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ABSTRACT: Nevirapine and its synthetic analogues, a class of non-nucleoside inhibitors (NNRTIs) of HIV-1 reverse tran-
scriptase (RT), have been the objective of numerous studies focused to prepare better and safer anti-HIV drugs. We developed
a library of nevirapine analogues (47) using combinatorial design and with structural modification at X, Y and R substituents
in the parent structure of nevirapine. Their molecular interactions and binding affinities with reverse transcriptase (3HVT and
IVRT) have been studied using the docking-molecular mechanics based generalized Born/surface area (MM-GB/SA) solvation
model. Final screening of these analogues is based on absorption, distribution, metabolism and excretion (ADME) properties.
The proposed NNRTI analogues dock in a similar position and orientation in the active site of RT as co-crystallized nevirapine.
In addition a linear correlation was observed between the calculated free energy of binding (FEB) and pICsq for the inhibitors
with correlation coefficient R? of 0.9948, suggesting that the docked structure orientation and the interaction energies are
reasonable. The electrostatic energy terms estimated by GB/SA showed important role on prediction of binding affinity (R2
= 17.2%). Since we used two different HIV-1 RT crystal structures (3HVT and 1VRT), which are at different resolution 2.9
and 2.2 A), we propose that structures with resolutions better than 3 A can be used to produce reasonable docking results.
Few analogues showed high binding affinity and activity with RT in compare to co-crystallized nevirapine. These analogues
also well qualify ADME properties and showed good druggable characters. The work addressed to modify the X, Y and R
substituents in the nevirapine scaffold to prepare synthetic analogues for second generation drug development against RT.
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INTRODUCTION

The function of the reverse transcriptase of human immunodeficiency virus type 1 (HIV-1 RT) is
to transcribe a single-stranded viral RNA genome into double-stranded DNA and plays a vital role
in the replication of HIV-1 [1-4]. Several drugs that target this enzyme have been approved to treat
Acquired Immune Deficiency Syndrome (AIDS) [5]. There are two types of RT inhibitors. One type is
commonly referred to as a nucleoside inhibitor. This inhibitor inserts as nucleoside analogue into DNA
and acts as chain-terminating agent, therefore, terminating viral synthesis. The other type is called the
non-nucleoside inhibitor (NNRTTI) [6-10]. In particular, the non-nucleoside RT inhibitors (NNRTISs) are
highly effective and produce few side effects. However, mutations rapidly emerge that confer resistance
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to all known NNRTISs, reducing the efficiency of the drugs. It is essential to understand the detailed
interactions of the inhibitors with wild type and mutant RT, in order to design more effective drugs.

HIV-1 RT is a protein dimer consisting of two subunits of 66 kDa (p66) and 51 kDa (p51) [7,11-16].
The p66 and p51 subunits are composed of four subdomains called thumb, palm, fingers and connection.
The p66 subunit also contains an RNase H domain. NNRTTs bind to a common hydrophobic site, the
non-nucleoside inhibitor binding pocket (NNIBP), located in the p66 palm subdomain approximately
10 A away from the polymerase [1-4]. Numerous crystal structures of RT have been reported, including
unliganded, complexed to dsDNA and several NNRTTs. The crystal structures show that all NNRTIs bind
to the non-nucleoside inhibitor binding site (NNIBP) in the p66 palm subdomain. Although the overall
shape of the NNRTI binding site is very similar amongst the RT/NNRTI complex crystal structures, there
are subtle differences among them [17-19]. The amino acid residues composing the non-nucleoside
binding site are mainly hydrophobic: Pro95, Leu100, Lys101, Lys103, Val106, Val108, Val179, Tyr181,
Tyr188, Gly190, Phe227, Trp229, Leu234, His235, Pro236 and Tyr318 of the p66 palm subdomain
(1VRT [20] and 3HVT [21]). There are three water molecules at the entrance of the binding pocket.

Nevirapine and other NNRTTs have demonstrated good activity to inhibit RT. Several crystal structures
of NNRTIs/RT complexes have been solved now. It revealed that all NNRTTIs bind at the non-nucleoside
inhibitor binding site in the p66 palm subdomain. However, the binding mode of many other NNRTI
derivatives including nevirapine analogues is not yet known. Although it is assumed that these also bind
in a similar mode, there are subtle differences among them [22,23]. Thus, the exploration of the binding
mode will provide valuable information to understand the inhibition mechanism of the inhibitors to RT
and to help in the design of more potent inhibitors.

