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Abstract. A template-based flexible docking simulation followed by ‘Tabu-clustering’ was performed 
on a series of 38 TIBO derivatives as HIV-1 reverse transcriptase (HIV-1 RT) inhibitors. Four different 
templates of the Cl-TIBO (1-REV) were created and used as reference templates for docking and align-
ing. On the basis of the optimal conformation of the ligands, when fitting to the template, the respective 
scoring functions were obtained; different ligand efficiencies were evaluated and analysed. Statistical 
modelling using artificial neural network (ANN: r2 = 0⋅922) and multiple linear regression method 
(MLR: r2 = 0⋅851) showed good correlation between the biological activity, binding affinity, and differ-
ent ligand efficiencies of the compounds, which suggest the robustness of the template-based binding 
conformations of these inhibitors. Our studies suggest that, template-based docking followed by ‘Tabu-
clustering’ will give a better alignment of inhibitors with respect to the crystal coordinates and enhance 
the docking efficiency. Also, our study indicates that scoring functions based on 3D symmetry analysis 
along with heavy atoms count serve as a valuable tool for estimating the efficiency of the ligands. Thus, 
this is a novel method based on heavy atoms count predicting the binding affinity of the TIBO group of 
inhibitors, so that their therapeutic utility can be enhanced. 
 
Keywords. TIBO; structure based drug design (SBDD); template; Tabu-clustering; HIV-1 reverse tran-
scriptase (HIVRT); non-nucleoside reverse transcriptase inhibitor (NNRTI); pIC50; multiple linear re-
gression (MLR); artificial neural network (ANN). 

1. Introduction 

The human immunodeficiency virus-1 (HIV-1), the 
causative agent for acquired immunodeficiency syn-
drome (AIDS), is the most interesting virus in the 
history of biomedical research.1–3 At present, che-
motherapy seems to be the main weapon in dealing 
with the dreaded disease caused by HIV-1 retro-virus. 
As a retrovirus, HIV has an envelop of lipid bi-layer 
membrane containing two copies of a single stranded 
RNA genome that codes for the structural proteins, 
surface glycoproteins, regulatory factors, and the 
enzymes reverse transcriptase (RT), protease, and 
integrase. Blocking the molecular mechanisms asso-
ciated with HIV-1 pathogenesis has been the aim of 

the researchers involved in AIDS eradication, but 
only limited success had been attained in this field.4,5 
The results of Highly Active Antiretroviral Therapy 
(HAART) have received a setback owing to drug re-
sistance as a result of incomplete suppression.6,7 
Thus, the issue of rapid emergence of NNRTI resis-
tance has to be tackled by designing potent and effi-
cient inhibitors in order to inhibit wild type HIV-1 as 
well as pre-existing resistant viral variants due to 
occurrence of mutations during ongoing viral repli-
cation.8–10 
 Non-nucleoside HIV-1 reverse transcriptase in-
hibitors (NNRTIs) are an important group of struc-
turally diverse compounds, which can act as highly 
effective inhibitors of the enzymatic activity of HIV-
1 reverse transcriptase in vitro and of HIV-1 viral 
replication in cell culture and infected people. To 
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fulfill the criteria of an efficient NNRTI, a com-
pound should bind specifically to the allosteric bind-
ing site, which is physically separated from the 
catalytic domain or the substrate binding site, of the 
HIV-1 RT at a concentration that is significantly 
lower than the concentration required to affect nor-
mal cell viability.11–14 HIV-1 RT is a heterodimer 
composed of a p66 subunit carrying both DNA po-
lymerase and RNase H-domain, and a proteolytically 
processed p51 subunit comprising only of the DNA 
polymerase domain. Both subunits are encoded in 
the same region of the viral genome, and a single mu-
tation in the RT coding region will result in a het-
erodimer carrying the same amino acid substitution 
in both the subunits. The three-dimensional structure 
of each subunit in the heterodimer is different, and 
the amino acid substitution in each subunit cannot 
be considered structurally or functionally equivalent. 
All the NNRTIs, independent of their structure, bind 
in a hydrophobic pocket, located in the p66 subunit, 
approximately 10 Å from the polymerase binding 
site.15–17 
 In the present scenario, chemotherapy seems to be 
the main weapon in dealing with the dreaded disease 
caused by HIV-1 retrovirus. Together with nucleoside 
reverse transcriptase inhibitors (NRTIs) and protease 
inhibitors (PIs), non-nucleoside reverse transcriptase 
inhibitors (NNRTIs) have gained a crucial place in 
the treatment of HIV-1 infections, and at present are 
in rapid progress. Virtually, all the drugs that have 
been licensed for clinical use for the treatment of HIV 
infections fall into one of the following categories: 
(i) nucleoside/nucleotide reverse transcriptase inhibi-
tors (NRTIs), that, following two phosphorylation or 
three phosphorylation steps act as chain terminators, 
at the substrate binding site of the reverse transcrip-
tase, (ii) nonnucleoside reverse transcriptase inhibitors 
(NNRTIs), that interact with the reverse transcrip-
tase at an allosteric, nonsubstrate binding site, (iii) 
protease inhibitors (PIs), that specifically inhibit the 
virus-associated protease or (iv) viral fusion inhibi-
tor such as Fuzeon.18 Numerous other stages of the 
viral replication cycle are also being investigated as 
possible chemotherapeutical targets such as viral at-
tachment to the host cell, integration of the provirus 
into the host genome, packaging and assembly of 
virions. The strength of NNRTIs as anti-AIDS drug 
lies in their antiviral potency, high specificity and 
low toxicity as they do not directly affect the activi-
ties of the cellular polymerases.19 
 Computational methods have developed into useful 
tools in facilitating new drug discovery. These meth-

