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HIV-1 Integrase (IN) is an essential enzyme for viral replication. The discovery of â-diketo
acids was crucial in the validation of IN as a legitimate target in drug discovery against HIV
infection. In this study, we discovered a novel class of IN inhibitors using a 3D pharmacophore
guided database search. We used S-1360 (1), the first IN inhibitor to undergo clinical trials,
and three other analogues to develop a common feature pharmacophore hypothesis. Testing
this four-featured pharmacophore against a multiconformational database of 150 000 structur-
ally diverse small molecules yielded 1700 compounds that satisfied the 3D query. Subsequently,
all 1700 compounds were docked into the active site of IN. On the basis of docking scores,
Lipinski’s rule-of-five, and structural novelty, 110 compounds were selected for biological
screening. We found that compounds that contain both salicylic acid and a 2-thioxo-4-
thiazolidinone (rhodanine) group (e.g. 5-13) showed significant inhibitory potency against IN,
while the presence of either salicylic acid or a rhodanine group alone did not. Although some
of the compounds containing only a salicylic acid showed inhibitory potency against IN, none
of the compounds containing only rhodanine exhibited considerable potency. Of the 52
compounds reported in this study, 11 compounds (5, 6, 8, 10-13, 32-33, 51, and 53) inhibited
3′-processing or strand transfer activities of IN with IC50 e 25 µM. This is the first reported
use of S-1360 and its analogues as leads in developing a pharmacophore hypothesis for IN
inhibition and for identification of new compounds with potent inhibition of this enzyme.

Introduction

Combination therapy has remarkably improved the
outcome of treatment against HIV-1 infection by de-
creasing the viral loads in infected patients to undetect-
able levels. However, eradication of the infection has
not been achieved because of the persistence of latent
HIV-1 in resting memory CD4+ T-lymphoid cells. More-
over, emergence of viral strains resistant to current
drugs necessitates the discovery of drugs with different
mechanisms of action.1,2 The addition of novel drug
candidates to the existing combination therapy would
certainly improve the outcome of the treatment. HIV-1
integrase (IN) has emerged as an attractive target for
antiretroviral drugs because of its crucial role in the
viral replication processes. IN catalyzes the integration
of viral cDNA into the human genome, which facilitates
stable viral replication and sustained infection.3 Over
the years several classes of small molecules such as
hydroxylated aromatics and â-diketo acids4 have been
reported as IN inhibitors (for recent reviews see refs
5-7). Among all the IN inhibitors reported, most
advanced in development is the â-diketo acid class of
compounds,4,8 of which S-1360 (1) was the first com-
pound to enter clinical trials9 (for a review see ref 10).

Studies with protease and reverse transcriptase inhibi-
tors have proven that the emergence of drug resistance
necessitates the development of second- and third-
generation drugs. As more IN inhibitors are entering
clinical trials, it is important to develop diverse chemical
classes of selective inhibitors.

Once a bona fide drug against a known target has
been identified, computational approaches, such as
pharmacophore-based three-dimensional (3D) database
searching, can play a key role in the discovery of novel
leads with different chemical scaffolds. A pharmaco-
phore refers to the 3D arrangement of various functional
groups (chemical features) that is essential for the
molecule to bind effectively against a specific enzyme,
protein, or receptor.11 The large number of successful
applications of 3D pharmacophore-based searching in
medicinal chemistry clearly demonstrates its utility in
the modern drug discovery paradigm (for selected
publications, see refs 12-19).

Previously, we have successfully employed the phar-
macophore perception in the discovery of novel IN in-
hibitors. The first reported pharmacophore model de-
veloped using a known IN inhibitor, the caffeic acid
phenethyl ester (CAPE), yielded several aromatic sul-
fones from the NCI database.20 Subsequent three-point
pharmacophore models based on depsides and depsi-
dones identified several structurally diverse IN inhibi-
tors.21-23 Tetracyclines were also discovered using a four
point pharmacophore model that was developed on the
basis of the low-energy structures of chicoric acid and
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caffeoylquinic acids.24 Dynamic pharmacophore models
were generated using snapshots from the molecular
dynamics trajectories of the core unit of IN in order to
incorporate the dynamic nature of the active site region
of IN into the pharmacophore model. The dynamic
pharmacophore performed well in the identification of
known IN inhibitors when compared to a static phar-
macophore that was generated from a crystal structure
conformation of the core unit of IN.25 A recent report
used the HypoGen module in Catalyst (Accelrys, Inc.)
based on the biological activity of 26 compounds to
develop a 3D pharmacophore model.26

