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Two decades of intensive research efforts have led to the discovery of a large number of HIV-1 integrase
(IN) inhibitors. Recently, the United States Food and Drug Administration (US FDA) approved MK-0518,
or raltegravir (1), as the first IN inhibitor for HIV/AIDS treatment. Growing clinical evidence also demonstrates
that the emergence of HIV-1 virus strains bearing IN amino acid substitutions that confer resistance to IN
inhibitors is inevitable. The discovery of second generation inhibitors with potency against viral strains
bearing drug resistant IN substitutions is necessary for ongoing effective treatment of viral infections. We
generated common feature pharmacophore hypotheses using a training set of quinolone 3-carboxylic acid
IN inhibitors, including the clinical candidate GS-9137 (2). A database search of small molecules using the
quinolone 3-carboxylic acid pharmacophore model, followed by in vitro evaluation of selected hits in an
assay specific to IN, resulted in the discovery of potential leads with diverse structural scaffolds useful for
the design of second generation IN inhibitors.

Introduction

The advent of highly active antiretroviral therapy (HAARTa)
regimens comprised of more than 20 US FDA approved
antiretroviral drugs transformed the once fatal HIV/AIDS disease
into a chronic infection. HAART combination regimens sup-
pressed viral loads to undetectable levels but failed to eradicate
the HIV-1 virus from infected patients. Because of the chronic
nature of HIV-1 infection, a life long HAART regimen is
required for infected patients. Rapidly emerging multidrug
resistant HIV-1 virus strains and severe adverse effects from
long-term HAART medication necessitate a demand for potent
and safe drugs targeting alternative steps in the HIV-1 replication
process.1–10 The recent progress in the discovery and clinical
development of HIV-1 integrase (IN) inhibitors and chemokine
receptor (CCR5 and CXCR4) antagonists as novel antiretroviral
agents stimulates a new hope in the treatment of HIV/AIDS.11–14

IN mediated catalytic reactions are essential for the HIV-1
replication process and sustained viral infection.15,16 IN mediates
integration of the viral cDNA into the host genome through
two unique catalytic reactions. In the first step, which takes place
in the cytoplasm of an infected cell, IN recognizes newly
transcribed viral cDNA and selectively cleaves two nucleotides
(GT) from its conserved 3′-CAGT ends. This reaction is called
3′-processing and produces nucleophilic hydroxyls on both 3′-
ends (3′-CA-OH) of the viral cDNA. IN translocates to the
nucleus of the infected cell along with the processed viral cDNA
and several cellular cofactors as a part of the preintegration

complex. In the second step, which takes place in nucleus of
the infected cell, IN mediates the nucleophilic attack of both
3′- end hydroxyls of the viral cDNA onto the host DNA. This
insertion (integration) process is called the strand transfer
reaction. Specific in vitro assays have been developed for these
reactions by using recombinant IN, a 21-mer DNA substrate
representing the U5 region of the HIV-1 long terminal repeat
(LTR) regions, and metal cofactors, Mg2+ or Mn2+. These in
vitro assays have been used to discover a plethora of IN
inhibitors from diverse chemical classes.14,17–21

The discovery of the �-diketoacid class of IN inhibitors was
a major advance in the validation of IN as a therapeutically
viable antiretroviral drug target.22 Several first generation IN
inhibitors are in various stages of clinical trials. S-1360 (3), a
�-diketoacid bioisostere, was the first IN inhibitor to enter into
human clinical trials (Figure 1).23 Compound 3 showed potent
antiviral activity against a variety of HIV-1 clinical isolates.
Consistent with its specificity to IN, 3-resistant IN mutant
proteins have been isolated in vitro. The amino acid substitutions
of IN conferring resistance to 3 are T66I, Q148K, I151L, and
N155S.23 Unfortunately, 3 failed to show efficacy in HIV-1
infected patients due to its metabolic instability.24,25 Currently,
GS-9137 (2) is in advanced stages of clinical trials (Figure 1).
The first US FDA approved IN drug as of October 2007,
raltegravir (1), showed potent antiviral activity against a broad
panel of clinical HIV-1 isolates, including isolates resistant to
almost all clinically used antiretroviral drugs. Compound 1
showed excellent therapeutic efficacy in antiretroviral treatment-
naive and treatment-experienced HIV-1 infected patients.26–29