Modern approaches for finding new leads for therapeutic targets are increasingly based on 3-
dimensional information about receptors. An effective way to predict binding structure of a substrate
in its receptor is docking simulation, which has been successfully used in many applications. Some
docking methods have demonstrated promising power to predict a reasonable binding structure. Com-
binations of the method with other methods, such as MD simulation, free energy binding calculation,
comparative molecular field analysis (COMFA) and comparative molecular similarity indices analysis
(CoMSIA) enable to get a lot of insights on biological systems and to help rational drug design. Several
ways to calculate free energy of binding (FEB) have been suggested and used in different applications.
Jorgensen er al. [24] have successfully applied Monte Carlo and Linear Response Equation (LRE) on
many systems to calculate binding affinities. Wang er al. [25] developed the molecular mechanics based
poisson-Boltzmann/surface area (MM-PBSA) solvation model and applied the method in the predication
of activity of 12 TIBO-like inhibitors. In a free energy calculation, the accurate predictions of solvation
and entropy contributions to a binding process are always challenging. Many works have shown that
Poisson-Boltzmann and Generalized-Born solvation models are good ways to estimate the electrostatic
part of solvation effect in a binding process. Although some work demonstrates that normal mode
analysis can be used to estimate the entropy effect in a process, it is very time-consuming.

Recognition by the pharmaceutical industry that undesirable absorption, distribution, metabolism
and excretion (ADME) properties of new drug candidates are the cause of many clinical phase drug
development failures [26]. This has resulted in a paradigm shift to identify such problems early in
the drug discovery process. Thus, in vitro approaches are now widely used to investigate the ADME
properties of new chemical entities and, more recently, computational (in silico) modeling has been
investigated as a tool to optimize selection of the most suitable candidates for drug development.

In the present work nevirapine and 47 structural nevirapine derivatives were used to study the binding
modes and binding affinities to the receptor; also the free energy of binding was analyzed. We try to
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use a flexible docking (Glide) approach to predict the “preferable” binding structure of a ligand in RT.
To study the association of the ligands with the receptor further, we use the automated mechanism of
Multi-Ligand Bimolecular Association with Energetics (eMBrAcE). It uses traditional MM methods to
calculate ligand-receptor interaction energies (electrostatic energy (Gele), van der Waals energy (GvdW)),
with a generalized-Born/surface area (GB/SA) solvation method for electrostatic part of solvation energy
(Gsolv) [27-29] and solvent-accessible surface for the nonpolar part of solvation energy [30]. The
approach is simple, fast and straightforward. It benefits the calculation of relative binding affinity
needed to evaluate the activity of large set of molecules in rational drug design. The final screening
of the nevirapine and its analogues for the probable absorption, distribution, metabolism and excretion
(ADME) properties are calculated using the Qikprop program (Schrodinger, Inc.).

The co-crystallized structure of only the nevirapine (1VRT and 3HVT) with RT is available. However,
the effectiveness of other derivatives of nevirapine is yet to be determined. The need to determine
their binding structures in the active site of RT and explore the interactions for these new RT analogues
is essential in order to improve the design of second generation inhibitors. Hence, in this study we
have set out to study the binding mode of nevirapine and its analogues using a combined approach of
docking-MM-GB/SA and their final screening based on ADME properties, leading to successful drug
development.

MATERIALS AND METHODS
Preparation of protein target structure

The starting coordinates of the HIV-1 RT [1VRT and 3HVT] were taken from the Protein Data Bank
(www.rcsb.org) and further modified to be used for Glide docking (Schrodinger, Inc.). The complex were
imported to maestro window (Schroger, Inc.), the co-crystallized ligands were identified and removed
from the structure and the protein was minimized using the protein preparation wizard (shipped by
Schrodinger) by applying OPLS_2005 force field by application of the autoref.pl script. Progressively
weaker restraints (tethering force constants 3, 1, 0.3, 0.1) were applied to nonhydrogen atoms only. This
refinement procedure is recommended by Schrodinger (technical notes for version 1.8), because Glide
uses the full OPLS-AA force field at an intermediate docking stage and is claimed to be more sensitive
towards geometric details than other docking tools. Water molecules were removed (except the three
water molecules HOH1034, HOH1066, HOH1183 present in the binding site) and H-atoms were added
to the structure. Most likely positions of hydroxyl and thiol hydrogens, protonation states and tautomers
of His residues, and Chi “flip” assignments for Asn, GIn and His residues were selected by the protein
assignment script. Minimizations were performed until the average root mean square deviation of the
non-hydrogen atoms reached 0.3 A.

Preparation of compound libraries

The coordinates of nevirapine were obtained from the co-crystallized structure (1VRT and 3HVT).
The other inhibitors for the target protein HIV-1 RT, p66 domain were built using the nevirapine as a
template. The library of analogues was generated by modifying the respective functional groups (X,
Y and R) in the scaffold structure with sterically and conformationally allowed substituents using the
reagent database and the combinatorial design module (Schrodinger) (Table 1). Each structure was
assigned an appropriate bond order using ligprep script shipped by Schrodinger. The inhibitors were
converted to mae format (Maestro, Schrodinger Inc.) and optimized by means of the MMFF94 force
field using default setting.
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Table 1
Library of nevirapine analogues used in the work

(Parental structure of Nevirapine)