Earlier pharmacophore hypothesis studies were based
on lead molecules that did not have proven efficacy in
human clinical trials. As part of a study to develop
second-generation IN inhibitors, we wanted to take
advantage of already available compounds that are in
clinical development, such as S-1360. In the present
study, we will present the discovery of a novel class of
2-thioxo-4-thiazolidinone-(rhodanine-) and salicylic acid-
containing IN inhibitors using a common feature phar-
macophore model that was developed on the basis of the
â-diketo acid analogues.

Results and Discussion
Pharmacophore Hypotheses. We have generated

common-feature pharmacophore hypotheses using a
training set consisting of four bioisosteres (1-4) of
â-diketo acid-containing inhibitors of IN (Figure 1). The
parent compound 5CITEP belongs to the diketo acid-
containing compounds, because the tetrazole group is
a well-known bioisostere of a carboxylic acid.27 Ten
common-feature pharmacophore hypotheses were gen-
erated using HipHop. The HipHop algorithm in Catalyst
generates common chemical feature based pharmaco-
phore models (Accelrys, Inc., 2003, Catalyst version 4.8).
We selected compounds that selectively inhibit strand
transfer reaction of IN with comparable IC50 values and
are expected to bind to a similar site on the active site
of IN. S-1360 inhibits IN activity with an IC50 value of
20 nM. Compound 2 inhibits IN catalytic activity with
an IC50 value of 2.3 µM and compounds 3 and 4 inhibit
purified IN with IC50 value of <1 µM.6,28,29 For the
training set supplied to pharmacophore model genera-
tion experiment, it is crucial to include only compounds
that exhibit similar activity profile as well as a similar
binding mode. Inclusion of compounds with a lack of
selectivity for IN or validation thereof can eschew the
result of pharmacophore generation. We selected the
highest ranked pharmacophore hypothesis (Hypo1)
generated by HipHop for the database search (Figure

2A). Hypo1 has four features: a hydrophobic aromatic
(AR), an H-bond acceptor (HBA) and two H-bond donors
(HBD1 and HBD2) (Figure 2). The distance between AR
and HBD1 and HBA were found to be 7.99 ( 1 Å and
4.5 ( 1 Å, respectively. The distance between HBD1 and
HBD2 and HBA were found to be 4.28 ( 1 and 4.30 (
1 Å, respectively. The distance between HBD2 and HBA
was found to be 4.79 ( 1 Å. Figure 2B shows the
alignment of S-1360 against Hypo1. This alignment
represents a good match of features present in the
ligand to the pharmacophore model (Fit score ) 3.98/
4.0). The mapping of Hypo1 onto S-1360 was performed
using the “BEST FIT” method in Catalyst. During the
fitting process, conformations of S-1360 were calculated
within the 20 kcal/mol energy threshold to minimize the
distance between Hypo1 features and mapped atoms of
S-1360. The possible reason for the orientation of
“hydrogen” is formation of an intramolecular H-bond
between OH and N(5) triazole (OH‚‚‚N, 2.61 Å) in this
particular conformation, which gave a maximum fit
value of 3.98 with 10.47 kcal/mol of energy. A conforma-
tion of S-1360 that has “hydrogen” oriented in the
H-bond donor feature direction is also observed, but it
gave a fitness score of 2.89 with conformational energy
of 14.64 kcal/mol (not shown). Hypo1 was then used as
a search query to retrieve compounds that fit all the
features of the query from a chemical database. A
collection of ∼150 000 compounds (ChemBridge, San
Diego, CA) was converted into a Catalyst multicon-
former 3D database. We also generated a different
pharmacophore hypothesis (Hypo2), shown in Figure
2C,D, using a set of conformations similar to the
conformation of 5CITEP in the IN-5CITEP complex
crystal structure30 and a single-crystal structure con-
formation of one of its analogues.31 In this particular
conformation, the furan, the keto-enol, and the triazole
groups were in the same plane, and an intramolecular
H-bond was observed between the hydroxyl of enol and
the oxygen atom of the keto group. It is important to
note that the mapped conformation (Hypo1) is different
from the crystal structure conformation (Hypo2), and
the importance of each conformation to the biologically
relevant conformation on the active site of IN in the
presence of Mg2+ and DNA will require additional data.
Studies are in progress using Hypo2 to search our
expanded database, and the results will be reported in
due course.