ods are simple and non-expensive and speed up the 
process of designing novel and potent molecules with 
desired biological activity. Quantitative structure-
activity relationship (QSAR) and docking methods 
are two mostly used computational methods in struc-
ture-based drug design (SBDD).20,21 In QSAR meth-
odologies, a mathematical relationship, relating the 
biological activity to some molecular descriptors is 
obtained.22–24 In docking studies, different search al-
gorithms such as simulated annealing and genetic al-
gorithm in combination with scoring function such 
as molecular mechanic calculations are being used 
to study the binding of the candidate ligands to an 
enzyme with known structure. Through docking 
procedures, not only new biological active compound 
is introduced, but also the chemistry of the ligand–
enzyme interaction is well recognized. Docking studies 
involving NNI’s and HIV1 RT have been performed 
previously.25 Rationally designed NNRTIs deduced 
from computational assessment of changes in bind-
ing pocket size, shape and residue character that re-
sult from clinically observed NNRTI resistance-
associated mutations exhibit high binding affinity 
for HIV-1 RT and a better pharmacokinetic profile.26 
 TIBO (Tetrahydroimidazo-[4,5,1-jk][1,4]-Benzo-
diazepin-2(1H)-one and -thione) derivatives,27 are one 
of the important classes of non-nucleoside reverse 
transcriptase inhibitors which inhibit the replication 
of HIV-1.28,29 TIBO derivatives, like most of the 
other non-nucleoside inhibitors, on binding to the 
binding pocket, adapt conformation which resemble 
the wings of a butterfly, and hence called as butter-
fly like conformation. The specific conformation of 
the 7-membered ring of the TIBO derivatives is re-
sponsible for producing their butterfly like arrange-
ment. Comparison of the different RT–NNI complexes 
suggests modifications to the TIBO group of inhibi-
tors which might enhance their binding and hence, 
potentially, their therapeutic efficacy.30–32 A TIBO 
derivative, Tivirapine has already entered into the 
clinical trials.33 Analysis of the crystalline structures 
of the NNRTI/RT complexes in both presence and 
absence of mutations is crucial for understanding the 
interaction and stereo-chemical changes associated 
with the receptor and ligand on binding in the non-
nucleoside inhibitor-binding pocket.33–37 
 Recent reports have shown that docking scores are 
not much more accurate predictors of binding than 
the molecular weight,38 or that raw atom counts are 
almost as good as ‘2D fingerprints’39 have motivated 
us to perform the present studies wherein we have 
taken heavy atoms count and correlated it to various 
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scores as ligand efficiencies and utilized it in ascer-
taining the various binding efficacies, which seems 
to be a novel approach. 