Analogues X Y R Analogues X Y R

S1(Original) O ClI CYCLOPROPYL S25 O H CYCLOPROPYL
S2 O Cl CYCLOPROPYL METHYL S26 O H CYCQLOPROPYL METHYL
S3 O Cl DIMETHYL ALLYL S27 O H DIMETHYL ALLYL
S4 O CI  CH2-CO-CH3 S28 O H € CH3
S5 O Cl CH2-C(CH3)=CH2 S29 O H € CH3)=CH2
S6 O (Cl CH2C(CH=CH2)=CH2 S30 O . H . CH2)=CH2
S7 O Cl CH2COOCH3 S31 O B 3
S8 O ClI CH2CH2CH3 S32 O H GIHCHS
S9 O Cl CH2CH2CH2CH3 S33 O H Q I2CH3
S10 O C CH2CH2CH=CH2 S34 O H O H=CH2
S11 O Cl CH2CH=CHCH3 S35 O ‘H HCH3
S12 S ClI CH2C(CH3)=CHCH3 S36 O H «a H3)=CHCH3
S13 S Cl CYCLOPROPYL S37 S H CYCQLOPROPYL
S14 S ClI CYCLOPROPYL METHYL S38 S H CYCQLOPROPYL METHYL
S15 S ClI DIMETHYL ALLYL S39 S H DIMETHYLALLYL
S16 S Cl CH2-CO-CH3 540 S H O O-Ct
S17 S Cl CH2-C(CH3)=CH2 S41 S H O
S18 S CI CH2C(CH=CH2)=CH2 S42 S "H e
S19 S Cl CH2COOCH3 - 843 S H O
S20 S ClI CH2CH2CH3 S44 S H O
S21 S Cl CH2CH2CH2CH3 S45 S "H 3
S22 S Cl CH2CH2CH=CH2 S46 S H G
S23 S Cl CH2CH=CHCH3 547 S (i d
S24 S CI CH2C(CH3)=CHCH3 S48 S H CHXOICH3)=CHCH3

Glide docking and scoring function

Glide calculations were performed with Impact version v18007 (Schrodinger. Inc.) [31-33]. It per-
forms grid-based ligand docking with energetics and searches for favorabie imteractions between one
or more typically small ligand molecules and a typically larger receptor molecule, usually a protein.
Schrodinger recommends the performance of test calculations with different scaling factors for the re-
ceptor and ligand atom van der Waals radii, because steric repulsive interactions might otherwise be
overemphasized, leading to rejection of overall correct binding modes of active compounds. After en-
suring that protein and ligands are in correct form for docking, the receptor-grid files were generated
using grid-receptor generation program. To soften the potential for nonpolar parts of the receptor, we
scaled van der Waals radii of receptor atoms by 1.00 with partial atomic charge 0.25. A grid box of size
56 x 56 X 56 points with coordinates X = 3.4860, Y = —36.804 and Z — 22 3858 was generated at
the centroid of the active site and the size of ligands to be docked were selected from the workspace.
The ligands were docked with the active site using the “xtra precision” Glide algorithm. Glide generates
conformations internally and passes these through a series of filters. The first places the ligand center at
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various grid positions of a 1 A grid and rotates it around the three Euler angles. At this stage, crude score
values and geometric filters weed out unlikely binding modes. The next filter stage involves a grid-based
force field evaluation and refinement of docking solutions including torsional and rigid-body movements
of the ligand. The OPLS-AA force field is used for this purpose. A small number of surviving docking
solutions can then be subjected to a Monte Carlo procedure to minimize the energy score. The final
energy evaluation is done with Glide score (GScore) and a single best pose is generated as the output for
a particular ligand.

GScore = a * vdW + b * Coul 4 Lipo + Hbond + Metal + BuryP + RotB + Site

where vdW is van der Waals energy; Coul, Coulomb energy; Lipo, lipophilic contact term; HBond,
hydrogen-bonding term; Metal, metal-binding term; BuryP, penalty for buried polar groups; RotB,
penalty for freezing rotatable bonds; Site, polar interactions in the active site; and the coefficients of vdW
and Coul are: a = 0.065, b = 0.130.

The choice of the best docked structure for each ligand was made using model energy score (Emodel)
that combines Glide score, the nonbonded interaction energy and the excess internal energy of the gener-
ated ligand conformation. Glide computed the nonbonded interaction energy as a specially constructed
Coulomb-van der Waals interaction-energy score (CvdW) that is formulated to avoid overlay rewarding
charge-charge interactions at the expense of charge-dipole and dipole-dipole interactions. This score is
intended to be more suitable for comparing the binding affinities of different ligands than is the ‘raw’
Coulomb-van der Waals interaction energy.

MM and binding free energies

For the calculation of free energy of binding (FEB) of the ligands with RT only the Glide-XP docking
results was taken and only the best scoring pose for each ligand was taken into consideration. Bimolecular
Association with Energetics (eMBrAcE) developed by Schridinger was used for physics based rescoring
procedure [27]. For each ligand, the protein-ligand complex (Ejig_prot), the free protein (Eprot), and
the free ligand (Eyg) were all subjected to energy minimization in implicit solvent (generalized Born).
eMBrAcE uses the OPLS-AA all-atom force field with the surface generalized Born implicit solvent
model [34,35]. It uses traditional MM methods to calculate ligand-receptor interaction energies (G le,
Gvaw, Gsolv), With a Gaussian smooth dielectric constant function method [36] for electrostatic part of
solvation energy and solvent-accessible surface for the nonpolar part of solvation energy. A conjugate
gradient minimization protocol was used in all minimization. eMBrAcE minimization calculations
were performed using energy difference mode, in which energy changes upon association are estimated,
taking as input the complexes obtained after docking analysis (Glide outputs). The energy difference
was calculated using the equation:

AE = Ecomplex - Eligand - Eprotein
The full effects of relaxation and solvation are also included in this mode.