Similar to those of 3, the IN amino acid substitutions conferring
resistance to 1 have emerged under drug pressure. The IN
substitutions conferring resistance to 1 were T66I, L74M, E92Q,
Y143R/C, Q148K/R/H, and N155H.28,29 Compound 2, currently
in late-stage clinical trials, belongs to the quinolone 3-carboxylic
acid class of IN inhibitors.30–32 In phase II clinical studies, 2
showed significant antiretroviral activity in antiretroviral treat-
ment-naive and treatment-experienced HIV-infected patients
when compared with a placebo. Similar to those of other
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clinically studied inhibitors, amino acid substitutions in the IN
catalytic core domain conferring resistance to 2 have been
identified. The IN amino acid substitutions conferring resistance
to 2 were T66I, E92Q, F212Y, S153Y, and R263K.33 The
dynamic nature of the HIV genome coupled with the require-
ment of a sustained antiretroviral treatment regimen in chronic
HIV-1 patients eventually facilitates the emergence of drug
resistant HIV-1 strains. Additionally, previous experiences with
other clinically used antiretroviral drugs targeting alternative
stages in the HIV-1 life cycle forecast an inevitable emergence
of HIV-1 virus strains bearing drug resistant amino acid
substitutions in IN once first generation IN inhibitors are
commonly used in the clinic. This indicates an obvious demand
for the discovery of highly potent second generation IN
inhibitors to stay ahead of rapidly emerging drug resistant HIV-1
strains. Here we report the generation and successful use of
pharmacophore models based on key chemical features of a set
of 2 analogues in the discovery of novel and structurally diverse
IN inhibitors.

Results and Discussion

Quinolone 3-Carboxylic Acid Pharmacophore. Quinolone
3-carboxylic acids are a novel class of IN inhibitors.30 Re-
searchers at Japan Tobacco discovered this class of IN inhibitors
through modification of antibiotic quinolones. The quinolone
3-carboxylic acids 4–7 and 2 inhibited the strand transfer activity
of IN with IC50 values ranging from 43.5 ( 8.8 to 7.2 ( 2.2
nM (Table 1). They also inhibited HIV-1 replication with EC50

values ranging from 805 to 0.9 nM, consistent with their
inhibitory effect on IN strand transfer activity. A thorough
analysis of structural features of the quinolone 3-carboxylic acid
IN inhibitors indicates the presence of several pharmacophoric
features viz. a negatively ionizable feature representing the
quinolone 3-carboxylate group, an H-bond acceptor feature
representing the �-ketone, two hydrophobic aromatic features
representing the two aromatic rings (6-benzyl and the quinolone
core), an H-bond donor feature representing the NH of the
quinolone ring (in compound 4) or a hydroxyl group from
substitution on N1 of the quinolone ring in compounds 5–7 and
2, and an aliphatic hydrophobic feature representing an isopropyl
group of substitution on N1 of quinolone ring in compounds 7
and 2. Structure–activity relationship analysis shows that
variation in substitution on N1 of the quinolone ring has
marginal influence on the IN inhibition, particularly from
compounds 6–7 and 2. Interestingly, the variation is strongly
correlated with the antiretroviral potency of the compounds. The
marginal effect of substitution on N1 of the quinolone core on
inhibition of the IN catalytic activity indicates that this part of
the molecule may not be engaged in strong interactions with
IN. Intriguingly, the substitution pattern on N1 of the quinolone
core significantly contributed to favorable physicochemical
properties of the compounds, which led to a dramatic improve-
ment in antiretroviral activity of the compounds. On the basis
of these observations, we restricted contributions from the

substitution on N1 of the quinolone core to pharmacophore
hypothesis by not choosing the H-bond donor and aliphatic
hydrophobic features in the pharmacophore modeling process.
This pharmacophore hypothesis is expected to characterize a
three-dimensional arrangement for pharmacophoric features
required to be in a compound to exert the inhibitory effect on
the IN catalytic activity. The HIPHOP algorithm within the
Catalyst software package (Accelrys, Inc.) was used to generate
common feature pharmacophore hypotheses. The HIPHOP
algorithm is routinely employed to generate qualitative common
feature pharmacophore hypotheses by using a series of active
analogue compounds. In principle, the training set compounds
considered for common feature pharmacophore modeling are
expected to bind to a drug binding site with a similar binding
orientation and exert a set of similar interactions in the drug
binding site.