2. Computational methods 

2.1 Molecular structures 

TIBO or Tetrahydroimidazo-[4,5,1-jk][1,4]-Benzo-
diazepin-2(1H)-one and -thione and its derivatives 
developed by Pauwels et al27 along with their bio-
logical activities are taken for template-based dock-
ing studies. The molecular structures were drawn 
and optimized using ChemDraw ultra 7.040 and ex-
ported to Molegro Virtual Docker41 where they were 
further prepared along with the proteins (charges and 
protonation states were assigned) by the docking en-
gine. The structure of HIV-1 RT protein (PDB code: 
1REV) was obtained from Protein Data Bank42 [Re-
search Collaboratory for Structural Bioinformatics 
(RCSB) (http://www.rcsb.org/pdb)]. 

2.2 Docking simulations 

Docking simulations have been performed using 
MolDock software, which combines differential 
evolution with a cavity prediction algorithm.43 The 
guided differential evolution algorithm combines the 
differential evolution optimization technique with a 
cavity prediction algorithm. Differential evolution 
(DE)44 has been successfully applied to molecular 
docking.45 Fast and accurate identification of poten-
tial binding modes during the search process is made 
by the use of predicted cavities. The docking scoring 
function of MolDock make use of piece-wise linear 
potential (PLP)46,47 and is further extended in 
GEMDOCK.48 The docking scoring function takes 
hydrogen bond directionality into account. The highest 
ranked poses are again reranked to increase the 
docking accuracy further. Only the ligand properties 
were represented in the individuals, as the protein 
has limited side chain flexibility during the docking 
process. The fitness of a candidate solution is the 
sum of the intermolecular interaction energy between 
the ligand and the protein, and the intramolecular in-
teraction energy of the ligand. The docking scoring 
function, Escore, is defined by the following energy 
terms 
 

 
score inter intra

,E E E= +  (1) 
 

where Einter is the ligand–protein interaction energy: 

 
2

int 2

.( ) 332 0 .
4

i j

er PLP ij

i ligand j protein r ij

q q
E E r

∈ ∈

⎡ ⎤
⎢ ⎥= +
⎢ ⎥⎣ ⎦

∑ ∑  (2) 

 
The summation runs over all heavy atoms in the ligand 
and all heavy atoms in the protein, including cofac-
tor atoms and water molecule atoms that might be 
present. The second term of the (2) describes the 
electrostatic interactions between charged atoms. 
 Eintra is the internal energy of the ligand: 
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The double summation is between all atom pairs in 
the ligand, excluding atom pairs that are connected 
by two bonds or less. The second term is a torsional 
energy term, parameterized according to the hy-
bridization types of the bonded atoms, θ is the tor-
sional angle of the bond. The last term, Eclash, assigns 
a penalty of 1000 if the distance between two atoms 
(more than two bonds apart) is less than 2⋅0 Å. Thus, 
the Eclash term punishes infeasible ligand conforma-
tions. 
 Our present study makes use of docking templates 
so as to focus the search. Templates are imple-
mented as scoring functions, rewarding poses simi-
lar to the specific pattern. A template is a collection 
of groups, where each group represents a chemical 
feature for an atom such as hydrogen acceptor atoms 
or donor atoms. Each template group contains a num-
ber of centers: optimal 3D positions for the group 
feature. 
 Following Gaussian formula is used for rewarding 
each group center: 
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where d is the distance from the position of the atom 
to the center in the group. ω is a weight factor for 
the template group and r0 is a distance parameter. 

3. Hardware and software 

Molegro Virtual Docker 2007.2.241 was run on a 
Windows XP based Pentium IV 2⋅66 GHz PC (with 
512 MB of memory). 
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Table 1. Anti-HIV-1 activity (inhibitory concentration pIC50), binding affinity (Ebinding in kJ/mol) and ligand effi-
ciencies (LE 1, LE 2, LE 3, LE 4 and LE 5) of tetrahydroimidazo-[4,5,1-jk][1,4]-benzodiazepin-2(1H)-one and -thione 
(TIBO derivatives). 

