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Because of its unique role in the viral replication process, HIV-1 integrase (IN) is an important
antiretroviral drug target. The â-diketo acid class of IN inhibitors has played a major role in
validating IN as a legitimate target for antiretroviral drug design. S-1360 (1) and L-870,810
(2) are examples of â-diketo acid related compounds to enter clinical trials. With an aim to
discover novel lead compounds with diverse structural scaffolds, we employed common feature
pharmacophore models using four known â-diketo acid analogues including S-1360 (J. Med.
Chem. 2005, 1, 111-120). The best-ranked pharmacophore model (Hypo1) contained a
hydrophobic (HYA), an H-bond acceptor (HBA), and two H-bond donor (HBD) features. A search
of a 3D database containing ∼150 000 small molecules using Hypo1 found 1700 compounds
that satisfied all the features of the pharmacophore query. Of the 1700 compounds, 110 were
selected for in vitro screening studies on the basis of their docking scores, predicted binding
location inside the active site of IN, and their druglike properties. Forty-eight compounds
inhibited IN catalytic activities with an IC50 value less than 100 µM. Twenty-seven structurally
diverse inhibitors are reported here. Out of the 27 compounds, 13 compounds inhibited strand
transfer activity of IN with an IC50 value less than 30 µM. These compounds are novel, druglike,
and readily amenable for synthetic optimization.

Introduction
The pol gene of HIV-1 encodes three essential en-

zymes: reverse transcriptase (RT), protease (PR), and
integrase (IN). Currently, 19 drugs are approved by the
FDA for the treatment of HIV infection. These are
targeted against RT, PR, and the viral entry process.
IN plays a crucial role in the viral replication process
by integrating the viral cDNA into the human genome.1
Over the years, a plethora of IN inhibitors have been
discovered.2-5 Among all the reported IN inhibitors, the
â-diketo acid class of compounds are the most promising
and S-1360 (1) and L-870,810 (2) have entered clinical
trials.6-9 As more IN inhibitors are entering clinical
trials, their safety, efficacy, and pharmacokinetic prop-
erties need to be optimized. Moreover, resistance to IN
inhibitors are highly likely, and therefore, there is a
need to develop second- and third-generation inhibitors.

Pharmacophore perception is one of the widely used
analogue-based drug design methods where structural
information of known lead compounds is utilized to
identify novel and more potent compounds.10-19 Previ-
ously, pharmacophore perception was successfully uti-
lized in the discovery of several structurally diverse IN
inhibitors using earlier leads.20-25 Several structure-
based pharmacophore models representing the dynamic
nature of the IN active site were also generated and
used to identify novel inhibitors.26,27 Prior studies used
pharmacophore techniques when no clinically validated
drug was available to be used as a template. With the
discovery of S-1360 as the first clinical candidate6,28 the

field of IN drug discovery has been gaining momentum.
S-1360 and other selective IN inhibitors8,9 have proven
that IN is indeed “druggable”, and the results with these
drugs in primates and phase I clinical trials were very
encouraging. Unfortunately, S-1360 failed phase II
clinical trials because of pharmacokinetic problems and
is no longer pursued as a viable drug. Because S-1360
is a highly selective IN inhibitor, it is possible to
design compounds on the basis of its three-dimensional
structure with entirely different pharmacokinetic pro-
files. We envisage that pharmacophore perception is an
ideal approach for discovering second-generation IN
inhibitors. In this study we expand on our recent
report25 using S-1360 as a template and present novel
IN inhibitors with desirable predicted druglike proper-
ties.

Results and Discussion

To identify lead compounds with novel structural
scaffolds and desired chemical features, we have gener-
ated common feature pharmacophore hypotheses using
a training set consisting of four â-diketo acid-containing
IN inhibitors. These include the clinical candidate
S-1360 (1) (Figure 1).25 Ten common feature pharma-
cophore hypotheses were generated using HipHop (Cata-
lyst, version 4.8; Accelrys, Inc., 2003). The best-ranked
pharmacophore hypothesis (Hypo1) was chosen for the
database search and is shown in Figure 2A. The Hypo1
has four features and seven spheres, namely, a hydro-
phobic (HYA), an H-bond acceptor (HBA), and two
H-bond donor (HBD) features (Figure 2A). The Hypo1
was used as a query to retrieve compounds that fit all
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the above features from a multiconformer 3D database
of ∼150 000 compounds. Compound 6, one of the highly
active compounds, was mapped onto the Hypo1 to
provide understanding of the alignment of its chem-
ical features with its pharmacophoric features (Figure
2C).