A training set consisting of five quinolone 3-carboxylate IN
inhibitors was provided to HIPHOP for the generation of the
common feature pharmacophore models (compounds 4–7 and
2, Table 1). Pharmacophore features viz. a negatively ionizable
feature, an H-bond acceptor feature, and a hydrophobic aromatic
feature, which represent the chemical nature of the quinolone
3-carboxylic acid IN inhibitors, are considered in the pharma-
cophore modeling process. HIPHOP generated 10 common
feature pharmacophore hypotheses. Interestingly, all 10 common

Figure 1. Clinically studied HIV-1 integrase inhibitors. Currently, MK-0518 (1) has been US FDA approved, GS-9137 (2) is in advanced stage
clinical trials, and S-1360 (3) failed in clinical trials.

Table 1. Structures of the Training Set Quinolone 3-Carboxylic Acid
(4-7 and 2) HIV-1 Integrase Inhibitors Used to Generate Common
Feature Pharmacophore Models

a Reference 30.
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feature pharmacophore models are comprised of four features
viz. a negatively ionizable (NI) feature, an H-bond acceptor
(HBA) feature, and two hydrophobic aromatic (HRA) features.
However, a careful visual analysis reveals that the direction of
the HBA feature with respect to the NI feature varies in all 10
common feature pharmacophore models. The orientation of the
remaining two HRA features with respect to the NI feature is
almost similar in all 10 models. HIPHOP ranked all returned
pharmacophore hypotheses based on how well a hypothesis is
mapped onto the key chemical features of all five training set
compounds. Similar to the �-diketo acid class of IN inhibitors,
2 and its analogues are believed to interact with the active site
Mg2+ ions and thereby disrupt IN catalytic activities. The
carboxylate and �-ketone groups of the quinolone 3-carboxylic
acid IN inhibitors are proposed to be involved in chelation of
the active site Mg2+ ions. The orientation of HBA and NI
features in pharmacophore hypothesis one (one of the 10
hypotheses generated by HIPHOP) is in accord with the
proposed binding mechanism of the quinolone 3-carboxylate
IN inhibitors. We considered pharmacophore hypothesis one
(Hypo1) as a representative quinolone 3-carboxylic acid phar-
macophore, based on the relative orientation of the HBA and
NI features (Figure 2A). HIPHOP also ranked Hypo1 as the
best pharmacophore hypothesis among the 10 returned phar-
macophore hypotheses. The inter feature distance between
optimally oriented HBA and NI features in Hypo 1 is 3.14 ( 1
Å (Figure 2A). The distances between the key NI feature and
the two hydrophobic aromatic features (HRA1 and 2) in Hypo
1 are 6.22 ( 1 and 11.02 ( 1 Å, respectively. The inter feature
distances between HBA and the HRA1 and 2 in Hypo1 are 4.26
( 1 and 8.35 ( 1 Å, respectively. HRA1 and HRA2 are
separated by a distance of 5.11 Å. Mapping of Hypo 1 onto the
clinically studied 2 shows an excellent agreement (3.95/4.0)
between key chemical features of the compound and the
pharmacophoric features of Hypo 1 (Figure 2B). In addition,
Hypo 1 successfully retrieved a large number of known IN
inhibitors from an in-house small-molecule database (data not
shown). On the basis of a sensible arrangement of its key

pharmacophoric features and its ability to distinguish known
IN inhibitors, we selected Hypo 1 to utilize as a search query
to retrieve novel compounds with optimum arrangement of
pharmacophoric features and diverse structural scaffolds from
a database of commercially available small-molecules.