 
 

       Binding 
No. X Z R X′ pIC50

α
 affinity

δ
 LE 1

a
 LE 2

b
 LE 3

c
 LE 4

d
 LE 5

e
 

 

 1 9-Cl S DMA
£
 5-Me(S) 7⋅47 –25⋅02 –3⋅01 –1⋅19 8⋅79 –21⋅83 –21⋅36 

 2 8-Cl S DMA 5-Me(S) 8⋅37 –25⋅04 –4⋅34 –1⋅19 0⋅52 –21⋅46 –21⋅36 
 3 8-F S DMA 5-Me(S) 8⋅24 –24⋅98 –4⋅32 –1⋅19 0⋅47 –21⋅55 –21⋅41 
 4 8-SMe S DMA 5-Me(S) 8⋅30 –23⋅61 –3⋅97 –1⋅07 3⋅26 –20⋅90 –20⋅69 
 5 8-OMe S DMA 5-Me(S) 7⋅47 –23⋅45 –3⋅85 –1⋅07 2⋅62 –20⋅62 –20⋅53 
 6 8-OC2H5 S DMA 5-Me(S) 7⋅02 –24⋅34 –3⋅21 –1⋅06 5⋅24 –20⋅32 –20⋅06 
 7 8-CN O DMA 5-Me(S) 5⋅94 –18⋅51 –4⋅04 –0⋅84 1⋅11 –20⋅77 –20⋅64 
 8 8–CHO S DMA 5-Me(S) 6⋅73 –20⋅65 –3⋅80 –0⋅94 1⋅27 –20⋅60 –20⋅56 
 9 8C=–CH S DMA 5-Me(S) 7⋅53 –21⋅47 1⋅09 –0⋅98 29⋅12 –19⋅53 –19⋅60 
10 8-CH3 O DMA 5-Me(S) 6⋅00 –20⋅59 –4⋅00 –0⋅98 1⋅33 –21⋅51 –21⋅28 
11 8-N(CH3)2 O CPM

$
 5-Me(S) 5⋅18 –20⋅82 –2⋅60 –0⋅95 10⋅86 –20⋅94 –20⋅71 

12 9-NH2 O CPM 5-Me(S) 4⋅22 –22⋅06 –3⋅67 –1⋅10 3⋅63 –22⋅98 –22⋅56 
13 9-NHCOMe O CPM 5-Me(S) 3⋅80 –19⋅17 –3⋅61 –0⋅83 0⋅93 –19⋅93 –19⋅56 
14 9-F S DMA 5-Me(S) 7⋅60 –24⋅98 –3⋅05 –1⋅19 9⋅28 –21⋅86 –21⋅42 
15 9-Me O DEA

#
 5-Me(S) 6⋅50 –19⋅61 –3⋅76 –0⋅85 3⋅06 –19⋅85 –19⋅88 

16 H O CH2CO2Me 5-Me(S) 3⋅07 –23⋅17 –1⋅71 –1⋅16 10⋅23 –22⋅62 –22⋅03 
17 H O CH2C=–CH 5-Me(S) 3⋅24 –21⋅42 –1⋅13 –1⋅19 18⋅38 –23⋅44 –23⋅09 
18 H O CH2CH2CH=CH2 5-Me(S) 4⋅30 –20⋅78 –0⋅17 –1⋅09 21⋅11 –22⋅29 –22⋅03 
19 H O CH2CH2CH3 5-Me(S) 4⋅05 –20⋅36 –4⋅45 –1⋅13 –0⋅68 –24⋅06 –23⋅63 
20 H O CH2CH=CHMe(Z) 5-Me(S) 4⋅46 –21⋅55 –4⋅37 –1⋅13 –0⋅15 –23⋅22 –22⋅81 
21 H O DMA 5-Me(S) 4⋅90 –20⋅93 –4⋅04 –1⋅05 0⋅83 –22⋅37 –22⋅11 
22 H O CH2C(Me)=CHMe(E) 5-Me(S) 4⋅54 –21⋅68 –4⋅70 –1⋅08 –0⋅86 –22⋅37 –21⋅90 
23 H O DMA[S(+)] 5-Me(S) 5⋅40 –20⋅91 –4⋅66 –1⋅05 –0⋅60 –22⋅39 –22⋅04 
24 H O CH2C(CH=CH2)=CH2 5-Me(S) 4⋅15 –21⋅85 –2⋅41 –1⋅09 9⋅81 –22⋅63 –22⋅19 
25 8-Cl S DMA H 7⋅34 –25⋅21 –4⋅97 –1⋅26 –3⋅26 –22⋅37 –22⋅11 
26 9-Cl S DMA H 6⋅80 –24⋅51 2⋅70 –1⋅23 37⋅99 –21⋅34 –21⋅27 
27 H O 2–MA