Compound Selection. The compound selection pro-
cess that was implemented in the present study is
shown as a flowchart in Figure 3. The database search
using Hypo1 as the search query retrieved 1700 hits.
All retrieved compounds from the Catalyst database
search were then docked into the active site of IN using
GOLD (CCDC 2001, GOLD v1.2). Docking was per-
formed in order to rank the compounds on the basis of
their ability to form favorable interactions within the
active site of IN. On the basis of docking scores from
GOLD, the top 200 compounds were selected for further
analysis. The docked poses of the top 200 compounds
inside the IN active site were visually examined.
Finally, 110 compounds were chosen for in vitro assay
against purified IN on the basis of the docking scores
from GOLD, structural novelty, ability to chelate Mg2+

ion in the active site of IN, and satisfying Lipinski’s rule-

Figure 1. Structures of the â-diketo acid bioisosteres and
analogues used in the generation of common-feature pharma-
cophore hypotheses.
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of-five.32,33 Of the 110 compounds tested against purified
IN, 48 compounds inhibited IN with IC50 values ranging
from 7 to 100 µM. Thirty structurally related compounds
are presented in this report. The remaining structurally
unrelated compounds will be reported elsewhere. To
establish a coherent structure-activity relationship, 22
additional compounds were also tested on the basis of
a 2D substructure search (see below).

In Vitro Inhibitory Activities of a Novel Class
of IN Inhibitors. The structures and IN inhibitory
activities of compounds 5-34 are given in Table 1.
Twenty out of 30 compounds (66%) retrieved from the
database using the highest ranked pharmacophore
hypothesis, Hypo1, inhibited both 3′-processing and
strand transfer activities of IN with IC50 values less
than 100 µM. In Figure 4A is shown one of the active
compounds, 5, mapped onto Hypo1 to better understand
the correlation between the pharmacophoric features of
Hypo1 and the chemical features important for activity.
All compounds possessed a five-membered rhodanine
ring as a common structural unit linked to various
aromatic groups via a three to five carbon aliphatic
amide chain (Table 1). Active compounds 5-13 (IC50 <
44 µM) contained a salicylic acid group in addition to

Figure 2. (A) The best ranked HipHop-generated four-featured pharmacophore hypothesis (Hypo1). Hypo1 was used in the
database mining to identify novel integrase inhibitors. (B) S-1360 mapped onto Hypo1. (C) Hypo2 was generated using a
conformation similar to the crystal structure conformation of 5-CITEP. (D) S-1360 mapped onto Hypo2. The orientation of the
keto-enol group is the major difference between the two models. Both models were selected because the biologically relevant
conformation on the active site of IN in the presence of Mg2+ and DNA is not currently known. Pharmacophore features are
shown: hydrophobic aromatic (HYA), light blue; H-bond acceptor (HBA), green; H-bond donor (HBD), magenta.

Figure 3. In silico screening protocol implemented for the
discovery of integrase inhibitors.
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the rhodanine ring. Compounds 14-23 with a 3- or
4-benzoic acid group in place of a salicylic acid group
showed moderate activity or no activity at the highest
tested concentration. Compounds 30 and 31 with a nitro
phenol in place of the salicylic acid group were active,
while compounds 24-26 with a phenol were inactive.
The dimeric compounds 33 and 34 with two rhodanine
rings and a 4-carboxybenzoic acid (33) or a phenol (34)
in place of the salicylic acid group of the active com-
pounds inhibited 3′-processing of IN with IC50 values
of 59 and 59 µM and strand transfer activities with IC50
values of 75 and 69 µM, respectively. Compounds
containing a variety of substitutions (R2 in Table 1) on
the fourth position of the rhodanine ring were retrieved
using Hypo1. It appears that substituents on the fourth
position of the rhodanine ring have considerable impact
on activity. For example, compounds 5, 6, 8, and 11 with
substituents such as 4-ethoxyphenyl, phenyl-3,4-di-
oxymethylene, 4-ethylphenyl, and 2-thiophene were
very potent. All compounds with a salicylic acid group
were active, while some of the compounds with 3- or
4-benzoic acid showed moderate activity. Compounds
with 5-nitro- or 5-chlorophenol showed high potency,
suggesting that electron withdrawing groups on the 3-
and 4- or 2- and 5-positions on the aromatic ring (R1 in
Table 1) along with certain substituents at R2 may be
important for inhibitory potency against IN.