Compound Selection. Hypo 1 retrieved 1978 compounds
from a database of 362 260 commercially available small-
molecules. A compound could be retrieved as a hit only when
all features of the pharmacophore were mapped by the chemical
features of the compound. A smaller number of hits, 0.54% of
the target database, indicates distinctiveness of the Hypo1 in
retrieving compounds. The pharmacophore fit value was cal-
culated for all of the hits using Hypo1. Two hundred compounds
out of 1978 hits mapped onto Hypo 1 with a fit value g 1.50
and were selected for further analysis. Visual examination of
the mapping of all 200 compounds onto Hypo1 was performed
to ensure pharmacophoric features are reasonably mapped onto
chemical features of the compounds. In particular, the orientation
of the NI and HBA features in the same plane was monitored
for each compound after mapping of the Hypo1 onto the
compounds. In addition, all compounds with interesting chemi-
cal and structural features were docked onto the IN active site
to predict their possible binding orientation and the specific
interactions with active site amino acid residues. Predicted
binding orientations and possible interactions exerted by the
compounds inside the IN active site were visually examined.
Finally, we selected 56 hits to evaluate for IN inhibitory activity
using an in vitro assay. The primary selection was performed
based on the pharmacophore fit value of the compounds and
on the relative orientation of key chemical features of com-
pounds when mapped by Hypo1. We also considered the
predicted binding orientation of the compounds inside the IN
active site and the key interactions exerted by the compounds
with prominent amino acid residues in the IN active site as an
additional selection criterion.

Inhibition of HIV-1 Integrase Catalytic Activities by
Pharmacophore Hits. The selected 56 pharmacophore hit
compounds were purchased from a commercial chemical

Figure 2. (A) 3D arrangement of the four pharmacophoric features in the quinolone 3-carboxylic acid-based common feature hypothesis 1 (Hypo
1). (B) The clinically studied HIV-1 integrase inhibitor (2) is mapped onto Hypo 1. The pharmacophore features are color coded as follows: H-bond
acceptor (HBA) as green, negatively ionizable feature (NI) as blue, and hydrophobic aromatic features (HRA1–2) as cyan. Interfeature distances
are given in angstroms.
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supplier. Chemical structures and the purity of the compounds
were confirmed before initiation of the biological assay.
Compounds were screened in an in vitro enzymatic assay
specific to IN by using a previously reported method. Of the
56 tested, 11 compounds inhibited the IN catalytic activities
with an IC50 value < 100 µM. Five out of 11 active compounds
inhibited the strand transfer activity of IN with an IC50 value <
20 µM. The relatively high rate (19.6%) in the discovery of
active hits demonstrates the proficiency and advantage of active-
analogue based pharmacophore modeling in the identification
of leads with diverse structural scaffolds to enrich a strong
pipeline of potent therapeutics targeting a pathogen as geneti-
cally dynamic as HIV-1. The chemical structures, the IN
inhibitory activities, and the pharmacophore fit values of the
active compounds are given in Table 2. Mapping of compound
8 onto Hypo1 shows a good agreement (3.1/4.0) between
chemical features of the compound and pharmacophoric features
of Hypo 1 (Figure 3A). Compound 8 inhibits both 3′-processing
and strand transfer activities of IN with IC50 values of 14 ( 7
and 5 ( 3 µM, respectively. The dose dependent inhibitory
effects displayed by compound 8 on the 3′-processing and strand
transfer activities of IN are shown in a gel image along with
other active compounds 9, 12, 14, and 18 in Figure 4. The
mapping pattern of the NI, HBA, and HRA1 features onto the
tetrazole (a bioisostere of carboxylic acid), pyrazolone, and
benzylidene groups of compound 8 is very similar to the
mapping of the features onto the training set quinolone
3-carboxylic acids (Figure 2B). A high probability of the