¥
 5,5-di-Me 4⋅64 –20⋅77 –1⋅79 –1⋅04 14⋅88 –22⋅32 –22⋅03 

28 H O 2–MA 4-Me 4⋅50 –20⋅29 –3⋅61 –1⋅07 7⋅39 –23⋅95 –23⋅86 
29 H O C3H7 4-CHMe2 4⋅13 –18⋅63 –5⋅07 –0⋅93 –1⋅06 –23⋅14 –23⋅11 
30 H O DMA 7-Me 4⋅92 –20⋅46 –4⋅64 –1⋅02 –1⋅25 –22⋅32 –22⋅05 
31 8-Cl O DMA 7-Me 6⋅84 –23⋅97 –3⋅88 –1⋅14 3⋅73 –21⋅90 –21⋅74 
32 9-Cl O DMA 7-Me 6⋅80 –24⋅08 –4⋅58 –1⋅15 –0⋅25 –22⋅15 –21⋅96 
33 8-Cl S DMA 7-Me 7⋅92 –24⋅48 –3⋅93 –1⋅17 3⋅97 –21⋅81 –21⋅73 
34 9-Cl S DMA 7-Me 7⋅64 –24⋅53 –2⋅79 –1⋅17 13⋅39 –21⋅83 –21⋅74 
35 H O DMA 4,5-di- 4⋅25 –20⋅44 –4⋅26 –0⋅97 –0⋅17 –22⋅07 –21⋅63 
     Me(cis) 
36 H S DMA 4,5-di- 5⋅65 –21⋅44 –4⋅28 –1⋅02 0⋅54 –21⋅44 –21⋅19 
     Me(cis) 
37 H S DMA 4,5-di- 4⋅84 –20⋅99 –4⋅65 –1⋅00 –2⋅21 –21⋅49 –21⋅29 
     Me(trans)  
38 H S DMA 4,7-di- 4⋅59 –20⋅18 –5⋅76 –0⋅96 –4⋅31 –22⋅95 –22⋅79 
     Me(trans) 

£
DMA = 3,3-Dimethylallyl, 

¥
2-MA = 2-methylallyl, 

#
DEA = 3,3-Diethylallyl, 

$
CPM = cyclopropylmethyl 

α
pIC50 = –logIC50 (where IC50 is the effective concentration of a compound required to activate 50% protection of MT-
4 cell against the cytopathic effect of HIV-1) 
δ
Ebinding in kJ/mol, 

a
LE 1 = MolDock score/heavy atom count, 

b
LE 2 = binding affinity/heavy atom count, 

c
LE 

3 = reranking score/heavy atom count, 
d
LE 4 = similarity score based on templates/heavy atom count, 

e
LE 5 = docking 

score (pose energy)/heavy atom count. (all in arbitrary energy units) 
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4. Results and discussion 

Template docking can be used when knowledge 
about the 3D conformation of a ligand is available. 
From the known conformations, it is possible to cre-
ate a template with features expected to be relevant 
for the binding. Our specific aims for the present 
study are three-fold. Firstly, to derive the templates 
of the compound in the crystal structure, secondly, 
to assess the efficacy of various ligand-efficiencies 
along with the binding affinities, based on the fitness 
evaluation by template-assisted molecular docking, 
and thirdly, to understand their relationship with the 
antiviral activity through various statistical analyses. 
During docking, for each atom in the ligand, score 
contributions from all centers in all matching groups 
are taken into account. A single atom may contribute 
to several centers in several groups, where an atom 
is not restricted to the closest matching center or a 
single group. 
 The chemical structures of 38 TIBO derivatives 
are given in table 1 along with their biological acti-

vities, expressed in terms of pIC50 (where IC50 is the 
effective concentration of a compound required to 
activate 50% protection of MT-4 cell against the cy-
topathic effect of HIV-1) and the types of substitu-
ent as X, Z, R and X'. X represents the substitution 
on the aromatic ring A, X′ represents substitution on 
the 7-member ring B, Z represents presence of O or 
S attached to the five member ring C and R is the 
substitution attached to N in the ring B. 

