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Abstract
Acquired immunodeficiency syndrome (AIDS) is a formidable pandemic that is still creating 
havoc world-wide. The curative agent of this disease has been found to be a virus called human 
immunodeficiency virus of type-1 (HIV-1). In the replicative cycle of HIV-1, the integration of 
the viral DNA into host chromosomes is an essential step that is catalyzed by the enzyme 
integrase (IN). Inhibition of this enzyme, therefore, provides an attractive strategy for antiviral 
drug development. Since integrase has no known structural analogue in human cells, it has 
been found to be a safer target than other targets to develop anti-HIV drugs. Several classes 
of compounds, such as oligonucleotides, curcumin analogues, polyhydroxylated aromatic 
compounds, hydrazides, amides, diketoacids, chalcones, etc., have been studied for HIV-1 
integrase inhibition activity. To design and develop potent and effective IN inhibitors, several 
authors made quantitative structure-activity relationship (QSAR) studies on many classes 
of these IN inhibitors in order to provide the rationale for designing more potent drugs. This 
article presents a comprehensive, critical review on all QSAR studies reported so far in order 
to present an overall view on drug-receptor interaction and the important physicochemical 
properties of the molecules that govern their HIV-1 IN inhibition activity.
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Introduction
Today it is well known that acquired immunodeficiency 
syndrome (AIDS) is a fatal disease, which is caused by 
a virus called human immunodeficiency virus of type-1 
(HIV-1). The HIV-1 is an enveloped virus of about 100 nm 
diameter [1] that consists of two major viral glycoprotein, the 
external gp120 and the transmembrane gp41 (gp stands for 
glycoprotein and the number refers to the mass of protein 
in thousands of Dalton). The HIV life cycle begins with 
high affinity binding of gp120 envelope to its receptor CD4 
present on the surface of the host cell [2]. The replicative 
cycle of HIV-1 involves several steps, among which the 
most important are the viral binding to target cells, virus cell 
fusion, virus uncoating, reverse transcription of genomic 
RNA, viral integration, gene expression, cleavage event, 
and virion maturation. By hitting any of these stages, the 
viral replication can be terminated [3]. 

In the recent past, however, the attention was mostly 
focused on the inhibition of reverse transcription of genomic 
RNA and the cleavage event, for which variety of reverse 
transcriptase (RT) inhibitors [4] and HIV-1 protease inhibitors 
[5,6], respectively, were developed, and in abundance are 
available structure-activity relationship studies on them 
[7,8]. However, because of development of resistance 
in virus against RT and protease inhibitors, the chemists 
focused their attention on the third most important step in 
the life cycle of virus, the viral integration [9]. To hit the viral 
integration, the study on integrase inhibitors was started.

HIV-1 Integrase 
The integration of viral DNA into the host cell genome is 
translated as the basis of life-long infection. This biochemical 
event is catalyzed by the enzyme integrase and thus the 
study of integrase inhibition has drawn great attention of 
chemists.

The viral integration by integrase involves both in vivo and 
in vitro three steps [10-12]: (1) 3ʹ- end processing reaction in 
which two nucleotides (GT) from the 3ʹ- ends of each strand 
of linear viral DNA are removed by the enzyme, leaving 
at the viral 3ʹ-ends the conserved CA dinucleotide, (2) 
strand transfer (ST) reaction, in which the enzyme makes 
staggered cuts in the target DNA and ligates the recessed 
3ʹ-OH ends of the viral DNA at the cleavage site, and (3) 
5ʹ- end joining reaction that leads to the completion of the 

integration process, removing two unpaired nucleotides at 
the 5ʹ-ends of the viral DNA and repairing the gaps between 
the viral and target DNA sequences. Out of these three 
steps, the first two represent a trans-etherification reaction, 
requiring the presence of divalent cations, Mn2+ and Mg2+. 
This reaction is brought about by a direct nucleophilic attack 
on an internucleotide phosphate by the hydroxy group.

Integrase Inhibitors
A number of structurally different classes of compounds 
have been found to act as integrase inhibitors. Due to a 
nonspecific interaction with the DNA binding domain of the 
enzyme, several DNA binding agents were found to inhibit 
HIV-1 integrase [13]. However, varieties of other groups 
of compounds as mentioned below have been studied for 
integrase inhibition [9].

• Oligonucleotides

• Curcumin Analogues

• Polyhydroxylated Aromatic Compounds

• Diketo Acids

• Caffeol-based Inhibitors

• Hydrazides and Amides

• Tetracyclines

• Depsides and Depsidones

• Chalcones

• Miscellaneous

A structural description of these compounds are given below

Oligonucleotides
Some representative structures of oligonucleotides may be 
as shown in Figure 1, where R=5ʹ-GTGTGGAAAATCTCAGC 
and ‘A’ may be H or GT. If R1=H, it is called 19-mer 
oligonucleotides, and if R1 = GT, it is called 21-mer 
oligonucleotides. The 19-mer oligonucleotides, with 
modifications of 3ʹ-OH, were found to significantly reduce 
the strand transfer reaction, while 21-mer oligonucleotides 
were found not only to competitively inhibit strand transfer 
(ST) reaction but also 3ʹ-processing (3ʹ-P) reaction with 
nanomolar IC50 values [14]. 

Figure 1:  Some representative structures of oligonucleotides.
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Curcumin analogues
Curcumin analogues have the general structure as shown 
in Figure 2. Curcumin belongs to the family of curcuminoids 
(phenolic diarylheptanoids), which are characteristic, yellow 
coloring constituents of turmeric. It is diferuloylmethane and 
it has been reported to inhibit both 3ʹ- processing and strand 
transfer reactions with IC50 values equal to 150 and 140 
µM, respectively [15]. Analogues of curcumin were found 
to bind in the enzyme catalytic core [16]. The catalytic core 
domain of HIV-1 integrase contains the invariant triad of 
acidic residues, the D, D-35-E motif [17-20], comprising 
of residues Asp64, Asp116, and Glu152. These catalytic 
residues are in close proximity, coordinate with divalent 
metal ions and define the active site.

O O

R
1

R
2

R
3

R
4

Figure 2: General structure of curcumin analogues.

Polyhydroxylated aromatic compounds
Polyhydroxylated aromatic compounds such as shown in 
Figure 3 were found to lead to potent integrase inhibitors 
[21-23]. Structures containing catechol or bis-catechol, such 
as Figure 3e & Figure 3f, were however most extensively 
studied [16,23-30]. A bis-catechol derivative, L- chicoric 
acid (Figure 3g) and a polyhydroxylated compound devoid 
of catechol moiety, aurintricarboxylic acid (ATC, Figure 3h), 
were found to have high integrase inhibition activity [31].

 

Figure 3a: (quercetin)        

Figure 3b:  (CAPE)

Figure 3c:  (a tyrphostin).          

Figure 3d
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Figure 3e

OH

OH

O

OH

OH O

OH

OH

O

Figure 3h
Figure 3: Examples of some polyhydroxylated aromatic 

compounds.