tetrazole and benzylidene-pyrazolone groups of compound 8
to maintain a planar orientation and to adopt a conformation
favorable to chelate the active site Mg2+ further supports the
observed IN inhibitory activity of the compound. Considering
the novel structural features and interesting dose dependent IN
inhibitory profile of compound 8, we designed a structure–ac-
tivity relationship study around the core of the compound. We
defined a minimum substructure (substructure A) important for
the IN inhibitory activity of compound 8 to search a database
of commercially available small-molecules (Figure 5A). A
search using substructure A as a query retrieved five analogues
of compound 8 (Table 3). Similar to compound 8, its analogues
19-23 showed a very strong inhibitory profile against both the
3′-processing and strand transfer reactions of IN, indicating a
coherent structure–activity relationship in this small set of
compounds (Table 3). Intriguingly, compounds 19–23 could be
partially (3 out of 4 features) mapped by pharmacophoric
features of Hypo 1. Compounds 19–23 showed pharmacophore
fit values ranging from 2.30 to 2.44 when a feature of the Hypo
1 is allowed to be missed in the mapping process. The HRA2
feature of Hypo 1 is missing in compounds 19–23. It appears
that the structural unit comprised of the tetrazole, pyrazolone,
and benzylidene groups of compound 8 that are mapped by key
NI, HBA, and HRA1 features of Hypo1 is the minimum required
scaffold in this series of compounds for inhibition of the IN
catalytic activities. The IN inhibitory profile of compound 8
and its analogues demonstrates that the substitution pattern on
the benzylidene group is likely to tolerate significant structural
changes. On the other hand, this part of the compound
accommodates dramatic structural changes required for opti-
mization of the IN inhibitory activities and physicochemical
properties of compound 8 and its analogues. Additionally, we
docked compound 8 onto the IN active site to predict its bound
conformation. Compound 8 adopted an interesting bound
conformation inside the IN active site (Figure 6A). There is a
good correlation observed between pharmacophore features
(Hypo1) and predicted binding interactions of compound 8
inside the IN active site. For a comparison the bound conforma-
tion of 5-CITEP (24) from the cocrystal structure of the core
domain of IN in complex with 24 is shown in Figure 6B. The
predicted bound conformation of compound 8 is different from
that of 24 inside the IN active site. The tetrazole and pyrazolone
groups of compound 8 interact with the active site Mg2+, which
is in accord with pharmacophore mapping. However, the
carbonyl oxygen, instead of pyrazolone nitrogen interacts with
the Mg2+. The benzylidene and its benzyloxy substituent
occupied a wide cavity in the IN active site. The bound
orientation of the benzylidene ring explains observed tolerance
to substitutions on its ortho and meta positions. However, large
substitutions on the para position (23) of the benzylidene ring
may cause unfavorable steric interactions. Optimized substitution
on the benzylidene ring of compound 8 would warrant novel
compounds with enhanced IN inhibitory activity as well as
favorable physicochemical properties.

Compound 9 with a reasonable pharmacophore fit value (2.3/
4.0) inhibited both 3′-processing and strand transfer activities
of IN with IC50 values of 18 ( 4 and 5 ( 3 µM, respectively
(Table 2). Mapping of Hypo 1 onto compound 9 shows a
reasonable agreement between the pharmacophore features of
Hypo1 and the chemical features of the compound (Figure 3B).
Considering its novel structure, we decided to extend screening
of analogues of compound 9. A search using substructure B
(Figure 5B) found no analogous compounds in the commercial
database of small-molecules. However, a search using substruc-

Table 2. HIV-1 Integrase Inhibitory Activities of Novel Compounds
Retrieved by Pharmacophore Model 1 from a Database of 360 000
Small-Molecule Compounds
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ture C (Figure 5C), a pruned substructure B, retrieved a large
number of compounds with varied similarity to compound 9.
We selected compounds 25-28 to screen in the IN assay (Table
4). Interestingly, with the exception of compound 25, none of
the compounds (26–28) inhibited the IN catalytic activities at a
maximum tested concentration of 100 µM. Compounds 26–28
could not be mapped by Hypo 1. Compound 25, with a slightly
improved pharmacophore fit value when compared to compound
9, exhibited a weak inhibitory activity against both 3′-processing
(98 ( 10 µM) and strand transfer (60 ( 12 µM) reactions of
IN. Further, it would be interesting to screen close analogues
to draw a structure–activity relationship around the core of
compound 9.