ADME screening

The QikProp program [37] was used to obtain the absorption, distribution, metabolism, and excretion
(ADME) properties of the analogues. It predicts both physically significant descriptors and pharma-
ceutically relevant properties. All the analogues were neutralized before being used by Qikprop. The
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Table 2
Information for RT crystal structures used in the study

PDB Code Inhibitor Resolution (A) R-value  No. of atoms

1VRT Nevirapine 2.20 0.186 7953
3HVT Nevirapine 2.90 0.266 7426

neutralizing step is essential, as in normal mode QikProp is unable to neutralize a structure and no prop-
erties will be generated. The program was processed in normal mode, predicting 44 properties for the
48 molecules which consisted of principal descriptors and the physiochemical properties with a detailed
analysis of the predicted octanol/water partition coefficient (QPlogPo/w), predicted octanol/gas partition
coefficient (QPlogPoct), predicted water/gas partition coefficient (QPlogPw). predicted polarizability in
cubic angstroms (QPpolrz), % human oral absorption in intestine (QP%), predicted brain/blood partition
coefficient (QPlogBB), predicted IC50 value for blockage of HERG K+ channels (log HERG), predicted
skin permeability (QPlogKp), prediction of binding to human serum albumin (QPlogKhsa), predicted
apparent Caco-2 cell permeability in nm/sec (QPPCaco) and predicted apparent MDCK cell permeability
in nm/sec (QPPMDCK). Caco-2 cells are a model for the gut-blood barrier whereas MDCK cells are
considered to be a good mimic for the blood-brain barrier. It also evaluates the acceptability of the
analogues based on the Lipinski’s rule of 5 (number of violations of Lipinski’s rule of five) which is
essential for rational drug design. Poor absorption or permeation are more likely when a ligand molecule
violates Lipinski’s rule of five i.e., has more than 5 hydrogen bond donors, the molecular weight is over
500, the log P is over 5 and the sum of N’s and O’s is over 10.

RESULTS AND DISCUSSION

Two PDB files (1VRT and 3HVT) of high resolution crystal structures of RT with nevirapine were
used (Table 2) in the docking simulation. Visualization of the binding site of nevirapine revealed that
the entrance to the active site varies in the two crystallographic structures. Two complexes of RT with
co-crystallized nevirapine, PDB codes 1VRT and 3HVT were compared. When the nevirapine in these
two complexes were superimposed, the root mean square deviation (RMSD) of the coordinates for the
187 atoms of residues, Leul00, Lys102, Lys103, Val179, Tyr188, Gly190. Phe227. Leu234 and His235,
which form the binding site, is 1.5 A, suggest that the active sites for these two complexes are not same.

Molecular docking of nevirapine and its analogues

The original crystal structures of 1 VRT and 3HVT were used to validate the Glide-XP docking for the
HIV-1 RT system. This was done by moving the inhibitor outside of active site entrance and then docking
it back into the active site. The top 5 configurations after docking were taken into consideration to validate
the result. The RMSD was calculated for each one in compare to the co-crystallized nevirapine. The
RMSD value for 1VRT was found in between 0.55-2.2 A while for 3HVT it was 0.43-1.01 A (Table 3).
This proved that the docked molecules were bound with similar orientation and conformation with the
active site in RT.

To study the molecular basis of interaction and affinity of binding of the nevirapine and its analogues,
all the ligands have been docked into the active site of RT. The docking result of these ligands was given
in Table 4a and 4b. The ranking of ligands was done based on the Glide score. All the 48 ligands have
accepted poses with both the receptors (1 VRT and 3HVT). However, the energy difference among all the
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Table 3
Docking result of five lowest configurations of nevirapine in reverse tran-
scriptase (1VRT and 3HVT)

Configuration  Glide score  Emodel (kJ/mol) ~ AE*  RMSD (A)P
Docked in 1VRT

1 —10.00 —286.5 0.0 0.55
2 —1.96 —281.3 -55 1.4
3 —1.83 —264.6 —16.7 1.4
4 —1.16 —249.5 —15.1 1.8
5 —0.09 —237.8 —-11.7 2.2
Docked in 3HVT
1 —12.74 —269.2 0.0 0.43
2 —12.68 —268.4 —0.8 0.54
3 —12.29 —267.1 -1.3 0.61
4 —-11.73 —265.9 - =12 0.90
5 —11.39 —255.8 —10.1 1.01

*AFE = E; — Elowest; "RMSD between docked and crystallogrgphic nevi-
rapine structures.