Figure 3f

Figure 3g
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Diketo acids
Another emerging class of integrase inhibitors is related 
to aryl β-diketo (ADK) based agents with general structure 
as shown by Figure 4a. The best two examples of ADK-
based inhibitors are L-708, 906 (Figure 4b) [32] and 
5CITEP [1-(5-chloroindol-3-yl)-3-hydroxy-3-(2H-tetrazo-5-

yl)-propenone] (Figure 4c) [33]. Same authors found that 
a variety of substituent on the left side aryl ring of ‘a’ were 
able to maintain the good strand transfer inhibitory potency, 
but the carboxylic acid containing substituent were good 
to enhance 3’- processing inhibitory potency, reducing 
selectivity towards strand transfer reactions.

Figure 4: Some examples of aryl β-diketo (ADK) based agents where ‘a’ represents the general structure.

Aryl Acid Heteroayl

O O

Figure 4a

Figure 4b

Figure 4c: (5CITEP)

Caffeol-based inhibitors
Caffeol-based inhibitors are caffeic acid esters separated 
by aliphatic, alicyclic, or aromatic linkers [25,34] (Figure 

5). In Figure 5, ‘a’ represents a caffeoyl-based integrase 
inhibitor and ‘b’ a caffeoyl unit.

Figure 5:  Caffeol-based integrase inhibitors.

OH

OH

 

O

Figure 5a Figure 5b
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Hydrazides and amides
A pharmacophore derived by Nicklaus et al. [35] on the 
basis of certain potent integrase inhibitors was proposed 
to have three hydrogen-bond (H-bond) acceptor atoms 

that could also form complexes with the positively charged 
ions (Figure 6). On the basis of this pharmacophore, some 
hydrazides, as represented by Figure 7, were developed 
and found to possess good integrase inhibition activity [36]. 

In polyamide series, some bisdistamycin and lexitropsin 
derivatives such as those shown in Figure 8, where X may 
be a distamycin or a lexitropsin moiety, were developed 

[37]. A small series of netropsin derivatives such as those 
shown in Figure 9 were also developed [37]. All distamycin, 
lexitropsin, and netropsin derivatives were found to act 
as integrase inhibitors, but to have more potency in the 
presence of Mg2+ ions than in the presence of Mn2+ ions.

Tetracyclines
Neamati et al. [38] also studied the integrase inhibition 
activity of tetracyclines (Figure 10). A series of tetracyclines 
were studied in the presence of both Mn2+ and Mg2+ ions to 
find that there was little difference in their potency in either 
ion.

Depsides and depsidones
A depside is a type of polyphenolic compound composed of 
two or monocyclic aromatic units such as shown by Figure 

11a and a depsidone is a compound that consists of esters 
but also is cyclic ether (Figure 11b). Neamati et al. [39] 
also studied a series of depsides and depsidones for their 
integrase inhibition activity and found certain compounds to 
possess very high potency having IC50 values around 1µM

Chalcones

A chalcone (Figure 12) is aromatic amine and andenone that 
forms the central core for a variety of important biological 
compounds. They are collectively called as chalcones 
and chalconoids. Chalcones may also be called as phenyl 
styryl ketones. Chalcones have also been studied by some 
authors as HIV-1 intergrase inhibitors [40].

Miscellaneous In addition to above mentioned classes, 
some sulfonamides [41,42], quinolone carboxylic acids [43], 
isoquinolines [44], styrylquinolines [45,46], phthalimides 
[47], etc., have also been studied for HIV-1 integrase 
inhibition.

Figure 6: A pharmacophore model as suggested by Nicklaus et al. [35] for HIV-1 integrase binding. The shaded sphere is an (steric) 
exclusion sphere. 

O

C

O2N

O2N

2.548±0.3A0

8.711±0.4A0

1.711A0

9.053±0.4A0

Figure 7: Structures of some hydrazides developed, based on the pharmacophore model as shown in Figure 6

Figure 7a Figure 7b
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Figure 8: Examples of some bisdistamycin and lexitropsin derivatives 

X

HO OH

X

N

X

O O

X

Figure 8a

Dist moiety

Figure 8b

Lexitropsin moiety

Quantitative Structure-Activity Relationship (QSAR) Studies

                           Net-CO (CH2)n CO-Net

Figure 9: Examples of some netropsin derivatives.

Figure 9a

Figure 9b

Figure 9c

Netropsin moiety

OO
Net Net

O

Net Net

O

   

Figure 10: Structures of Tetracycline.
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 Figure 12: Structure of a chalcone.

O

Figure 13: A representative structure of 
cinnamoyl analogues.

For many of the above mentioned classes of integrase 
inhibitors, some QSAR studies have been made in order 
to find their physicochemical and structural properties that 
govern their activity and to have an idea as to how they interact 
with the receptors. Such studies provide the rationale to 
modify structures of the drugs so that highly potent and less 
toxic drugs can be obtained. Now we present here all the 
QSAR studies available on integrase inhibitors and discuss 
their implications. These QSAR studies include all possible 
approaches such as Hansch type analysis, Comparative 
Molecular Field Analysis (CoMFA), Comparative Molecular 
Similarity Analysis (CoMSIA), pharmacophore mapping, 
docking, etc.

Polyhydroxylated aromatic compounds
A large number of potent HIV-1 integrase inhibitors have 
been found to have in common two aryl units separated 
by a central linker, where one of these aryl moieties must 
contain 1, 2-dihydroxy substituents. The requirement of 
hydroxyl groups led many authors to study polyhydroxylated 
compounds and perform QSAR studies.

A series of cinnamoyl analogues, with a representative 
structure as shown in Figure 13, was subjected to QSAR 
studies by Boulamwini & Assefa [48]. The HIV-1 integrase 
inhibition data of these compounds were taken from Artico 

et al. [49]. CoMFA and CoMSIA studies and docking 
simulations were conducted on these compounds. From the 
CoMFA study, the favorable steric and electrostatic regions 
were indicated. The two regions flanking the carbonyl or 
keto-enol moiety of the compounds were suggested to be 
sterically unfavorable. The regions close to oxygen atoms 
of the catechol moieties were suggested to be favorable 
for electronegative groups, which is consistent with the 
observation that polyhydroxylation generally enhances 
integrase inhibitory activity [50].

In CoMSIA studies the hydrophobic and hydrogen-bond 
donor and acceptor fields are also indicated, in addition 
to electrostatic and steric fields. The CoMSIA electrostatic 
and steric fields were similar to those of CoMFA. In CoMSIA 

   

 

Figure 11: Structures of depsides (a) and a depsidones (b). 

Figure 11a Figure 11b
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studies the H-bond donor fields were found to make the 
greatest contribution, which was strongly supported by 
FlexX docking results. The regions where hydrophobicity 
was favored were found to occur over the receptor surface 
of moderate hydrophobic potential and the regions where 
hydrophobicity was disfavored were shown in the proximity 
to polar keto-enol moiety, which interacts with hydrophilic 
amino acid residues. The integrase active site has been 
found to accommodate large variations in ligand size and 
shape and different binding modes.