Compounds 10 and 11 selectively inhibited the strand transfer
activity of IN with IC50 values of 52 ( 8 and 46 ( 12 µM,
respectively. We also tested several analogues of compound 10
(See Supporting Information, Table S1, 29–37). All of the
analogues of compound 10 did not inhibit the IN catalytic
activities at a maximum tested concentration of 100 µM.
Compounds 12 and 13, with relatively high pharmacophore fit
values of 3.5 and 3.1, respectively, showed ∼2-fold selectivity
for inhibition of the strand transfer activity of IN. Compounds
12 and 13 inhibited strand transfer activity of IN with IC50 values
of 18 ( 3 and 23 ( 4 µM, respectively. These compounds
inhibited the 3′-processing activity of IN with IC50 values of
42 ( 10 and 48 ( 19 µM, respectively. Compound 14, with a
pharmacophore fit value of 3.0, showed weak inhibitory
activities against both the 3′-processing and strand transfer
reactions of IN. Compound 14 inhibited 3′-processing and strand
transfer activities of IN with IC50 values of 92 ( 17 and 66 (
17 µM, respectively. Besides the required features to inhibit
the IN catalytic activities, compound 14 possessed several
hydrophilic functional groups, which may have contributed
unfavorable interactions toward binding of the compound to IN
active site.

Compound 15, with a high pharmacophore fit value (3.5/4.0),
selectively inhibited the strand transfer activity of IN with an

Figure 3. Mapping of the quinolone 3-carboxylic acid-based common feature hypothesis 1 (Hypo 1) onto compounds 8 (A), 9 (B), and 17 (C),
which exhibited potent HIV-1 integrase inhibitory activity. A clear agreement between pharmacophoric features of Hypo1 and the chemical features
of the active compounds is observed.

Figure 4. HIV-1 integrase inhibition profiles of some of the active compounds identified using the quinolone 3-carboxylic acid pharmacophore
model (Hypo1). Concentrations of each inhibitor are given in micromolar.

Figure 5. Substructures A-C were used as 2D search queries to
retrieve structural analogues of active compounds 8 and 9 from a
database of commercially available small-molecules.
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IC50 value of 34 ( 7 µM. The required planarity may not be
attained by the structural unit of compound 15, which was
mapped by key NI and HBA features due to the conformational
flexibility. Partial oxidation or aromatization of the cyclohexane
ring is expected to improve IN inhibitory potential of compound
15. Compound 16, with a low pharmacophore fit value, inhibited
the 3′-processing and strand transfer activities of IN with IC50

values of 63 ( 22 and 17 ( 2 µM, respectively. Interestingly,
compounds 12 and 16, which share a similar chemical arrange-
ment in some part of the compounds (2-acetamidobenzoic acid
in 12 and 3-acetamidobenzoic acid in 16) and were each mapped
by the NI and HBA features of Hypo 1, also showed a similar
IN inhibitory activity profile. However, the slight variation in
the position of the carboxylic acid group in the acetamidobenzoic
acid portion of compounds 12 and 16 led to observed differences
in pharmacophore fit values.

Compound 17, with a low pharmacophore fit value, showed
strong IN inhibitory activities. The mapping of Hypo 1 onto
compound 17 demonstrates a sensible fit between chemical
features of the compound and the pharmacophoric features of
Hypo 1 (Figure 3C). The arrangement of functional groups on
compound 17, which are mapped by the key pharmacophoric
features NI, HBA, and HRA 1 of Hypo 1, supports the possible
involvement of these functional groups in the chelation of Mg2+

inside the IN active site. However, limited conformational
flexibility of compound 17 due to the amide linker between two
aryl groups bearing key pharmacophore features contributes to
a decreased pharmacophore fit value. Compound 17 inhibited
both the 3′-processing and strand transfer activities of IN with
IC50 values of 14 ( 6 and 5 ( 4 µM, respectively. Surprisingly,
compound 18, a close analogue of compound 17, showed weak
inhibitory activities against both 3′-processing and strand transfer
reactions of IN (Table 3). Furthermore, the testing of additional

analogues of compound 17 would help to draw a structure–ac-
tivity relationship model. Also, optimization of key structural
features of compound 17, to further improve its mapping onto
the Hypo 1 model, is expected to enhance the IN inhibitory
activity of the compound.

We observed a weak correlation between the pharmacophore
fit value and the IN inhibitory potency of the active hits. The
IN inhibitory profile of the active hits indicates that a high
pharmacophore fit value alone does not entirely represent the
prerequisites of a compound to establish a set of favorable
binding interactions with its target. Overall structure and ability
of various functional groups (pharmacophoric features) in a
compound to positively contribute to the binding process beyond
certain structural constrains also largely determine the activity
profile of the compound. To this extent we tried to incorporate
these factors in the compound selection process to identify novel
IN inhibitors.