The most potent compounds had both the rhodanine
and the salicylic acid groups. Because the rhodanine
ring and salicylic acid moiety are structural components
of several biologically active molecules, we thought it
would be interesting to develop them as IN inhibitors.
Previously, many compounds with the rhodanine scaf-
fold were reported as antimicrobial, antifungal, insec-
ticidal, antimalarial, antidiabetic, hepatitis C virus
protease inhibiting, and antitumor agents.34-36 A rhoda-
nine-containing aldose reductase inhibitor, epalrestat,
has been used in the treatment of diabetic neuropathy
(Figure 5).37,38 An example of rhodanine-ring-containing
compounds previously reported to have IN inhibitory
activity contained a rhodanine ring attached to a
phenylsulfonamide moiety. This compound showed strong
inhibitory activity against IN.20 Like the rhodanine
moiety, the salicylic acid group is also known for its
druglike characteristics. For example, aspirin as well
as several known drugs have salicylic acid as an
essential structural feature. Compounds containing the
salicylic acid substructure were reported as analgesic,
antiinflammatory, antibacterial, and antituberculosis
agents. Some of the therapeutic agents that have
salicylic acid or rhodanine group are shown in Figure
5.

To evaluate the influence of the salicylic acid group
and the rhodanine ring together or independently on
IN inhibitory activity, two sets of compounds were
retrieved from the database that had either a salicylic
group or a rhodanine ring using the two substructure
queries shown in Figure 6. The structures and IN
inhibitory activities of the rhodanine-ring-containing
compounds are given in Table 2, while the data for the
salicylic acid-containing compounds are given in Table
3. The 2D database search using two substructures was
carried out mainly to achieve two goals: (i) To evaluate
the influence of the salicylic acid group and the rhoda-

Table 1. Inhibition of HIV-1 Integrase Catalytic Activities and
GOLD Scores of a Novel Class of Compounds Retrieved from
the Database Using the Best Pharmacophore Hypol
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nine ring together or independently on IN inhibitory
activity, as these two drug fragments were the main
structural components of the active compounds, and (ii)
to generate more data for a more coherent structure-
activity relationship and further optimization processes.
The rhodanine-ring-containing compounds 35-45, with
various aromatic, nonaromatic, and heterocyclic sub-
stitutions on the N of the rhodanine ring, showed only
modest IN inhibitory activity. Compounds 36, 38-40,
42, and 44 inhibited IN with IC50 values less than 100

µM, and the remaining compounds were inactive. Among
all the rhodanine-ring-containing compounds, 42, with
IC50 values 52 and 27 µM for 3′-processing and strand
transfer, respectively, was the most potent. On the other
hand, 43, with a relatively small substituent (phenyl)
on the N atom of the rhodanine ring (replaces large
substituents in all the other compounds), was inactive.
The rhodanine-containing compounds 36, 40, 42, and
44 fit Hypo1 and did show IN inhibitory activity.
Remaining compounds 35, 37-39, 41, 43, and 45 do not
fit Hypo1. It appears that the rhodanine ring is an
important structural unit in this series of compounds,
and its presence would lead to increased IN inhibitory
potency. However, the inactive compounds of this series
demonstrate that the presence of the rhodanine moiety
alone does not ensure potency.

The salicylic acid-containing compounds 46-56 were
retrieved using the substructure query B (Figure 6B).
Biological testing of these compounds against the IN
assay showed that compounds 51 and 53 were the most
potent and inhibited both 3′-processing and strand
transfer activities of IN with IC50 values of 13, 16 µM
and 12, 8 µM, respectively. Some of the salicylic acid-
containing compounds, 46, 48, 55, and 56, poorly fit
(fitness score < 1) the Hypo1 pharmacophore model,
while compounds 47 and 49-54 do not fit Hypo1.
Despite the fact that these compounds do not fit Hypo1,
salicylic acid-containing compounds 51 and 53 showed
good IN inhibitory activity comparable to that of the
active compounds. Compounds 49, 50, 52, 54, and 56
were moderately active (IC50 ) 32-75 µM), while
compounds 46-48 and 55 were inactive (IC50 > 100
µM). It is clear that the salicylic acid group is therefore
important for IN inhibitory activity. Careful analysis
of the activity profiles of these three sets of compounds
demonstrates that the therapeutically known rhodanine
and salicylic acid groups linked together exhibit the
desired potency against IN. The database search using
Hypo1 was confined to a collection of ∼150 000 com-
pounds and did not yield more potent inhibitors than
the parent compounds. Most of the active compounds
identified in this study are structurally novel and
amenable to optimization. However, studies are under-