For a series of chicoric acid derivatives, with the 
representative structure as shown in Figure 14, that are 
also polyhydroxylated aromatic compounds, Sahu et al. 
[51] made a simple QSAR study for their 3ʹ-processing 
as well as overall integration inhibition activities that were 
reported by Xu et al. [52]. The QSAR models obtained were 
as follows.

3ʹ-processing inhibition

log (1/IC50) = 15.383(± 2.470) − 0.026(± 0.003)HF+14.782(± 
2.060)ELUMO−0.528(± 0.315)logP- 0.021(± 0.003)SAS

n =19, r = 0.925, r2
cv = 0.781, s = 0.399, F = 17.94  (1)

Integrase inhibition

Log  (1/IC50) = 19.716(± 3.246) − 0.025(± 0.004)HF + 
17.814(± 2.737)ELUMO − 0.882(± 0.192)logP − 0.336(± 
0.051) BK01

n = 20, r = 0.880, r2
cv = 0.620, s = 0.494, F = 12.83 (2)

In these equations, HF refers to heat of formation, ELUMO 
stands for the energy of the lowest unoccupied molecular 
orbital, logP is the hydrophobicity of the molecule, SAS 
denotes the solvent accessible surface area, and BK01 is 
the basic kappa of order 1. Among the statistical parameters, 
n is the number of data points, r is the correlation coefficient, 
r2

cv is the squared correlation coefficient obtained by leave-
one-out jackknife procedure, s is the standard deviation, 
F is the F-ratio between the variances of calculated and 
observed activities, and the data within the parenthesis with 
± sign are 95% confidence intervals. From the values of 
these statistical parameters, both the models were found 
to be quite significant, indicating that both the 3ʹ-processing 
and integration inhibitory activities of the compounds were 
commonly governed by the heat of formation, hydrophobicity, 
and the energy of the highest occupied molecular orbital 
of the compounds. However, while for both the activities 
the heat of formation and hydrophobicity were conducive 

only at low values, the energy of the lowest unoccupied 
molecular orbital was conducive at high value. The ELUMO 
refers to the electron affinity of the molecule and thus 
the involvement of electron affinity of the molecule might 
indicate the involvement of charge-transfer phenomenon in 
drug receptor interaction.

In eq. (1), the negative coefficient of SAS indicated the 
requirement of low value of solvent accessible surface area 
for better 3ʹ-processing inhibitory activity, while in eq.(2) the 
negative coefficient of BK01indicated the requirement of 
low value of basic kappa of order 1 for better integration 
inhibitory activity. In fact, both SAS and BK01 indicate the 
steric effects.

For the two different sets of compounds, one comprising of 
catechols and one non-catechols, Makhija & Kulkarni [53] 
made a QSAR study using genetic function approximation 
(GFA). GFA generates a population of equations rather 
than one single equation for correlation between biological 
activity and physicochemical parameters. By examining 
different models generated by GFA, additional information 
can be discerned. The frequency of occurrence of particular 
descriptors in the population indicates its relevance. From 
their GFA analysis, Makhija and Kulkarni found that for non-
catechols the 3ʹ-processing inhibition was largely controlled 
by spatial, thermodynamic and shape descriptors, while 
3ʹ-strand transfer inhibition was also affected by H-bond 
donor groups in addition to spatial and thermodynamic 
parameters. In case of catechols, both 3ʹ-processing and 
3ʹ-strand transfer inhibition activities were found to be 
controlled by some electronic descriptors, shape related 
physicochemical parameters, and some thermodynamic 
descriptors related to desolvation phenomena during 
binding.

For a fairly large series of styrylquinolines studied for their 
HIV-1 integrase inhibition activity by Mekouar et al. [45] and 
by Zouhiri et al. [46], Ma et al. [54] performed CoMFA and 
docking studies in order to explore the mode of binding 
of these compounds with the enzyme. These compounds 
also belong to the group of polyhydroxylated aromatic 
compounds. A representative member of this series may 
be such as shown in Figure 15. For both CoMFA and 
docking studies this compound was used as a template. 
A good CoMFA model was derived that could accurately 
predict the activity of test set compounds. CoMFA contour 
maps were drawn for showing the steric, electrostatic and 
H-binding features. In the steric and electrostatic maps, the 
presence of a bulky group near the carboxylic group at C-7 
was suggested to be favorable and near C-8 unfavorable. 
Similarly, a positive charge near the H-atom of carboxylic 
group, N-1 and C-3ʹ was suggested to be conducive. On the 
other hand, a negative charge was found to be conducive 
near the carboxylic oxygen atom of C-7.

In the contour plot of H-bonding, the H-bond acceptor 
groups near the OH of C-4ʹ and that of C-7 carboxylic group 
were indicated to be favorable and an H-bond donor was 
shown to be favorable near N-1.

Figure 14: A representative structure of 
chicoric acid.
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The well-clustered docking results were obtained for most 
of the investigated styrylquinolines to observe two clusters, 
occupying two separate but overlapping binding regions. 
The two clusters occupy a narrow binding region formed 
by Asp64, Ser66, Leu68, Gly70, Asp116, Gln148, Gly149, 
Glu152, Asn155, Lys156 and Lys159. Also the oxygen 
atoms of C-7 carboxylic group and C-8 hydroxyl group were 
shown to coordinate with Mg2+ within the enzyme catalytic 
site.

Chalcones

A series of chalcones with general structure as shown 
in Figure 16 was studied by Sharma et al. [55] for HIV-1 
integrase inhibitory activities (3ʹ-processing as well as 
3ʹ-strand transfer). Since no crystal structure of human 
integrase-ligand-DNA complex is available, these authors 
first developed a pharmacophore model using PHASE 
program. The three most potent compounds of the series, 
a, b and c, were selected as actives for use in identifying a 
common pharmacophore. The pharmacophoric features as 
shown in Figure 17 were two H-bond acceptor groups (A), 
two hydrophobic groups (H), a negative feature (N) and an 
aromatic ring (R). This pharmacophore was mapped onto 
the compound b.

Through CoMFA and CoMSIA studies, Sharma et al. tried 
to find the favorable and unfavorable regions for steric, 
electrostatic, hydrophobic, H-bond acceptor and donor 
interactions. As shown in Figure 18, the steric CoMFA 
maps (Figure 18a) had indicated, through green contours 
around the ortho and para positions on aryl ring B, that 
bulky groups would be favored at these positions. A large 
yellow contour surrounding a small green contour at Meta 
position on aryl ring B suggested that only a limited bulk 
would be favored at this position. The CoMFA electrostatic 
map (Figure 18a) revealed a red contour at the 3ʹ-position 
suggesting that electronegative groups at this position could 
increase the activity. The distant blue contours around aryl 
ring B indicated that electropositive groups should increase 
activity at these positions.