An earlier reported protocol for compound selection
was also implemented in the present study.25 All 1700
compounds retrieved from the database using Hypo1
were docked onto the active site of IN using the GOLD
(genetic optimization for ligand docking) program to
rank them on the basis of their ability to form favorable
interactions with the IN active site (CCDC 2001, GOLD,
version 1.2).29,30 Finally, 110 compounds were selected
for in vitro assays against purified IN on the basis of
the GOLD score and the compounds’ ability to chelate
metal ion at the active site of IN and to satisfy Lipinski’s
rule of five. Of the 110 compounds tested against
purified IN, 48 compounds inhibited IN with IC50 values
ranging from 6 to 100 µM. Twenty-seven structurally
diverse compounds with IN inhibitory activities are
presented in this report.

In Vitro Inhibitory Activities of Novel Inhibitors
of IN. IN inhibitory activities of all the compounds
identified through the selection process were measured
in an in vitro assay specific for IN. The chemical
features of compounds 6-32 mapped by the pharma-
cophore features of Hypo1 are shown in Table 1. Blue
represents a structural moiety mapped by the hydro-
phobic feature (HYA), and green and magenta represent

functional groups mapped by the H-bond acceptor
feature (HBA) and H-bond donor features (HBD), re-
spectively (Table 1). Out of the 27 compounds presented
in this report, 13 of them inhibited either the 3′-
processing or the strand transfer activities of IN with
an IC50 value less than 30 µM.

Compounds 6-9 share a benzoxazole and a free
hydroxyl group in common. These molecules exhibited
high to moderate IN inhibitory activities. Compound 10
containing a coumarin unit and a thiazole ring as its
major structural components inhibited 3′-processing and
strand transfer activities with IC50 values of 30 ( 4 and
10 ( 4 µM, respectively. Previously, several coumarin-
based compounds containing more than one coumarin
unit (dimers and tetramers) were reported as IN inhibi-
tors.31 Compound 11, with a keto-enol moiety is a close
analogue of linomide. It inhibited 3′-processing and
strand transfer activities of IN with IC50 values of 40 (
3 and 16 ( 6 µM, respectively. The keto-enol moiety is
a commonly observed structural arrangement in the
known IN inhibitors. Linomide, known to be an immu-
nomodulator and an antineoplastic agent, also possesses
the keto-enol moiety.32,33

Compounds 12 and 13 contain amide substituents at
positions 2 and 5 of the core terephthalic acid inhibited
3′-processing activity with IC50 values of 9 ( 4 and 28
( 12 µM, respectively, and strand transfer activity of
IN with IC50 values of 7 ( 4 and 21 ( 9 µM, respectively.
Compound 12, with a phenylacetamide moiety, was
more potent than compound 13, which instead has a
bulky naphthamide on the core terephthalic acid. Com-
pound 14, with an imidazole-5-carboxylate and a ben-
zophenoneamide group, showed potent activity. It in-
hibited the 3′-processing and strand transfer activities
of IN with IC50 values of 16 ( 8 and 17 ( 3 µM,
respectively. The N-substituted tryptophan 15 is a
moderate inhibitor of IN, and some of the structurally
related molecules were reported previously as thrombin
inhibitors.34

Compounds 16 and 17 both showed selectivity toward
the inhibition of IN strand transfer activity. Compound
18 inhibited both the catalytic activities of IN with
similar IC50 values. Compound 19 with a diketohy-
drazide as its major structural unit inhibited both
catalytic activities but showed more potency against
strand transfer activity of IN. Compound 20, also
containing a â-diketohydrazide moiety, inhibited strand
transfer activity of IN with an IC50 value of 90 ( 10

Figure 1. Structures of the HIV-1 IN inhibitors used in our
training set.

Figure 2. (A) Best-ranked HipHop generated pharmacophore hypothesis with four features (Hypo1). (B) S-1360 (1) is mapped
onto Hypo1. Hypo1 was used in the database mining to identify novel HIV-1 integrase inhibitors. (C) A representative compound,
6, is mapped on to Hypo1. The pharmacophoric features are shown as hydrophobic in light-blue (HYA), H-bond acceptor is shown
in green (HBA), and H-bond donor is shown in magenta (HBD1-2).
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µM, but it did not inhibit the 3′-processing activity at
100 µM. Compounds 22-25, all containing one or two
free hydroxyl groups, showed moderate inhibitory ac-
tivities against IN. The symmetric molecule 26, with
two 3,5-dihydroxy-N-methylenebenzohydrazide groups
at positions 1 and 4 of the central phenyl ring, showed
moderate activity against IN.