4.1 Validation of the docking method 

For our present studies, we have selected the 9-Cl-
TIBO/HIV-RT complex (PDB CODE-1REV). 9Cl-
TIBO is extracted from the complex (1REV) and re-
docked using flexible docking simulations into its 
original structure of RT. The starting coordinates of 
the HIV-1 RT/TIBO complex (1 REV) were im-
ported from the Protein Data Bank (www.rcsb.org) 
and bond orders, charges, flexible torsions were as-
signed to them. Bond flexibility of the ligands was 
checked and the protein was protonated and side

 

 
 

Figure 1. Templates showing different groups for the 9-Cl TIBO crystal structure [PDB code: 1REV]: 
(a) steric, (b) hydrogen acceptor, (c) hydrogen donor, (d) ring. 
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chains were minimized using Nedler–Mead simplex 
algorithm. Prior to docking, templates (figures 1a–d) 
based on steric (21 groups, shape matching taking 
into consideration all the atoms), hydrogen acceptor 
(2 groups), hydrogen donor (2 groups) and ring (13 
groups, aromatic as well aliphatic) were derived for 
the crystal-fit ligand. Similarity groups were set-up 
with the following parameters (overall strength = 
–500.00, resolution energy grid = 0⋅40) and Ligand 
Evaluator with resolution 0⋅40 Å was used for scor-
ing. MolDock Optimizer, based on an evolutionary 
algorithm49 has been used as docking search algo-
rithm. Following parameters were set: No. of runs = 10, 
max. iterations = 2000, max. population size = 50, 
scaling factor = 0⋅50, cross over rate = 0⋅90, off-
spring scheme = scheme 1, termination step = variance 
based. It was followed by pose clustering so that the 
best-scoring pose was not missed out. For pose clus-
tering, ‘Tabu clustering’ technique has been applied 
to ensure greater diversity of the returned poses, 
wherein poses similar to solutions from earlier runs 
were penalized. RMSD calculation was done by 
atom ID with a threshold of 2 Å. Fitness evaluations 
were done by Ligand Evaluator scoring function 
with a RMSD threshold of 2⋅00 Å and an energy 
penalty term. The poses were reranked to increase 
the docking accuracy. The root mean square devia-
tion (RMSD) of 0⋅186 Å between the redocked and 
crystal ligand coordinates indicates a good align-
ment of the experimental and calculated positions. 
The RMSD obtained was better than that obtained 
by simple docking (0⋅269 Å) using the same docking 
engine as well as the other docking algorithms.48 
Figure 2 shows the best-fit redocked coordinates 
with respect to the crystal structure. In general, it is 
observed that binding affinity solely cannot be a 
measure of higher biological activity. Sometimes 
compounds with higher biological activity show 
lower binding affinity values which may be attrib-
uted to certain complexity in protein flexibility and 
interactions.50 

4.2 Docking of the molecule set 

After the validation of the docking method using 
9Cl-TIBO, a dataset of 38 molecules belonging to 
TIBO derivatives with varied activity range (3⋅0–
8⋅52) were docked into the same coordinates of the 
crystal structure. The docked 3D-structures of TIBO 
derivatives were scored, reranked and then com-
pared with the X-ray crystallographic structure of 9-

Cl-TIBO. The basic backbone of the TIBO deriva-
tives has a common pattern with a diazepine ring, 
imidazolone ring and phenyl ring, therefore as  
expected, similar alignment and interactions are ob-
tained. The result demonstrates that, based on tem-
plate docking, the TIBO inhibitors can be docked 
and aligned into the NNRTI allosteric binding site 
extremely well. A good alignment (figure 3) was ob-
served between the dataset ligands and the crystal 
ligand. The ligand efficiencies based on different 
scoring functions and heavy atoms count were 
evaluated and relative binding affinities were calcu-
lated. 
 The interactions observed were similar to those 
mentioned in our earlier publication.50 The amino 
acid residue LYS101 shows hydrogen bond interac-
tions with imidazolone ring of ligand. Extensive hy-
drophobic interactions are instrumental in stabilizing 
the TIBO compounds. The diazepine ring and the 
group attached to it at 6-N are strongly hydrophobic. 
The high activity of DMA (dimethyl allyl) group at-
tached to diazepine ring is attributed to its hydro-
phobicity and perhaps is the reason of high activity 
of compounds with it. The residues involved in hy-
drophobic interactions with the diazepine ring and 
6-N are TYR181, TYR185, TYR229, LEU234, 
VAL106, GLY190, VAL189 and PRO95. The 6-
member and the 5-member ring are lesser hydro-
phobic in nature as compared to the 7-member ring. 
The hydrophobic interactions involved with the 
phenyl ring are PHE227, TYR318 and LEU234. The 
imidazolone ring interacts hydrophobically with 
LYS101, LYS103. Favourable electrostatic interac- 
 