The CoMSIA steric and electrostatic maps (Figure 18b) 
were almost similar to those of CoMFA. However, the 
hydrophobic, H-bond donor and acceptor contour maps of 
CoMSIA (Figure 18c) indicated that a white contour located 
near the R-substituent and two more such contours at 2ʹ 
and 5ʹ-positions of the B ring may be the regions where 
hydrophilic groups might favor the activity. Another white 
contour at the 3-keto oxygen also indicated a favorable 
region for the hydrophilic group. The only favorable position 
for a hydrophobic substituent was indicated by a yellow 
contour close to 4ʹ-position on ring B. The magenta contour 
at 3-keto functionality suggested that this oxygen would 
act as H-bond acceptor. A cyan contour appearing close to 
and merging into a magenta contour suggested that 2-OH 
would act as H-bond donor that might be involved in H-bond 
interactions with the acceptor carboxylate groups of the 
acidic catalytic triad residues of integrase active site

Figure 15: A representative structure of 
styrylquinolines.

a: 4ʹ- Br; X= COOH, R= Br

b: 2ʹ, 4ʹ-diCl; X= COOH; R =Br

c:  2ʹ,3ʹ,6ʹ-tri Cl; X= COOH; R= Br

Figure 16: General structure of chalcones.

Figure 17: The best pharmacophore hypothesis 
(AAHHNR) mapped onto compound b (Figure 16). 
Pharmacophore features are: red spheres and vectors 
for H-bond acceptor (A), brown rings for aromatic 
groups (R), dark red spheres refer to a negative feature 
(N) and green spheres indicate hydrophobic groups (H). 
Atoms in the ligands are represented as: O by red; Br 
by wine red; Cl, by dark green; H by white, C by gray. 
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Figure 18: (a) CoMFA and (b) CoMSIA steric and electrostatic contour plots. 

For steric interactions, the green contours indicate regions where bulky groups can increase activity, whereas yellow 
contours indicate regions where bulky groups can decrease activity. For electrostatic interactions, blue contours indicate 
regions where electropositive groups may increase activity, whereas red contours depict regions where electronegative 
groups may increase activity. (c) CoMSIA hydrophobic, H-bond donor and H-bond acceptor contour plots: white 
contours indicate regions where hydrophilic groups can increase activity, whereas yellow contours indicate regions 
where hydrophobic groups can increase activity, a cyan contour indicates region where H-donors may be favorable and 
magenta contours indicate regions where H-bond acceptor groups may be favorable to activity. 

Amides, Sulfonamides and Phthalamides

QSAR studies were also made on certain amides, 
sulfonamides and phthalamides (Figure 19) by few authors. 
For a series of thirty 4,5-dihydroxy pyrimidine carboxamide 
derivatives, de Melo & Ferreira [56] performed a multivariate 
QSAR study to obtain the correlation as: 

log (1/IC50) = 28.67+127.17EHOMO + 0.06αyy − 0.001ET + 
0.10Scc

n = 30, r2 = 0.68, r2
cv = 0.53, s = 0.57, F = 28.97           (3) 

In this equation, EHOMO is energy of the highest occupied 
molecular orbital that refers to the ionization potential 

of the molecule, αyy refers to the component to the 
overall polarizability in the Y-plane, ET stands for the 
total energy of the molecule and SCC refers to the sum of 
bond electrotopological values of carbon-carbon aromatic 
bonds in which the carbons are not substituted. All these 
parameters are electronic parameters. Though the 
correlation with the value of r2 equal to only 0.68 is not very 
significant, it does describe that the ability of the molecule 
to be easily polarized and to donate the electron would 
favor the activity. These abilities of the molecule refer to 
their ability to easily interact with the metal ions Mg2+ or Mn2+ 
of the enzyme. This supports the idea that molecules may 
have electronic interactions with the enzyme.
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Figure 19: General structures of amides, sulfonamides and phthalamides.

Sulfonamides (a) Sulfonamides (b) PhthalamidesAmides   

Mn2+or Mg2+as cofactor is required for HIV-1 integrase 
activity [57]. The activity of the enzyme is optimum in the 
presence of Mn2+, but Mg2+ is abundantly present in living 
cells and thus it is physiologically more relevant cation for 
integrase activity [58].

Some CoMFA, CoMSIA and docking studies were 
performed on a series of sulfonamides (Figure 19) by Gupta 
et al. [59]. The series of compounds and their integrase 
inhibitory data were taken from the literature [41,42]. The 
total set of 41 molecules was randomly divided into training 
set comprising of 31 molecules and a test set comprising 
of 10 molecules. The best CoMFA model had r2 = 0.934, 
r2

cv = 0.728, r2
pred =0.708, while the best CoMSIA model had 

r2 =0.928, r2
cv = 0.794, and r2

pred= 0.59. The docking study 
was performed on the most active compound of the series 
that had the structure as shown in Figure 20, using FlexX 
program. The integrase active site has two cavities (3P and 
ST) which are located perpendicular to each other. The best 
possible binding pose and the most reliable conformation 

of this most active molecule in active site were as shown 
in Figure 21. In the figure is also shown the X-ray crystal 
structure of 5CITEP (Figure 4c). According to Figure 21, 
the molecule as shown in Figure 20 is observed to have 
hydrogen bonding with Cys65, His67, and Asn155, along 
with the formation of a coordination ring around the Mg2+ 
ion with sulfonamide moiety, thiol group and the nitrogen 
of pyrimidine ring. The two carbonyl moieties of Asp64 and 
Asp116 are also shown to bind with the Mg2+ ion. Most of 
the training and test sets compounds were found to occupy 
the same space near the Mg2+ in the vicinity of active site 
of HIV-1 integrase and have a common binding mode with 
Cys65, Asn155, and Mg2+. Thus these three interactions 
were found to be important to binding of these inhibitors 
to the enzyme. A 2D representation of interaction of the 
representative compound (Figure 20) is shown in Figure 
22. The binding of this compound was found to be quite 
different from that of 5CITEP, which can be attributed to 
their structural diversity.

Figure 20: The structure of the most active compound of the sulfonamide series on which the docking study was 
performed.
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Figure 21: A FlexX docked structure of highly active molecule (Figure 20) showing its binding in the active site of HIV-1 
integrase where green ball represents coordinated Mg2+ ion and  green capped sticks show X-ray crystallized structure 

of 5-CITEP. 

Figure 22: 2D representation of interactions between Mg2+ ion and the inhibitor (Figure 20) obtained from docking to 
HIV-IN active site. 
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From CoMFA and CoMSIA studies favorable steric, 
electrostatic, and hydrophobic regions were predicted. 
From the CoMFA Steric contour maps (Figure 23a) drawn 
for the reference compound (Figure 20) for 3ʹ-processing 
inhibitory activity, it was suggested that large substitutions 
in the region of yellow contour covering the ring E might 
reduce the activity. Similarly, three small yellow contours 
covering the phenyl ring A also suggested the regions 
where bulky groups would not be favored. However, large 
green contour covering the phenyl ring B suggested the 
area where a lipophilic group might be favorable as it is 

surrounded by the residues Gln62, Leu63, Ile 141, Pro 142 
and Thr 115 that form a lipophilic bonding pocket.

