) 0 - NH 2.8
(GIn182) 0 -- OH 2.9
(Arg172) NH -- 0 3.0
(Arg172) NH -- OH 3.0
(Ile 178) O -- OH 3.1
3 LMA2 -6.68 12.79 (Lys 101) O - OH 2.5
4 LMA3 -6.64 13.65 (Leu 234) 0 - OH 2.0
(Tyr 318) OH-N 29
(Pro 225) 0 - NH 3.0
(Pro 236) N-- OH 3.1
CONCLUSION 8. Peter Ertl, Bernhard Rohde, Paul Selzer. Fast calculation of

Lamivudine is a potent nucleoside analog reverse transcriptase
inhibitor which is being effectively used to treat HIV. Using an in
silico structure-based approach, we have designed potent 9.
derivatives by addition of side chains in place of position -R of
lamivudine. The drug likeness score and molecular property of these

3 molecules have been studied and used for the docking studies with 10.

HIV-1 reverse transcriptase. The ideal structure was retrieved for
HIV-1 reverse transcriptase and the structure was stabilized and
energy minimized by performing molecular dynamics simulations.

The stabilized structure obtained from MD simulations was used in 11

molecular docking studies to explore the potential binding
mechanisms of lamivudine inhibitors. Docking studies show that the
lamivudine analogs were having better binding orientations when

compared to the Lamivudine prototype, LMA1 showed the best 12.

inhibitory activity of all and even LMA3 showed better activity than
that of prototype. The above results suggest that the designed
lamivudine analogs are a potent inhibitor of HIV-1 reverse
transcriptase, and are a suitable lead compounds for the
development of new drugs against HIV-1 reverse transcriptase.
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