Table 4a
The docking results of nevirapine and its analogues in the original crystal structure of RT (1'VRT) using Glide-XP

Rank  Ligand No.  Glide score  Emodel (kJ/mol) Rank Ligand No. Glide score  Emodel (kl/mol)

1 S48 —14.62 —252.05 25 S38 —12.41 —135.23
2 S17 —14.49 —207.25 26 S37 —12.46 —=212.27
3 S42 —14.25 —186.73 27 S20 —12.25 —147.38
4 S47 —14.24 —210.18 28 S39 -12.19 —83.74
5 S24 —-14.16 —201.39 29 528 -12.17 —209.34
6 S41 —14.11 —257.07 30 S10 —12.13 —141.93
7 543 —14.01 —301.87 31 S2 =11.99 —250.37
8 S13 —-13.94 —244.93 32 S27 —11.25 —145.70
9 S16 —13.80 —246.18 33 S19 =117 —262.93
10 S21 —13.68 —231.11 34 S5 —-10.96 —254.14
11 S45 —13.67 —~238.65 35 S23 —10.95 —255.81
12 S22 —13.57 —243.25 36 S11 —10.43 —136.49
13 S18 —13.45 —146.12 37 S7 -10.19 —286.38
14 S44 -13.37 —218.55 38 S1(Nevirapine) —10.00 —286.80
15 S36 —13.34 —208.08 39 S8 -9.90 —246.60
16 S14 —-13.28 —237.81 40 S3 -9.82 —220.23
17 540 -13.22 —216.04 41 S9 —9.64 —233.62
18 S46 -13.14 —149.05 42 S31 —8.87 —257.91
19 S12 —13.02 —162.87 43 S26 —8.85 —278.42
20 S4 =12.75 —129.79 44 S34 —38.70 —251.21
21 S15 —-12.73 —-32.24 45 S33 —8.68 —247.02
22 S35 —12.66 —109.69 46 S25 —8.52 ~273.82
23 S29 —-12.61 —239.48 47 S32 —8.52 —238.23
24 S6 —12.57 —143.61 48 S30 —6.33 —187.57

48 ligands is very small (+1.45 kJ/mol) in 3HVT compared to 1 VRT (+3.54 kJ/mol). Minimum RMSD
(0.89 A) after superposition of docked nevirapine in 1VRT and 3HVT revealed that the binding mode
of nevirapine in two RTs is considered to be essentially similar (Fig. 1a and 1b: Showing the docked
nevirapine analogues in the active site of (a) reverse transcriptase 1 (1VRT) and (b) reverse transcriptase
1 (3HVT). Two stable hydrogen bonds (dotted green lines) formed between nevirapine and two water
molecules in the binding site of RTs. By superposing the best binding conformation (with the lowest
Emodel score of all the analogues; it is seen that these analogues bind in the same orientation and similar
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Table 4b
The docking results of nevirapine and its analogues in the original crystal structure of RT (3HVT) using Glide-XP

Rank Ligand No.  Glide score ~ Emodel (kJ/mol) Rank Ligand No. Glide score  Emodel (kJ/mol)

1 S36 —15.26 —221.48 95 S45 —13.08 —140.68
2 S6 —14.64 —148.63 26 S46 —13.08 —175.85
3 S29 —14.22 —208.92 27 $40 —13.07 —218.13
4 S2 —13.94 —192.59 28 S39 —-12.94 -133.14
5 S5 —-13.92 —143.61 ' 29 S7 —12.89 —271.30
6 S30 —13.88 —201.80 30 547 —-12.85 —130.21
7 $33 =13.77 —198.87 31 S32 -12.83 -162.87
8 S19 —13.54 —229.86 32 S22 —12.76 —170.40
9 S34 —13.52 —200.97 33 S1(Nevirapine) —12.74 —269.21
10 S42 -13.50 —191.34 34 S41 —12.64 —169.57
11 S48 —13.49 —140.68 35 S21 —12.60 —154.49
12 S24 —13.48 —236.55 36 S4 ‘ —12.60 —184.22
13 S35 —13.43 —192.17 37 S43 —12.50 —198.04
14 S9 —13.43 —204.32 38 S31 —12.43 —246.60
15 Si8 —13.41 —239.48 39 S8 —12.38 —195.10
16 - S15 -13.31 -119.32 40 S14 —-12.25 —40.61
17 S16 —-13.29 —221.06 41 S20 —12.18 —-123.09
18 526 —13.28 —182.54 42 S11 —11.92 —188.82
19 S17 -13.24 —221.48 43 S44 —11.75 —133.56
20 S3 -13.22 —202.22 44 S37 —11.37 —126.02
21 S10 —13.17 —82.06 45 S23 —11.05 —147.79
22 S27 —-13.14 —211.01 46 S38 —10.86 —65.73
23 S12 —-13.12 —163.70 47 S13 -10.7 —93.78
24 S28 —13.08 —182.13 48 S25 —9.38 —171.66