In the case of electrostatic contours (Figure 23b), red color 
indicated the regions where electronegative substituents 
might be favorable and the blue color indicated the regions 
where electropositive substituents might be favorable. A red 
contour near the sulfonamide moiety and surrounded by 
Cys65 and His67 indicated the region where negative or 
H-bond acceptor substituents might increase the activity, as 
these residues are H-bond donors.

Figure 23a: CoMFA steric contour maps drawn with reference to compound of Figure 20. 

A green contour represents sterically favored region and yellow contours represent satirically disfavored regions. 

Figure 23b: CoMFA electrostatic contour maps for compound of Figure 20.

 A red Contour represents region favorable to negatively charged substituent and blue contours the regions 
favorable to positively charged substituent. 
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In CoMSIA contour map (Figure 24) that was drawn for 
hydrophobic interactions, all yellow contours referred to 
areas where hydrophobic substituents would favor the 

activity and all white contours to areas where hydrophilic 
substituents would favor the activity.

Figure 24: CoMSIA hydrophobic contour maps with reference to compound of Figure 20.

Yellow contours represent areas where hydrophobic substituent can be favored and white contours represent the 
areas where hydrophobic substituent would be disfavored. 

For the series of sulfonamides (Figure 19, sulfonamides 
b), Kaushik et al. [60] had performed the QSAR analysis to 
correlate their 3ʹ-processing and strand transfer inhibition 
activities as shown by eqs. 4 and 5, respectively.

3ʹ-processing

log(1/IC50) = 0.356(±0.142)ClogP + 0.050(±0.032)st − 
0.536(±2.532)

n = 10, r = 0.913, r2
cv = 0.67, s = 0.17, F2,7 =17.45  (4)

Strand transfer

Log (1/IC50) = 0.27(±0.089)ClogP + 0.543(±0.202)I + 
3.331(±0.0471)

n = 15, r = 0.929, r2
cv = 0.67, s = 0.18, F2,12 = 37.71  (5)

In both the equations, ClogP stands for the calculated 
hydrophobicity of the molecule and in eq. 4 ‘st’ stands for 
surface tension and in eq. 5 ‘I’ is an indicator parameter used 
for an X-substituent, being a phenyl group in sulfonamides. 
Its value was equal to 1 if X = a phenyl group and zero 
if X= H. For both 3ʹ-processing and strand transfer, the 
hydrophobic property of molecules was shown to be crucial, 
suggesting that there could be hydrophobic interaction 
between the inhibitors and the enzyme. For 3ʹ- processing, 
however, surface tension of the molecule was found to be 
important suggesting that compounds may be prone to act 
with the receptor in order to release its surface tension. The 
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negative coefficient of ‘I’ in eq. 5 suggested that a phenyl 
group attached to sulfur atom might create a steric problem.

Certain phthalimides (Figure 19) were studied for HIV-
1 integrase inhibitory activity by Verschueren et al. [47]. 
On these compounds a Hologram QSAR (HQSAR) was 
performed by Magalhães et al. [61]. HQSAR introduced 
by Tripos Inc is a QSAR method that does not require 3D 
structure, putative binding conformation, and molecular 
alignment of the molecule, rather each molecule in the data 
set is divided into structural fragments that are counted in 
the bins of a fixed length array to form a molecular hologram. 
Magalhães et al. generated the molecular fragment using 
the following fragment distinction parameters: atoms, bonds, 
connections, hydrogen atoms, chirality and H-bond donor 
and acceptor atoms. The HQSAR model had r2 = 0.972 and 
r2

cv = 0.802, and its contribution map had identified that the 
carbonyl-hydroxyl- aromatic nitrogen motif makes a positive 
contribution to the activity of the compounds.

Magalhães et al. [61] had also performed CoMFA studies on 

these compounds to suggest that bulky groups in meta and 
para positions of the phenyl ring (in R1-substitutents) would 
increase the biological activity of this class of compounds.

 Carboxylic acid derivatives

Some quionoline carboxylic acid derivatives as shown in 
Figure 25 were also studied for their integrase inhibitory 
activity [43]. On these quionolone carboxylic acid derivatives, 
some CoMFA and CoMSIA studies were performed by 
Lu et al. [62]. Their CoMFA contour map (Figure 26) 
represented 80% sterically favorable and 20% sterically 
unfavorable area by green and yellow regions, respectively, 
with reference to the compound having X = o-F, m-Cl; Y = 
o-Me; Z = (S)-iPr . The green contours near para position of 
the phenyl ring and around the nitrogen of hydroquinoline 
ring indicated that bulky groups in these regions may be 
favorable to the activity. Similarly, two yellow contours, one 
between the hydroxyl and isopropyl groups of compound 
and one near the hydroquinoline ring suggested that bulky 
groups in these regions will decrease the activity.

R1

R2

N

O

OH

OHR4

R3

OR5

Figure 25: Quionoline carboxylic acid derivatives.

Figure 26: CoMFA STDEV* coeff contour maps based on compound where X = o-F, m-Cl; Y = o-Me; Z = (S)-iPr (Figure 25). 

Green contours indicate regions where steric interaction would be favored. Yellow contours are areas where the steric interaction 
would be disfavored. The blue region represents the area where an electro- positive group may be favorable and the red region 

refers to the area where an electronegative group may be favorable.
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Similarly, Figure 26 also represented electrostatically 
favored regions. The blue contours exhibited the favorable 
regions for electropositive groups (80%) and the red 
contours the favorable regions for electronegative groups 
(20%). The two large blue regions under the phenyl ring 
and the one near the carboxyl group are the regions where 
the electropositive substituents can increase the activity. 
Additionally, a medium blue contour distributed behind 
the hydroxyl group also suggested a favorable region for 
electropositive group. However, a red polyhedron near the 
ketone group of hydroquinoline ring and three red contours 
near the hydroxyl groups, carboxyl group, and chlorine 
indicated that electronegative groups around these regions 
might increase the inhibitory activity.

In CoMSIA contour maps (Figure 27A), the steric and 

electrostatic fields were almost similar to those of CoMFA. 
However, the hydrophobic contour map of CoMSIA (Figure 
27B) suggested that the yellow region around the para 
position of the phenyl ring would be favorable for the 
hydrophobic group, but that the four black regions near 
ortho position of the phenyl ring, methyl group, N-position, 
and carboxyl group would be unfavorable to hydrophobic 
group but favorable to hydrophilic substituents.

Figure 27C represented the H-bond acceptor regions. A 
large magenta polyhedron around the hydroquinoline ring 
suggested that the presence of H-bond acceptor groups in 
this region would increase the activity. Also a medium size 
magenta polyhedron in the vicinity of methoxy group might 
also be the region where H-bond acceptor group might 
increase the HIV-1 integrase inhibitory activity.

Figure 27: CoMSIA STDEV*coeff contour maps based on compound where X = o-F, m-Cl; Y = o-Me; Z = (S)-iPr (Figure 25). (A) Steric 
and electrostatic fields: green and yellow contours represent steric favorable and unfavorable regions, respectively. Blue and red contours 
represent regions that favor electropositive and electronegative groups, respectively. (B) Hydrophobic fields: yellow fields indicate regions 
where hydrophobic groups could enhance the activity; while black fields indicate regions where hydrophobic groups decrease activity. 
(C) Hydrogen-bond acceptor fields: magenta and red contours represent favorable and unfavorable hydrogen-bond acceptor regions, 
respectively.