Cytotoxicity and Antiviral Results. A positive aspect of
using pharmacophoric technologies in drug design programs is
the ability to identify numerous potential lead compounds with
diverse structural scaffolds that exhibit a desired biological
activity. The identified compounds are expected to display
diverse pharmacokinetic/pharmacodynamic properties in vivo,
providing a range of options when deciding which candidate
compounds will be selected for further development. In efforts
to determine which IN inhibitory compound classes identified
here to select for further development, we evaluated the
cytotoxicity of each new IN inhibitor in the NIH3T3 mouse
embryonic fibroblast cell line. We additionally evaluated the
toxicity and tested 10 representative compounds for antiviral
activity against HIV-1 in the human T-cell line MT-4. A few
of the inhibitors displayed moderate toxicity in the NIH3T3
mouse embryonic fibroblast cell line at a maximum tested
concentration of 10 µM (data not shown). The compounds
chosen for cytotoxicity and antiviral activity testing in the HIV
relevant human T-cell line MT-4 included 10–16, 19, 21, and
26. In this cell line, none of the compounds, with the exception
of compound 15 with a CC50 of 3.5 µM, displayed any
significant cytotoxicity below 40 µM. Unfortunately, none of
the compounds displayed substantial antiviral activity. Optimi-
zation efforts are underway to enhance the antiviral activity of
our most potent second generation IN inhibitors.

Conclusions

We have developed a four feature quinolone 3-carboxylic acid
pharmacophore model using a training set consisting of clinical
candidate 2 analogues. We have successfully utilized the
quinolone 3-carboxylic acid pharmacophore in the discovery
of novel IN inhibitors with diverse structural scaffolds. Further
optimization of the active compounds with amenable structural
features would provide second generation IN inhibitors with
enhanced potency against HIV-1 strains resistant to first
generation IN inhibitors.

Methods

Generation of Quinolone 3-Carboxylic Acid Pharmacophore
Hypotheses. Common feature pharmacophore hypotheses were
generated using a set of five quinolone 3-carboxylic acid IN
inhibitors (4–7 and 2, Table 1). The structures and conformations
of the five compounds in their carboxylate form were built within
Catalyst (Accelrys, Inc.).34 The Poling algorithm implemented
within Catalyst was used to generate conformations for all of the
compounds.35–37 For each compound, possible diverse sets of
conformations were generated over a 20 kcal/mol range using the
BEST flexible conformation generation option available in Catalyst.

Table 3. HIV-1 Integrase Inhibitory Activity of Compound 8 Analogues

a Compounds 19–23 are partially (3/4 features) mapped by Hypo 1. The
pharmacophore fit values are calculated by using a feature missing option.
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The HIPHOP module in Catalyst was used to generate the common
feature hypotheses. HIPHOP evaluates a collection of conforma-
tional models of molecules and a selection of chemical features,
and it identifies configurations of features (pharmacophore) common
to these molecules. The top-ranking pharmacophores are expected
to identify the hypothetical orientation of the active compounds
and the common binding features interacting with the target. On
the basis of the chemical features of the training set quinolone
3-carboxylate IN inhibitors, 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 negatively ionizable (NI), H-bond acceptor (HBA), and
hydrophobic aromatic (HRA) features. HIPHOP was set to consider
these features in the generation of the pharmacophore hypotheses.

Database Search. The representative quinolone 3-carboxylic acid
pharmacophore hypothesis (Hypo 1) was used as a search query to
retrieve compounds with novel structural scaffolds and desired
chemical features from a multiconformer Catalyst-formatted data-
base consisting of 362 260 commercially available compounds
(ASINEX Corp, North Carolina, USA). The Fast Flexible Search
Databases/Spread Sheets method in Catalyst was used to search
the database.