position in terms of the common structure (triple-ring part) unlike that of nevirapine (Fig. 2a and 2b).
As these molecules have the same backbone structure of the triple-ring, it is well possible that they bind
in similar pattern in NNRTIs active site of RT in nature. All the 47 nevirapine analogues were found
to be good binder with RT. The docking score (GScore) using Glide varies from —6.33 (analogue, S30)
to a minimum of —14.62 (analogue, S48) in 1 VRT and the score was —9.38 (analogue, S25) to —15.26
(analogue, S36) in 3HVT. Because the GScore for 3HVT is at the most negative range in compare to
1'VRT, the binding site of 3HVT is the most accurate one for screening of most effective ligands. The
co-crystallized nevirapine (S1) has docked score of —10.00 in 1VRT and —12.74 in 3HVT. Based on
GScore it is revealed that the analogues of nevirapine prepared in this study could be the potential drugs
for second generation drug development.

Calculated free energy of binding versus activity

For calculation of free energy of binding (FEB) and prediction of biological activity (pICsg) only the
docking simulation with 3HVT RT was taken into consideration. That was done because the RMSD
value between the best five configurations of the nevirapine within the active site of 3HVT was much
lower (1.01 A) in comparison to 1VRT (2.2 A) and revealed a better binding site. One docking structure
with best poses (out of 5 poses with lowest Glide score) from each molecule docking result was used to
calculate FEB using eMBrAcE (Schrddinger) and predicting ICs. The interaction energy was calculated
after a minimization was performed on a docked ligand in which atoms within 7.5 A from the ligand
were free to move (other atoms were fixed). The interaction energy includes an implicit solvation (H50)
term. Van der Waals, solvation and electrostatic energy as well as solvent accessible surface area (SASA)
were calculated for each minimized complex (Table 5). A similar scheme to linear response was used
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®

Fig. 1. Showing the docked nevirapine analogues in the active site of (a) reverse transcriptase 1 (1VRT) and (b) reverse
transcriptase 1 (3HVT). The green lines (dotted) demonstrate the hydrogen bonds formed between nevirapine and two water
molecules within the binding site.

to develop a free energy of binding (FEB) relationship which in turn used to predict the activity (pICsp)
of nevirapine analogues. Theoretically, FEB can be partitioned into several components: van der Waals,
electrostatic, solvation and entropy energy term. The entropy contribution is most difficult to calculate.
However, several methods [38, 39] have been suggested to estimate the entropy contribution. For
relatively rigid molecules, the entropy is relatively small and is normally ignored or cancelled in relative
free energy calculation. Further, in the rational drug design, the calculation of relative FEB rather than
absolute FEB is important. The plot of the FEB and log (1/pICs0) reveals a significant relationship (B2
= 0.9948) between these two parameters (Fig. 3). The linear trend in the plot indicated that the docking
calculation produces reasonable binding modes. Based on correlation study, it is seen that electrostatic
energy (Gele) has most significant correlation to the activity (pICso) (R? = 17%) followed by van der
Waals energy (R? = 12.5%), solvation energy (R? = 7.9%) and SASA has list significant correlation
(R? = 0.1%) to the activity. It indicates that in the binding of nevirapine analogues, electrostatic energy
estimated by GB/SA may be a major driving force to their binding and contribution to their activity. The
calculated FEB among the ligands varies in between —20.70 to —38.42 kJ/mol and the overall difference
is also very small (£5.07 kJ/mol). It revealed that all these ligands bind in RT with high affinity and
showed activity (pICsg) in between 8.29 and 15.40. The co-crystallized ligand nevirapine having FEB
—26.37 kJ/mol and pIC5q 10.57 proved to be less potent than that its analogues taken into consideration.
The experimental ICsq value of nevirapine is 10.0 M [40] which is very close to pICsg and suggested
that the calculated pICsg based on FEB is robust and accurate.

ADME screening
We have analyzed 44 physically significant descriptors and pharmaceutically relevant properties of

nevirapine and its analogues, among which were molecular weight, polarizability (A), log P (octanol/gas),
log P (water/gas), log P (octanol/water), log BB (brain/blood), log PMDCK, log Kp (skin permeability),



284 D. Sengupta et al. / Docking-MM-GB/SA and ADME Screening of HIV-1 NNRTI Inhibitor

evirapine Analogues Qodgcéinﬁ
ithe Binding site of RPpS6

Fig. 2. Showing the superposition of six lowest energy configurations of nevirapine analogues docked in (a) reverse transcriptase
1 (1VRT) and (b) reverse transcriptase 1 (3HVT).