Compound 27, a symmetric secondary alcohol with
two salicylideneimino groups, showed moderate activity
against IN. Several structurally related Schiff bases are
known as metal chelaters. Compounds with molecular
structures similar to that of compound 27 chelate
manganese.35 Compound 28, with a highly substituted
central butyrolactam ring and an imidazole group, is a

Table 1. Inhibition of HIV-1 Integrase Catalytic Activities and GOLD Scores of a Set of Structurally Diverse Compounds Retrieved
from the Database Using the Best Pharmacophore Hypo1
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moderate inhibitor of IN. The Schiff base 29, with a
3-hydroxybenzothiophene and a 4-methylbenzensul-
fonamide on the core phenyl ring, also showed moderate
inhibitory activity against IN. Compounds 30 and 31,
both containing a 2-furancarboxamide group in common,
are moderate inhibitors of IN. Compound 32, with a free
hydroxyl group, showed high selectivity toward the
strand transfer activity of IN and was inactive against
the 3′-processing activity of IN even at a tested concen-
tration of 1000 µM.

Compounds 6-32, with ample structural diversity,
showed a wide range of inhibitory activities against both
catalytic reactions of IN. Interestingly, most of these
compounds possessed one or two free carboxylic or free
hydroxyl groups, and some had a keto-enol arrange-
ment. The keto-enol arrangement is a common struc-
tural feature found in many of the documented IN
inhibitors. Compounds 11 and 19 containaing a keto-
enol moiety showed significant inhibitory activity against
IN. Owing to their novel structural features, several of
these compounds provide potential leads for IN inhibitor
design.

Because compounds 12 and 13 both contained two
free carboxylate groups and showed considerable IN
inhibitory activity, we investigated how the presence
and arrangement of the two carbonyl oxygen atoms
contribute to their inhibitory profile. These two carbonyl
oxygen atoms are separated by five bonds (oxygen atoms
in red and bonds in bold; see Table 2). Seven compounds
with two carbonyl oxygen atoms separated by a five-
bond distance were retrieved from the database and
screened against IN. Compounds 33-35 have two
carbonyl oxygen atoms arranged in a similar geometry.
Compounds 33 and 34 showed significant inhibition
against strand transfer activity of IN, while compound
35 was inactive at the highest tested concentration of
100 µM. A similar geometrical arrangement for the two
carbonyl oxygen atoms is maintained to a large extent
in 36-39. However, they possessed diverse structural
scaffolds. Interestingly, compounds 36-39 showed mod-
erate inhibitory activity against IN. This indicates that
the presence and geometry of the two carbonyl oxygen
atoms separated by a five-bond distance could contribute
to activity profile of the molecule. However, the relative
geometry of the carbonyl groups in the molecule and
their ability to participate and establish strong interac-
tions within the IN active site are the key features for
potency.

Antiviral Activity. Compounds 9-11 did not show
any cytoprotection against HIV-1 infected CEM cells.
Compound 12 with an EC50 value of 104 µM and CC50

value of >400 µM was confirmed as active in a cell--
based antiviral assay. Unfortunately, compounds 16-
24 showed significant cytotoxicity without antiviral
activity.

Docking Studies. As part of the compound selection
process, all the hits were docked onto the active site of
IN. Most of the active compounds scored high GOLD
fitness values. Some of the moderately active compounds
8, 25, 28-30, and 32 also scored high GOLD fitness
values. An example of the predicted bound conforma-
tion of one of the highly active compounds 6, inside the
IN active site, is shown in Figure 3 along with the

crystallographically determined bound conformation of
5CITEP (3).36 Compound 6 occupied a wide cavity
surrounded by the active site amino acid residues Q62,
D64, D116, P142, I151, E152, N155, K156, and K159.
The hydroxyl group of compound 6 forms strong H-
bonding interactions with the amino acid residues I151
and N155. The carbonyl oxygen atom of compound 6
involves an H-bonding interaction with amino acid
residue Q62 (Table 3). The bound conformation of
compound 6 inside the IN active site supports its
inhibitory profile.

Conclusions

A set of novel IN inhibitors with diverse structural
scaffolds were identified using a pharmacophore hy-
pothesis that was generated on the basis of four known
IN inhibitors including S-1360. Many of these com-
pounds possess amenable chemical and structural fea-
tures and will serve as potential leads for drug design
strategies targeting IN. Further structural optimization
to enhance IN inhibitory activity is in progress and will
be reported in due course.