 

 
 

Figure 2. Conformation of 9-Cl TIBO crystal structure 
[PDB code: 1 REV] (yellow) as compared to redocked 
conformation of 9-Cl TIBO (blue). 
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tions are observed between the ligand and the bind-
ing pocket. Electrostatics of molecules provide a 
highly informative means of characterizing the es-
sential electronic features of inhibitors and their 
stereoelectronic complementarities with the receptor 
site on the basis of ionic and polar interactions be-
tween the host and the guest. As expected, the major 
role is played by the aromatic moiety present in the 
structure. π–π interactions are observed between the 
aromatic moieties of the amino acid residues 
(TYR181 and TYR188) that converge at the inner 
side of the binding cavity and the aromatic moieties 
of the ligand. The electrostatic interaction is stabi-
lized by these stacking type interactions. 

4.3 Correlation between binding affinity, ligand 

efficiencies and activity 

Table 1 also records binding affinity (Ebinding) in kJ/ 
mol and ligand efficiencies (LE 1, LE 2, LE 3, LE 4 
and LE 5 based on MolDock score, binding affinity, 
rerank score, similarity score, docking score and 
heavy atoms count). 
 The primitive job of any docking engine is in pre-
dicting the binding affinity and interaction energies 
along with the binding conformation of an inhibitor 
with the receptor. The binding affinity is the meas-
ure of favourable interaction between the receptor 
and the ligand. The binding affinity (kJ/mol) of a 
particular pose is given by: Ebinding = –5⋅68*pKi (The 
numerical factor corresponds to a temperature of 
297 K). The reranked scores predicted the binding 
affinities in the range of –18⋅63 to –25⋅04 kJ/mol. 
The reliability of the ligand efficiencies and binding 
affinities as evaluated by the docking engine were 
ascertained by correlating them with the biological 
activity of the TIBO derivatives. Various models were 
generated using multiple linear regression technique 
(MLR) and artificial neural networks (ANN) using 
in-built data analyser. Leave-one-out (LOO) proce-
dures as well as N-cross validated (N-CV) method 
were used for validation of results. Biological activity 
(pIC50) was taken as the dependent variable. 
 The auto generated random seed used in the 
model training was 416619787. In these equations,  
n is the number of compounds, r is the correlation 
coefficient, q2 is the cross-validated r2 from the 
(LOO) or (NCV) procedure, rho(ρ) is the Spearman 
rank correlation coefficient, MSE is the mean 
squared error and PRESS is the predictive sum of 
squares. 

4.3a Multiple linear regression technique (MLR): 

The best model relating biological activity with the 
binding affinity derived using MLR (LOO) is pre-
sented below: 
 
 Activity (pIC50) = –0⋅114 (± 0⋅145)Ebinding –  
  1⋅406 (± 1⋅525)LE1 – 8⋅56 (± 0⋅593)LE2 +  
  0⋅212 (± 1⋅21)LE3 + 4⋅06 (± 2⋅80)LE4 –  
  2⋅94 (± 1⋅91)LE5 – 13⋅58 (5) 
 
 (n = 38, r = 0⋅922, r2 = 0⋅851, r2adj = 0⋅822, 
  Spearman (rho) = 0⋅906 q

2 = 0⋅850 
  MSE = 0⋅358 PRESS = 13⋅63). 
 
Also results derived from MLR (N-CV) using N = 10, 
provided similar results (r2 = 0⋅847, q2 = 0⋅846). 
 
 

 
 

Figure 3. Docked conformation of 9-Cl TIBO crystal 
structure (CPK) with eleven best aligned TIBO deriva-
tives. (Compound no. 1, 4, 6, 11, 12, 14, 16, 27, 28, 30, 
36). 