log Khsa (serum protein binding) etc. and their screening in accordance to Lipinski’s rule of 5. For the
log P (octanol/water), QP%, and log HERG, if the value for a utilized descriptor exceeded the range for
the experimental training set, it was flagged. In this study out of 48 ligands, all the structures showed
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Table 5
Calculated energies and estimated free energy of binding (FEB) of nevirapine and its analogues (kJ/mol) in RT (3HVT)
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Analogues Gvdw  Gele Gsolv SASA FEBI pICZ, Analogues Gyaw  Gee Geoiw SASA FEB! pICZ,
Sl —58.55 18.24 13.94 503.05 —26.37 10.57  S$25 —66.52 31.05 —9.85 473.87 —32.32 12.95
S2. —4977 —0.70 2929 528.71 —21.18 849  S26  —51.55 —28.22 43.29 499.6] —36.48 14.62
S3  —61.85 1874 13.59 551.51 —29.52 11.83 ~ S27  —56.35 —28.32 43.14 520.92 —32.53 13.04
S4  —7438 18.78 9.79 502.38 —25.81 10.3¢  S28  —75.75 18.63  5.10 475.67 —32.02 12.83
S5 —52.80 —5.56 24.73 521.84 —33.63 13.48 S29  —61.32 33.82 —9.13 494.42 —36.63 14.68
S6  —59.39  17.12 12.97 536.93 —29.30 11.74  S30  —49.66 8.82 584 508.01 —35.00 14.03
S7 —72.86 —21.73 3228 540.62 —33.31 1335  S31  —71.97 —46.92 57.41 49820 —35.48 14.22
S8  —7129 -2.63 38.42 516.36 —35.50 14.23 $32 —65.52 2745 —11.85 488.83 —33.74 13.52
S9  —7829 —7.69 42.02 548.39 —33.96 13.61 §33  —71.01 —5.47 2690 521.50 —29.58 11.85
SI0 —73.40  6.36 20.97 536.48 —33.07 1325  S$34  —51.27 —21.33 48.56 508.01 —24.04 9.63
SI1  —67.42 —29.65 49.10 536.76 —31.97 12.81 S35 —56.67 226 2730 510.83 —27.11 10.86
SI12. —7546 —22.61 45.12 54871 —35.10 14.07  S$36  —55.29 —27.48 11.56 520.30 —33.21 13.31
SI3 —63.99 249 27.00 517.59 —34.50 13.83  S37  —65.98 —17.32 34.01 491.48 —2929 11.74
S14  —74.86 —21.63 29.28 54249 —3521 14.11 §38  —50.23 —9.23 21.54 516.37 —23.92 9.59
SI5  —=79.73  9.98 13.16 569.64 —26.59 10.66  S39  —76.13 —0.05 29.32 545.28 —26.86 10.76
SI6 —54.85 —2850 46.04 52022 —37.31 1495  S40  —40.65 —12.52 32.47 49595 —20.70 8.29
SI7 ~ —73.88 —20.73 32.22 543.14 —33.39 13.38  S41  —5876 15.66 20.17 512.10 —22.93 9.19
S18  —57.02  7.87 6.42 55840 —22.73 9.11 S42  —71.63 —13.52 31.87 532.87 —33.28 13.34
S19  —69.86 —20.43 30.28 540.01 —34.01 13.63  S43  —62.55 4.69 21.65 516.50 —3621 14.51
S20  —64.68 35.65 3.51 531.32 —25.52 10.23  S44  —61.96 21.72 17.29 505.56 —22.95 920
S21  —61.83 3635 0.99 564.04 —24.49 981 S45  —76.32 —16.85 4329 537.81 —34.88 13.98
S22 —5327 -—3.43 21.08 553.82 —35.62 1428  S46 —36.06 506 3.18 525.14 —27.82 11.15
S23  —61.13 1482 277 55446 —23.54 943  S47  —5635 2038  7.40 53021 —28.57 1145
§24  —70.04 —31.25 47.87 562.18 —38.42 1540 S48  —55.09 11.24 2228 53423 —21.57 8.64

1. Calculated free energy of binding, AG.ala is calculated from optimized linear combination of AGele, AGvaw, AGsoly,
and SASA from regression.
2. Predicted pICso is estimated from AGlealq using the following relationship: AGhinding = RTInK gissociated &~ RTINICs0 =
—RTpICso, where temperature (1") = 300 Kelvin.

Geald (kj‘mol)

Y =66.15X +41.004
R*=0.9948

-1.1

Log (1/pIC50)

Fig. 3. Linear regression plot between FEB and log (1/pICs0) of 48 nevirapine analogues used in the study.
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Table 6
Screening of ADME properties for nevirapine and its analogues using Qikprop simulation

Ligand QP QP Log QPP QPP Rule Ligand QP QP Log QPP QPP  Rule
No. logPo/w % HERG Caco MDCK of5 No. logPo/w % HERG Caco MDCK of5
S1 241 9645 —4.70 239458 127131 O 825 2.04 96.16 —4.70 1807.54 938.06 0