For the same series of quinolone carboxylic acids (Figure 
25), Cheng et al. [63] performed QSAR analysis using 
3D-MORSE (3D-Molecular Representation of the Structure-
based Electron Diffraction) descriptors to conclude that 
polarizability and mass of the molecule were the most 
important factors governing the HIV-1 integrase inhibition 
activity of the molecules.

For a set of N-methyl pyrimidones (Figure 28) studied by 
Gardelli et al. [64] for intergrase inhibition, Kaushik et al. 

[65] performed a multiple linear regression analysis and 
obtained a correlation as 

log(1/IC50) = 0.773(±0.24)st + 0.866(±0.296)MV + 
1.048(±0.340)I1 + 0.449(0.216)I2 + 0.297(±0.281)
I3+0.290(±1.739)

n = 37, r = 0.843, r2
cv = 0.63, r2

pred = 0.71, s = 0.24, F5,31 = 
15.22  
 (6)
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Figure 28: General structures of N-methyl pyrimidones.

Figure 29:  Structure of hydrazides.             

In this equation st refers to the surface tension of the 
molecule and MV to its molar volume. I1, I2, and I3 are three 
indicator parameters that were used, with a value of 1 each, 
to describe the effects of some specific structural features 
in the molecules. I1 was used for the presence of fluorine in 
R-substituent, I2 for an R-substitutent being a morpholine 
group, and I3 for an R1- substituent that had its phenyl moiety 
substituted with a fluorine atom at the para position. The 
positive coefficients of all these three indicator variables, 

thus, indicated that the presence of fluorine and morpholine 
groups in the molecule will be advantageous to the activity. 
All these groups might be involved in some electronic 
interactions with the receptor. The positive coefficient 
of MV also suggested the involvement of the molecule 
in dispersion interaction with the receptor. The positive 
coefficient of st, however, indicated that a high value of st 
will make the molecule to be more prone to interact with the 
receptor in order to reduce its surface tension.

N

O

N

H H

OR R

Hydrazides

Neamati et al. [66] made a study on a series of hydrazides, 
that were the analogues of N,N′-bis (salicylhydrazine) 
(Figure 29), to find out the important structural features 
in the compounds leading to better interaction with the 
integrase. A compound with R = OH was found to be a 
potent HIV-1 integrase inhibitor with IC50 value of 2.1 (± 
0.8) µM for 3ꞌ-processing inhibition and 0.7 (± 0.1) µM for 
strand transfer inhibition [37]. It was shown to effectively 
chelate divalent cations as represented in Figure 30. When 
analogues of this compound were studied, most of them 
were found to have inhibitory concentration (IC50) less than 
3 µM, but it was noted that the presence of an OH group in 
all of them was essential [66].

However, it was observed by Neamati et al. [66] that 
several asymmetric structures exhibited similar potency as 
the symmetric lead inhibitor (R=OH, Figure 29). From the 
superimposition of the lowest-energy conformations upon 

one another, these authors found, as shown in Figure 31, 
three important sites for ligand binding: Site A, composed 
of the 2-hydroxyphenyl, the R-keto, and the hydrazine 
moieties in a planar conformation; Site B, a hydrophobic 
site; and Site C, a fingerprint for the complementarity of 
molecular shape between ligand and the enzyme. Site 
A was supposed to chelate with Mn2+ ion in the catalytic 
site of the enzyme and sites B and C were assumed to 
be responsible for complementarity of molecular shape 
between ligand and receptor. Thus, only those compounds 
which possessed sites A, B, and C in a linear orientation 
were suggested to be potent inhibitors of HIV-1 integrase.

Curcumins

Curcumins have been found to possess a variety of 
biological activities, such as antioxidant, anti-inflammatory, 
and gastrointestinal [67,68]. They also have inhibitory 
activity against a variety of protein kinases and phosphoryl 
kinase [69], and can inhibit carcinogenesis and cancer 
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growth [70,71]. More recently, curcumin has been reported 
to inhibit HIV replication [72] by inhibiting particularly HIV-1 
integrase. It inhibits both the stand transfer and 3ꞌ-processing 
activities with IC50 of 40 and 30 µM, respectively [73-75]. 
Curcumin and related compounds have also been found 
to inhibit HIV-1 and HIV-2 proteases with IC50 of 100 and 
250 µM, respectively [76]. Vajragupta et al. [77] studied 
the mode of interaction of curcumin with HIV-1 integrase. 
According to these authors, the binding site of IN is formed 
by residues Asp64, His67, Thr66, Glu92, Thr93, Asp116, 
Ser119, Asn120, and Lys159. When these authors docked 
the curcumin in the core domain, they found that curcumin 
contacts the catalytic residues adjacent to Asp116 and 
Asp64, and near the divalent metal ion, Mg2+. For docking, 
the crystal structure 1QS4.pdb of the core domain of HIV-1 

IN (residues C56–Q209) complexed with inhibitor 5CITEP 
was used to prepare IN active binding site. Figures 32 & 
33 show the binding mode of curcumin with the IN. Figure 
33 shows that ket-enol oxygens of curcumin are located 
adjacent to the catalytic residues Asp116, Asp64, and 
Glu92 of the enzyme and are within the coordination range 
of Mg2+. One of the terminal phenol moieties forms H-bonds 
with His67, Thr66, and Lys155 inside a cavity with a large 
surface area and the other one is within hydrogen bonding 
range of Asn120, Ser119, and Thr93. Further, it can be seen 
that the curcumin molecule involves both strand transfer 
and 3ꞌ-processing areas of active site, where its phenolic 
oxygen can interact with Lys156 to inhibit strand transfer 
and o-methoxy group with His67 and Thr66 to inhibit 
3ꞌ-processing activity.

O

N

O

H

N

O O

H

M/2

M/2

Figure 30: A diagrammatic representation of chelating of a 
compound with R=OH (Figure 29) with a divalent metal ion.     

Figure 31: Superimposition of all the active compounds in the “ball-and-stick” model. 

Site A depicts the metal chelation site or hydrogen-bonding region, site B, the hydrophobic region, and 
site C, a fingerprint for the complementarity of molecular shape between ligand and enzyme. 

(M2+ = Zn2+, Cd2+, Hg2+)   
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Figure 32: The bound conformation of curcumin in the active site of HIV-1 IN, where the backbone 
of catalytic site of enzyme is shown by green, in which interacting amino acid residues by sticks. The 

curcumin molecule is shown with ash color. A Mg2+ ion is shown by a ball in magenta color. 

Figure 33: A schematic diagram showing interactions of curcumin with HIV-1 integrase. 