Table 2. Inhibition of HIV-1 Integrase Catalytic Activities by
a Set of Compounds with Two Carbonyl Oxygen Atoms
Separated by a Five-Bond Distance
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Experimental Section
Generation of Pharmacophore Hypotheses. Common

feature pharmacophore hypotheses were generated using four
â-diketo acid containing inhibitors (1 and 3- 5) of IN (Figure
1). The structures and conformations of the four compounds
were built within Catalyst on a multiprocessor Linux PC in
parallel to a 24-CPU Silicon Graphics Onyx workstation as
described.37 The Poling algorithm implemented within Cata-
lyst was used to generate conformations for all the compounds.
For each compound all feasible unique conformations were
generated over a 20 kcal/mol range using the BEST flexible
conformation generation option in Catalyst. The Catalyst
HipHop module was used to generate the common feature
hypotheses.25 HipHop evaluates a collection of conformational
models of molecules and a selection of chemical features. The
program then identifies configurations of features (pharma-
cophore) common to these molecules. The top-ranking phar-
macophores are expected to identify the hypothetical orienta-
tion of the active compounds and the common binding features
interacting with the target. All training set inhibitors were
somewhat structurally diverse but possessed some common
chemical features and comparable inhibitory potencies. On the
basis of the structural information from these known inhibitors
and the active site of IN, a set of features were selected to be
present in the pharmacophore generation experiment. The
chemical features considered in the pharmacophore model
generation run were H-bond donor (HBD), H-bond acceptor
(HBA), and hydrophobic aromatic (HYA). HipHop was forced
to incorporate these features in the 10 top-ranking pharma-
cophore hypotheses generated.

Database Search. The highest ranked common feature
pharmacophore was used as a search query to retrieve
molecules with novel chemical structure and desired chemical
features from an in-house multiconformer Catalyst-formatted

database consisting of ∼150 000 compounds. The best flexible
search databases/spread sheets method in Catalyst was used
to search the database. Druglike properties of the retrieved
hits from the database search were calculated using Accord
for Excel (Accelrys, Inc.).

Docking. The subunit B of the core domain X-ray structure
of IN (PDB code 1BIS) in which all the active site amino acid
residues were resolved was chosen for our docking purpose. A
Mg2+ ion was placed in the active site between carboxylate
oxygen atoms of amino acid residues D64 and D116 based on
the geometry of the Mg2+ ion that was present in the subunit
A of IN in PDB 1BIS and subunit A in the IN-5CITEP complex
X-ray structure (PDB 1QS4).36 All the water molecules present
in the protein were removed, and proper protonation states
were assigned for acidic and basic residues of the protein.
Docking was performed using version 1.2 of the GOLD (genetic
optimization for ligand docking) software package. GOLD is
an automated ligand docking program that uses a genetic
algorithm to explore the full range of ligand conformational
flexibility with partial flexibility of the receptor.29 The algo-
rithm was tested on a data set of over 300 complexes extracted
from the Brookhaven Protein DataBank.30 GOLD succeeded
in more than 70% of the cases in reproducing the experimental
bound conformation of the ligand. GOLD requires a user-
defined binding site. It searches for a cavity within the defined
area and considers all the solvent accessible atoms in the
defined area as active site atoms. A 20 Å radius active site
was defined considering the carboxylate oxygen (OD1) atom
of residue D64 as the center of the active site. All the
compounds retrieved by the pharmacophore model (Hypo 1)
were docked into the active site of IN. On the basis of the
GOLD fitness score, for each molecule a bound conformation
with a high fitness score was considered as the best bound
conformation. All docking runs were carried out using standard
default settings with a population size of 100, a maximum
number of 100 000 operations, and a mutation and crossover
rate of 95. The fitness function that was implemented in GOLD
consisted basically of H-bonding, complex energy, and ligand
internal energy terms.

Materials, Chemicals, and Enzymes. All compounds
were dissolved in DMSO, and stock solutions were stored at
-20 °C. The γ-[32P]-ATP was purchased from either Amersham
Biosciences or ICN. The expression systems for wild-type IN
and the soluble mutant INF185KC280S were generous gifts of Dr.
Robert Craigie, Laboratory of Molecular Biology, NIDDK, NIH,
Bethesda, MD.