S2 2.77 100 —4.81 2571.59 1373.19 0 S26 239 9691 —4.82 194994 101819 O
S3 3.14 100 —4.93 2799.13 150497 0 S27 2:27 100 —4.90 219828 1159.05 O
S4 2:35 100 —4.85 2784.29 149635 O S28 2.17 100 —4.92 211826 111351 0
S5 2.78 100 —4.77 2504.50 1334.50 0O S29 2.40 100 —4.82 187394 97536 O
S6 3.08 100 . —4.91 2597.04 1387.88 O S30 2.70 100 —4.94 2067.76 1084.84 0
S7 1.72  86.78 —5.04 973.11 48034 0 S31 1.30  86.07 —4.78 71624 34489 0
S8 2.64 100 —4.85 2851.69 153554 O S32 *2:25 100 —4.90 215690 113548 0
S9 3.00 100 —5.08 2849.09 1534.03 0 S33 2.61 100 —5.15 215099 1132.12 O
S10 2.95 100 —5.14 2845.18 1531.75 O S34 2.56 100 - —5.17 2159.78 1137.12 O
S11 2.89 100 —5.02 2791.90 1500.77 O S35 2.51 100 —5.12 2107.86 1107.60 0
S12 3.11 96.90 —4.80 247848 1319.52 O S36 270  96.66 —4.86 189264 98589 0
S13 3.84 100 —4.71 6587.48 916224 0 S37 3.46 100 —4.80 5166.99 713253 0
S14 420 100 —4.81 7106.21 9946.96 0 S38 3.82 100 —4.90 559736 777139 0
S15 4.57 100 —4.99 7349.06 10000 O S39 4.21 100 —5.13 5908.02 812654 O
S16 3.96 100 —4.91 726695 9958.89 0 S40 3.60 100 —5.06 5871.30 807145 O
S17 4.21 100 —4.91 611645 834531 O S41 3.85 100 —491 548499 755775 O
S18 4.46 100 —5.11 6081.60 7942.00 0 S42 4.10 100 —5.21 4890.80 643453 0
S19 3.04 96366 —4.74 2450.63 3081.45 O S43 2770 96.97 —489 198480 251740 O
520 4.03 100 —4.86 7353.41 10000 O S44 -3.68 100 —498 6222.04 858252 O
S21 441 100 —5.10 735426 10000 O S45 4.05 100 —5.22 6233.76 859373 0
S22 4.35 100 —5.20 7260.14 9909.77 O S46 4.00 100 —5.26 627826 8663.16 0
523 4.32 100 —5.07 7269.83 9968.77 O S47 3.95 1000 —5.22 5871.27 807230 0
S24 4.49 100 —4.80 6118.09 7923.95 0 S48 4.14 100 —4.87 546032 7193.08 O

QP logPo/w — QP log P for octanol/water. QP % — % Human oral absorption in GI (+—20%) (<25% is poor). log HERG
— HERG K+ channel blockage (concern below —5). QPP Caco — Apparent Caco-2 permeability (nm/sec) (<25 poor, >500
great). Qpp MDCk — Apparent MDCK permeability (nm/sec) (<25 poor, >500 great). Rule of 5 — Lipinski Rule of 5.violations.

significant values for the properties analyzed and showed drug like characteristic’s based on Lipinski’s
rule of 5 (Table 6).

Biological indications of docking structure and ADME screening

The naturally occurring and the synthetic compounds (Table 1) were evaluated using docking-MM-
GB/SA approach. The docking results showed that the structurally homologous inhibitors bind in a very
similar position and orientation to RT, which suggests that the homologous inhibitors have similar binding
patterns and interaction modes in RT, and further have similar inhibitory mechanism. Furthermore, the
most potent inhibitor should have the interaction with the highest affinity with RT.

The docking structures of all compounds showed that they bind in very similar pattern in RT unlike that
of nevirapine. To illustrate the binding structures of compounds of different activity, we superpose six
higher activity ligands (S36,56,529,S2) and two lower activity ligands (S12,S28) docked into the active
site of 3HVT (Fig. 4). For sake of clarity we did not put all ligands on the figure. The calculated FEB
of the 47 nevirapine analogues demonstrates a linear correlation (R? = 0.9944) with their log (1/pICsp)
value. This concludes that the structural modification implemented in this study is significantly related
to their activity. Also this proved. the reasonability and reliability of the docking results. It can be seen
that substitution of functional groups at position X, Y and R leads to increase in binding affinity of
modified analogues even more intense than that of co-crystallized ligand. For example substitution of
0, H and CH,C(CH3) = CHCH3 at X, Y and R position in the scaffold structure of nevirapine obtained
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Fig. 4. Showing the superposition of six higher activity ligands (S36, S6, $29, S2) and two lower activity ligands (S12, S28)
docked into the active site of 3HVT.

the best result with docking score = —15.26, FEB = —33.21 kJ/mol and pICsp = 13.21. Further ADME
screening provided a peered analysis for the final selection of the potential candidates from the compound
library generated. Based on the overall analysis we can conclude that the analogues S36 and S29 are
the most potent analogues which could be used for second generation of drug development. Both have
exhibited effective binding in the active site of RT, showed an optimal predicted IC5, values and even
qualify the Lipinski’s rule of five.

The combined approach of docking-MM-GB/SA and the final screening based on ADME properties
used in this work has the potential to predict the binding affinity of a large set of ligands to a receptor as
well as their validation as potential drug candidates for second generation drug discovery.
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