 

 

 
 

Figure 4. Graph between experimental activity (pIC50) 
and binding affinity (Ebinding in kJ/mol) of TIBO deriva-
tives. 
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Table 2a. Comparison of different statistical analyses. 

 r
2  

r
2
adj

 
Spearman (rho) PRESS MSE q

2
 

 

MLR (LOO) 0⋅851 0⋅822 0⋅909 13⋅63 0⋅358 0⋅850 
MLR (N–CV) N = 10 0⋅847 0⋅817 0⋅909 14⋅03 0⋅369 0⋅846 
ANN (Back propagation) 0⋅902 – 0⋅923 – 0⋅200 – 

 
 

Table 2b. The relevance scores of various descriptors as evalu-
ated by artificial neural network (back propagation method). 

Descriptor Relevance score 
 

LE 4 100 
LE 1  50 
Affinity  28 
LE 3  14 
LE 2  12 
LE 5   6 

 
 

 
 

Figure 5. Graph between experimental pIC50 and pre-
dicted pIC50 of TIBO derivatives. 

 
 
4.3b Artificial neural networks (ANN): The back-
propagation method has been used for training the 
ANN model. Using the same random seed, following 
parameters were fixed: max training epoch = 2000, 
learning rate = 0⋅50, output learning rate = 0⋅30, 
momentum = 0⋅20, number of neurons in the first 
hidden layer = 20, number of neurons in the second 
hidden layer = 10, initial weight (±) = 0⋅50. A better 
prediction was obtained (r2 = 0⋅922, Spearman 
(rho) = 0⋅918 and MSE = 0⋅219). The above statistical 
analyses suggest the robustness of the method of 
evaluating ligand efficiencies based on template-
assisted docking followed by ‘Tabu-clustering’ pro-
cedure adopted here. The statistical modelling re-
sults and relevance score of different descriptors are 
summarised in tables 2a and 2b, respectively. Both 
MLR and ANN methods suggest that the most rele-
vant descriptor is LE4 (similarity score/heavy atom 
count), which strongly reaffirm that scoring function 

based on similarity analysis of 3D structures are 
crucial in the docking studies as compared to scor-
ing functions based on other parameters. 
 The results obtained, thus are validated by corre-
lating biological activity with the binding affinity 
(figure 4). A good agreement was found between the 
affinity and anti-viral activity. 
 Table 3 records the observed and the calculated (5) 
values of pIC50 for the set of TIBO derivatives. The 
quality of correlation is demonstrated by their resid-
ual values i.e. the difference between their experi-
mental and predicted pIC50. 
 A good fit was observed between experimental 
and predicted activity as shown in figure 5, recon-
firming the robustness of the template-based dock-
ing and ligand efficiency assessment procedure 
adopted here. Thus template-based molecular dock-
ing studies using different templates of the ligand 
associated with crystal structure followed by ‘Tabu 
clustering’ (though computationally more expensive) 
has provided a reasonably satisfactory model and 
can be instrumental in providing better docking re-
sults. 

5. Conclusion 

In this work, template-based molecular docking studies 
were carried out to explore the different ligand effi-
ciencies based on scoring functions and heavy atoms 
count. The alignment of the ligands in the putative 
binding site of HIV-1 RT enzyme using above pro-
tocol could be used to facilitate design of newer and 
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more effective NNRTIs. The docking simulations 
carried could satisfactorily reproduce a bound com-
plex from the crystal structure of RT/TIBO (PDB 
code: 1 REV). The binding affinities and the ligand 
efficiencies of the TIBO derivatives were well pre-
dicted by the docking algorithm used. It is worth 
mentioning here that the molecular docking may give 
rise to very different lowest energy orientations in the 
active site, even for very similar compounds (which 
though are expected to have the same binding mode). 
The above disparity might be due to the fact that the 
protein is not considered flexible in our present dock-
ing studies. Also, binding interactions upon binding 

require a deeper understanding. On the basis of cor-
relations obtained, it can be inferred that the tem-
plate-based molecular docking followed by ‘Tabu 
clustering’, can be a better alternative to simple dock-
ing protocol in evaluating ligand efficiencies and a 
more favourable binding mode of TIBO derivative’s 
top ranking compounds. 
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