Figure 3. (A) Crystallographically determined bound conformation of 5CITEP (PDB1QS4). (B) Predicted bound conformation of
compound 6 inside the HIV-1 integrase active site. The ribbon model indicates the active site region, while the prominent active
site amino acid residues are rendered as stick models. The violet ball-and-stick model represents compound 6. The magenta
sphere represents Mg2+.

Table 3. H-bond Interactions and the Active Site Amino Acid
Residues Interacting with Compound 6

Compound 6

H-bond interactionsa Interacting amino acid residues

-OH‚‚‚OdC N155 (1.61) Q62, D64, D116, I151, E152,
-OH‚‚‚OdC I151 (2.31)b N155, K156
-CdO‚‚‚HN Q62 (1.81)
a The values in parentheses are H-bond distances in Å. b Back-

bone carbonyl of I151.
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Preparation of Oligonucleotide Substrates. The oligo-
nucleotides 21top, 5′-GTGTGGAAAATCTCTAGCAGT-3′, and
21bot, 5′-ACTGCTAGAGATTTTCCACAC-3′, were purchased
from Norris Cancer Center Microsequencing Core Facility
(University of Southern California) and purified by UV shad-
owing on polyacrylamide gel. To analyze the extent of 3′-
processing and strand transfer using 5′-end-labeled substrates,
21top was 5′-end-labeled using T4 polynucleotide kinase (Epi-
centre, Madison, WI) and γ-[32P]-ATP (Amersham Biosciences
or ICN). The kinase was heat-inactivated, and 21bot was added
in 1.5 molar excess. The mixture was heated at 95 °C, allowed
to cool slowly to room temperature, and run through a spin
25 minicolumn (USA Scientific) to separate annealed double-
stranded oligonucleotide from unincorporated material.

Integrase Assays. To determine the extent of 3′-processing
and strand transfer, wild-type IN was preincubated at a final
concentration of 200 nM with the inhibitor in reaction buffer
(50 mM NaCl, 1 mM HEPES, pH 7.5, 50 µM EDTA, 50 µM
dithiothreitol, 10% glycerol (w/v), 7.5 mM MnCl2, 0.1 mg/mL
bovine serum albumin, 10 mM 2-mercaptoethanol, 10% di-
methyl sulfoxide, and 25 mM MOPS, pH 7.2) at 30 °C for 30
min. Then, 20 nM of the 5′-end 32P-labeled linear oligonucle-
otide substrate was added, and incubation was continued for
an additional 1 h. Reactions were quenched by the addition of
an equal volume (16 µl) of loading dye (98% deionized forma-
mide, 10 mM EDTA, 0.025% xylene cyanol, and 0.025%
bromophenol blue). An aliquot (5 µL) was electrophoresed on
a denaturing 20% polyacrylamide gel (0.09 M Tris-borate, pH
8.3, 2 mM EDTA, 20% acrylamide, 8 M urea).

Gels were dried, exposed in a PhosphorImager cassette,
analyzed using a Typhoon 8610 variable mode imager (Am-
ersham Biosciences), and quantitated using ImageQuant 5.2.
Percent inhibition (% I) was calculated using the following
equation:

where C, N, and D are the fractions of a 21-mer substrate
converted to 19-mer (3′-processing product) or strand transfer
products for DNA alone, DNA plus IN, and IN plus drug,
respectively. The IC50 values were determined by plotting the
logarithm of drug concentration versus percent inhibition to
obtain the concentration that produced 50% inhibition.

Anti-HIV Assays in Cultured Cells. The anti-HIV activity
was evaluated in human T cell line CEM-SS infected with
HIV-1 as described by Weislow et al.38 In brief, cells were
plated in 96-well plates at 5 × 103 cells/well and infected with
HIV-1RF (MOI ) 0.3). Serial dilutions of compounds were then
immediately added to the cells in a final volume of 200 µL. In
each experiment, AZT and dextran sulfate were included as
control compounds for anti-HIV activity. The cells were
maintained at 37 °C with 5% CO2-containing humidified air
for 6 days. Cell viability was quantified by absorbance at 450
nm after 4 h of incubation with 2,3-bis[2-methoxy-4-nitro-5-
sulfophenyl]-5-[(phenylamino)carbonyl]-2H-tetrazolium hy-
droxide (XTT) at 0.2 mg/mL. Antiviral activity was graded on
the basis of the degree of anti-HIV protection as active (80-
100% protection), moderate (50-79% protection), and inactive
(0-49% protection). Toxicity of the compounds was determined
simultaneously on the same plate in uninfected CEM-SS cells.
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