β-Diketoacids (BDKAs)

For a fruitful structure-based drug design, there should 
be a well defined X-ray crystal structure of the enzyme. 
Notwithstanding, there are 15 crystal structures of HIV-1 IN 

currently available and remarkable differences are observed 
in the conformation of the active site in all these reported 
X-ray structures. Thus, the lack of a well-defined crystal 
structure of IN and also simultaneously the lack of a bona 
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fide lead molecule greatly hampered the design of potent IN 
inhibitors. But the recent discovery of β-diketoacids as IN 
inhibitors provided a lead molecule [78] that led to discover 
the first molecule S1360 (Figure 34) to enter the clinical 
trials against HIV-1 infection. This molecule is actually a 
bioisostere of β-diketoacid and is orally active against HIV-
1[79]. The other two important compounds were BDKA 
(bis-diketoacid) and 5CITEP (1-(5-chloroindol-3-yl)-3-

hydroxy-3-(2H-tetrazo-5-yl)-propenone). 5CITEP is also a 
bioisostere of β-diketoacid, possessing a 5-chloro-indole 
moiety. Both S1360 and 5CITEP are selective inhibitors 
of strand transfer reaction. BDKA has two β-diketoacid 
functional groups on 1,3-positions of the central phenyl 
ring. It inhibits both the 3ꞌ-processing and strand transfer 
reactions of IN with comparable IC50 values [80,81].
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5CITEP
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OH O O OH

OH

O
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Figure 34: Some important β-diketoacid analogues studied for HIV-1 IN inhibitions. BDKA: bis-
diketoacid, 5CITEP:1-(5-chloroindol-3-yl)-3-hydroxy-3-(2H-tetrazo-5-yl)-propenone 

Dayam & Neamati [82] performed docking studies on these 
three compounds as shown in Figure 34 in order to predict 
their biologically relevant conformations when bound to IN 
active site. Of the several core domain structures available 
for IN, only two were found to have completely resolved 
active sites (chain B in PDB 1BIS and chain C in PDB 
1BL3) [83,84]. Remarkable differences were observed in 
the conformations of these two substrate free active sites. 
An X-ray structure of the core domain of IN in complex with 
5CITEP was reported (PDB 1QS4) [33]. The conformation 
of the flexible loop as well as the entire active site in the IN–
5CITEP complex was found to largely differ from the above 
two structures. The active site regions from these three 
structures were designated as active site A (from chain A 
in PDB 1QS4), active site B (from chain B in PDB 1BIS), 
and active site C (from chain C in PDB 1BL3), all of which 
were found to be complexed with Mg2+ ion (Figure 35). The 
carbonyl oxygen atoms of two residues of DDE motif, D64 
and D116, occupy two of the six coordination positions of 
the Mg2+ ion. The DDE motif, a triad of acidic residues D64, 
D116, and E152, involves in the binding of metal cofactor 

and potentially induces certain conformational changes in 
the catalytically active region of IN, which in turn makes IN 
ready for its catalytic process [85,86].

When Dayam & Neamati [82] made docking studies on 
β-diketoacid analogues as given in Figure 34, they found 
that that the conformational flexibility of the flexible loop 
does not strongly influence BKDA and it adopts fairly similar 
bound conformation in all three active sites A, B, and C and 
establishes strong interaction with catalytically important 
residues in both ST and 3P cavities, inhibiting both stand 
transfer and 3ꞌ-processing reactions with comparable 
potency. Thus it could be concluded that the inhibitor that 
could form strong interactions with amino acid residues in 
both ST and 3P cavities of the IN active site would inhibit 
both stand transfer and 3ꞌ-processing reactions with 
similar potency. S1360 was found to adopt similar bound 
conformation only in active sites A and C, but quite different 
in active site B. Several studies have indicated that the 
conformation of the active site B is biologically relevant 
active site conformation of IN in which the flexible loop 
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adopts an extended conformation. Interestingly, none of bound conformations of 5CITEP studied by Dayam and Neamati, 
using the GOLD docking package, precisely resembled that of bound conformation in the reported crystal structure of the 
IN-5CITEP complex. However, the bound location of the 5CITEP in active site B was found close to the bound location of 
5CITEP in the crystal structure.

Figure 35: The superimposed backbone ribbon models of the active site regions from three different 
crystal structures. 

The pink (PDB 1QS4), yellow (PDB 1BIS), and gray (PDB 1BL3) ribbons represent the active site A, B, 
and C, respectively. The Mg2+ ions are shown in magenta.

Structurally different classes of compounds 

Several authors performed QSAR studies on a few series of 
HIV-1 integrase inhibitors comprised of structurally different 
classes of compounds in order to find common modalities 
of drug-receptor interactions for integrase inhibition. Yuan & 
Parrill [87] took a set of 11 different structural classes that 
included tyrphostins, coumarins, aromatic sulfonamides, 

chicoric acids, tetracyclines and so on and performed a 
QSAR study on them using genetic function approximation. 
The best QSAR model derived for the complete set of 11 
classes indicated that the compounds may differ in exact 
relationship between structure and inhibition, perhaps 
through interactions with different subsets of amino 
acids in the binding pocket of the enzyme or through the 
presence of non-overlapping binding pockets. However, 
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when 11 different classes were divided into two clusters, 
one consisting of five structural features and the other six, 
and two different models were obtained, it was found that 
the compounds of larger clusters might bind near the metal 
ion in a fashion similar to that observed in one publically 
available co-crystal structure of an inhibitor bound to HIV-
1 integrase. Flexible alignment of inhibitors in two clusters 
led to define two different pharmacophores consistent 
with previously published pharmacophores [88,89]. In a 
later study also, Yuan & Parrill [90] showed that these two 
clusters of compounds might have two separate binding 
sites.

Makhija & Kulkarni [91] performed a CoMSIA study on a set 

of integrase inhibitors consisted of five structurally diverse 
classes: salicylpyrazolinones, dioxepinones, coumarins, 
quinones and benzoic hydrazides. These compounds 
were evaluated for both 3ʹ-processing and strand transfer 
inhibition activities. The CoMSIA model obtained for 
3ʹ-processing had r2

cv = 0.821, r2
pred = 0.608 and for strand 

transfer r2
cv = 0.759, r2

pred = 0.660, and its contours maps 
obtained for the compound, a salicylpyrazolinone (Figure 
36), as template, had indicated that the steric bulk in the 
vicinity of the two phenyl rings would be favorable for both 
3ʹ- processing and 3ʹ-strand transfer inhibition activities and 
that the hydroxyl group and the carbonyl functions of the 
pyrazole ring would be involved in electrostatic interaction 
in both the activities.

OH

O

N

N

O

NO2

Figure 36: Structure of a salicylpyrazolinone.

The hydrophobic contour maps of CoMSIA had exhibited 
that for 3ʹ-processing the hydrophobically disfavored region 
surrounded almost the entire molecule, whereas for strand 
transfer activity the hydrophobically disfavored regions 
surrounded the terminal phenyl ring and some parts of 
the pyrazolone nucleus. The H-bond donor and acceptor 
contour maps indicated that salicylic hydroxyl group might 
act as H-bond donor and the hydrazide function and NO2 
group as H-bond acceptors in both the activities.