Docking. The subunit B of the core domain X-ray structure of
IN (PDB 1BIS), in which all the active site amino acid residues
were resolved, was chosen for our docking studies.38 A Mg2+ ion
was placed in the active site between carboxylate oxygen atoms of
amino acid residues D64 and D116 considering the geometry of
the Mg2+ ion that was present in the subunit A of IN in PDB 1BIS
and subunit A in IN-5CITEP (24) complex X-ray structure (PDB
1QS4).39 All of 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 3.1 of the Genetic Optimization for Ligand Docking
(GOLD) software package.40 GOLD is an automated ligand docking

Figure 6. (A) Predicted binding orientation of compound 8 inside the HIV-1 integrase active site. The stick model represents the bound conformation
of compound 8. (B) The bound conformation of 5-CITEP (24) extracted from the cocrystal structure of the core domain of HIV-1 integrase and the
24 complex (PDB1QS4). The magenta sphere represents the active site Mg2+, the blue surface represents the active site region of HIV-1 integrase,
and the green surface indicates the position of catalytically important residues D64, D116, and E152.

Table 4. HIV-1 Integrase Inhibitory Activity of Compound 9 Analogues

a Compounds 26-28 cannot be mapped by Hypo1.
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program that uses a genetic algorithm to explore the full range of
ligand conformational flexibility with partial flexibility of the
receptor. The algorithm was tested on a data set of over 300
complexes extracted from the Brookhaven Protein DataBank.41

GOLD succeeded in more than 70% of cases in reproducing the
experimental bound conformation of the ligand.42–44 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 the stock solutions were stored at -20
°C. The γ [32P]-ATP was purchased from either Amersham
Biosciences or ICN. The expression system for the wild-type IN
was a generous gift of Dr. Robert Craigie, Laboratory of Molecular
Biology, NIDDK, NIH, Bethesda, MD.

Preparation of Oligonucleotide Substrates. The oligonucle-
otides 21top, 5′-GTGTGGAAAATCTCTAGCAGT-3′, and 21bot,
5′-ACTGCTAGAGATTTTCCACAC-3′, were purchased from Nor-
ris Cancer Center Core Facility (University of Southern California)
and purified by UV shadowing 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
(Epicenter, Madison, Wisconsin) and γ [32P]-ATP (Amersham
Biosciences or ICN). The kinase was heat-inactivated, and 21bot
was added in 1.5 M excess. The mixture was heated at 95 °C,
allowed to cool slowly to room temperature, and ran through a
spin 25 mini-column (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 concentra-
tion 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% dimethyl sulfoxide, and 25 mM
MOPS, pH 7.2) at 30 °C for 30 min. Then, 20 nM of the 5′-end
32P-labeled linear oligonucleotide substrate was added, and incuba-
tion was continued for an additional 1 h. Reactions were quenched
by the addition of an equal volume (16 µL) of loading dye (98%
deionized formamide, 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 (Amersham Bio-
sciences), and quantitated using ImageQuant 5.2. Percent inhibition
(% I) was calculated using the following equation:

% I) 100[1- (D-C)/(N-C)]

where C, N, and D are the fractions of 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.

Cells in Virus Strain. MT-4 cells were grown in a humidified
atmosphere with 5% CO2 at 37 °C and maintained in RPMI 1640
medium supplemented with 10% heat-inactivated fetal calf serum,
2 mM L-glutamine, 0.1% sodium bicarbonate, and 20 µg/mL of
gentamycin.45 The origin of HIV-1(IIIB) has been described.46

Drug Susceptibility and Cytotoxicity Assay. Both the inhibitory
effect of antiviral drugs on the HIV-induced CPE in MT-4 cell
culture and compound cytotoxicity in NIH3T3 cells was determined
by the MTT-assay.47,48 This assay is based on the reduction of the
yellow colored 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) by mitochondrial dehydrogenase of metabolically
active cells to a blue formazan derivative, which can be measured
spectrophotometrically. The 50% cell culture infective dose
(CCID50) of the HIV strains was determined by titration of the
virus stock using MT-4 cells. For the drug-susceptibility assays,
MT-4 cells were infected with 100–300 CCID50 of the HIV
strains in the presence of 5-fold serial dilutions of the antiviral
drugs. The concentration of the compound achieving 50%
protection against the CPE of HIV, which is defined as the IC50,
was determined. Cytotoxicity of the compounds was determined
by measuring the viability of mock-infected MT-4 cells after 5
days of incubation.
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