A set of 213 compounds across 12 structurally diverse classes 
of HIV-1 integrase inhibitors was subjected to QSAR study 
by Iyer & Hoppinger [92] in which they used 4D fingerprints 
and classic QSAR descriptors. The 12 structurally diverse 
classes were partitioned into five clusters and then for each 
one of them a QSAR model, overwhelmingly composed of 
4D fingerprint descriptors, was obtained. Analysis of these 
models suggested that compounds of three clusters might 
bind at a common site on the enzyme through a common 
H-bond donor at the inhibitors, but involving somewhat 

different alignment and/or poses for the inhibitors of each 
of the three different clusters. The particular alignment of 
compounds in these clusters depended on their nonpolar 
groups. The QSAR models derived for other two clusters, 
one for coumarins and other for depsides and depsidones, 
were based on less defined pharmacophores.

For almost the same set of compounds of structurally different 
classes as treated by Iyer and Hopfinger, Nunthaboot et al. 
[93] performed CoMFA and CoMSIA studies. The biological 
data for 3ʹ-processing inhibition were used. The CoMFA 
model obtained had r2 = 0.957, r2

cv = 0.678, and r2
pred = 0.719 

and CoMSIA model had r2= 0.872, r2
cv = 0.693 and r2

pred = 
0.568. The CoMFA and CoMSIA contour maps obtained 
by these authors as shown by Figures 37-39, respectively, 
suggested the regions favorable to bulky groups, positively 
or negatively charged subtittuents, and H-bond donor or 
acceptor moieties. The CoMFA contour map (Figure 37a) 
suggested that bulky groups might be favorable to the activity 
in a plane of indole ring (large green contour). The sterically 
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preferred region was found to be located near hydrophobic 
amino acid residues Phe121 and Phe139 of the enzyme. 
With the side chains of these residues, the bulky aromatic 
substituents might have hydrophobic interactions. Another 
sterically favorable region was suggested to be close to 
chloroindole ring of 5CITEP. Three yellow contours located 
around the tetrazole ring suggested the areas where small 
bulky groups might be favorable to the activity.

In CoMFA electrostatic contour plots (Figure 37b), the 
positively charged favored regions (blue) were observed 
to be near Glu148 and Glu149 residues of the enzyme, 

where electron-deficient groups might interact with side 
chains of these residues. Another favorable region for 
electron deficient substituents was near the nitrogen atom 
of the indole ring of 5CITEP. Red contours exhibiting the 
favorable regions for negatively charged substituents were 
shown near the CH adjacent to the carbonyl and hydroxyl 
carbons of 5CITEP. The red contours are in fact close 
to Mg2+ located between Asp64 and Asp 116 residues of 
integrase. The aromatic moiety common to many integrase 
inhibitors have been proposed to interact with this divalent 
cation with a cation-π type of interaction [66,94].

Figure 37: CoMFA contour maps: (a) steric fields; green contours represent sterically favored regions, 
yellow contours indicate sterically disfavored regions, (b) electrostatic fields; red contours represent 
negative potential favored regions and blue regions indicate positive charge favored regions. The 
contours were mapped into the active site of HIV-1 IN and 5CITEP was displayed for reference. 
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Figure 38: CoMSIA hydrogen bond donor contour plots within the active site of the complex structure of HIV-1 IN/5CITEP. 
Cyan contours represent areas where hydrogen-bond donor groups on ligand enhance activity, whereas purple contours 
indicate areas where hydrogen-bond donor groups on ligand decrease activity. 

Figure 39: CoMSIA hydrogen bond acceptor contour plots within the active site of the complex structure of HIV-1 IN/5CITEP. 

Magenta contours represent regions where hydrogen- bond acceptor groups on ligand can enhance activity, while red contours 
indicate areas where hydrogen bond-acceptor groups on ligand can decrease activity.

The CoMSIA contour maps for H-bond donors (Figure 38) 
indicated through cyan color the two favorable regions for 
H-bond donors. The first one was near the CH adjacent to 
carbonyl carbon and to the hydroxyl carbon of 5CITEP and 
the second was near the indole ring of 5CITEP. Four purple 
contours around the tetrazole ring indicated that H-bond 
donor groups in this area might decrease the activity. The 
CoMSIA H-bond acceptors fields were shown in Figure 
39, where a magenta contour near the keto-enol moiety of 

5CITEP suggested a favorable region for H-bond acceptor 
group. This favorable region near the keto-enol moiety 
for H-bond acceptor group supported the pharmacophore 
model proposed by Barreca et al. for diketo acid analogues 
[95]. A large red contour behind the NH moiety of the indole 
ring of 5CITEP had however, suggested, that H-bond 
acceptor features of ligands in this area might not be 
favorable to the inhibition activity.
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An Overall View
A large number of potent HIV-1 integrase inhibitors have 
been found to have, in common, two aryl units separated 
by a central linker, where one of these aryl moieties 
must contain 1, 2-dihydroxy substituents. The hydroxyl 
groups were found to be import for the interaction with the 
enzyme. The integrase active sites also have been found to 
accommodate large variations in ligand size and shape and 
different binding modes.

Most of the compounds have been found to inhibit both 
3ʹ-processing and strand transfer reactions involved in 
the viral integration by integrase. These two reactions 
represent a transesterification reaction requiring the 
presence of divalent cations Mn2+ and Mg2+. For catechols, 
both 3ʹ-processing and strand transfer inhibition activities 
were found to be controlled by some electronic descriptors, 
shape related physicochemical parameters, and some 
thermodynamic descriptors related to desolvation 
phenomena during binding. On the basis of some studies, a 
6-point pharmacophore for IN inhibition was defined which 
should have two H-bond acceptor groups, two hydrophobic 
groups, a negative feature (N), and an aromatic ring (R). 

For certain IN inhibitors, the ability of the molecule to be 
easily polarized and to donate the electrons were found to 
favor the activity, as these properties might enable them 
to easily interact with the metal ions Mg2+ or Mn2+ of the 
enzyme. Certain categories of the inhibitors were found to 
have hydrogen binding with the active site of the enzyme 
along with the formation of a coordination ring around the 
Mg2+. Hydrophobic property, polarizability, and mass of 
molecules were also found to be important factors governing 
the integrase inhibition activity of compounds. In a recent 
communication, Garg & Ko [96] had also concluded that 
integrase inhibition did involve hydrophobic, steric, and 
electrostatic interactions, though in many QSAR models 
discussed by them hydrophobic descriptors were not 
found to be important. However, since there are certainly 
hydrophobic binding sites in integrase, it was suggested by 
Garg and Ko that ligands might induce some conformational 
changes in the binding sites, because of which they might 
become unable to have any hydrophobic interaction with 
the ligands.

For structurally different classes of compounds it was found 
that compounds may differ in exact relationship between 
structure and inhibition, perhaps through interactions with 
different subsets of amino acids in the binding pocket of 
the enzyme or through the presence of non-overlapping 
binding pockets. The aromatic moiety common too many 
integrase inhibitors have been proposed to interact with the 
cation Mg2+ involving a cation-π type of interaction.
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