Figure 4. (A) Compounds 5 mapped on to Hypo1. The pharmacophore features are shown: hydrophobic aromatic, light blue;
H-bond acceptor, green; H-bond donor, magenta. (B) Both conformations of compound 5; the conformation that was mapped onto
Hypo1 (green ball-and-stick model) and the bound conformation inside the IN active site (gray stick model) are superimposed.
The orientation of the rhodanine group was different in two conformations, but the positions of atoms that mapped key
pharmacophoric features of Hypo1 were similar.

Figure 5. Therapeutic agents containing the salicylic acid or
the rhodanine moiety.

Figure 6. Substructures A (A) and B (B) used to retrieve
compounds from the database.
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way to apply this pharmacophore to search a larger
database, which is expected to yield more promising
results. It is also important to bear in mind that S-1360
is a clinical candidate and it was optimized in a
systematic way by the scientists at Shionogi & Co. Our
primary aim was to identify structurally diverse leads
for IN using the Hypo1. Further optimization of these
leads is expected to give more potent IN inhibitors.

Antiviral Activity in Cell Culture. Thirteen com-
pounds (5-12, 30-31, 51, and 53) were selected for
determination of their antiviral activity in HIV-1 in-
fected CEM cells. Compounds 9 and 53 with 50%
effective concentrations (EC50) of 21 ( 5 and 59 ( 5,
respectively and 50% cytotoxic concentrations (CC50) of
48 ( 6 and 133 ( 10 µM, respectively, were the most
potent. A maximum protection of 55-76% was achieved
at 20 µM of 53. Rhodanine-containing compounds 7 and

12 yielded a maximum protection of 22-36% at 63 µM
and of 18-21% at 200 µM, respectively. Other com-
pounds tested did not show a significant antiviral
activity. Studies are in progress to optimize the potency
of the active compounds.

Druglike Properties of Active Compounds. Oral
bioavailability is a desirable property of compounds
under investigation in the drug discovery process.
Lipinski’s rule-of-five is a simple model to forecast the
absorption and intestinal permeability of a compound.32,33

In the rule-of-five model, compounds are considered
likely to be well-absorbed when they possess ClogP <
5, molecular weight < 500, number of H-bond donors <
5, and number H-bond acceptors < 10. As shown in
Table 4, some of the active compounds satisfy these
requirements. Modification of the rule-of-five based on
the number of rotatable bond and polar surface area was
implemented within the Accord software suite (Accelrys,
Inc.) as described.39-41 The calculated atom-based log
P (AlogP98) of some of these active compounds ranges
from 2.3 to 3.5, and H-bond donor and acceptor counts

Table 2. Inhibition of HIV-1 Integrase Catalytic Activities and
GOLD Scores of Rhodanine-Containing Compounds Retrieved
from the Database Using Substructure A

Table 3. Inhibition of HIV-1 Integrase Catalytic Activities and
GOLD Scores of Salicylic Acid-Containing Compounds
Retrieved from the Database Using Substructure B
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are <5 and <10, respectively.40,41 The calculated fast
polar surface area (fPSA) of the compounds spans from
106 to 124 Å2, which indicates that these compounds
would be well-absorbed in the human intestine, as
absorption problems arise when the calculated fPSA
value of a compound is >140 Å2 (Table 4). Therefore,
these compounds are potentially interesting for optimi-
zation, and studies are underway to design and syn-
thesize more potent analogues.

Docking Studies. As part of the compound selection
process, all the compounds 5-56 were docked into the
active site of IN and the bound conformations inside the
active site of IN were visually examined. Although a
significant correlation between GOLD scores and inhibi-
tory activities of the compounds was not routinely
observed, in general, a trend was seen in which many
of the active compounds scored high. The bound con-
formation of one of the highly active compounds, 5,
inside the active site of IN is shown in Figure 7A, while
the bound conformation of an inactive compound, 29,
is shown in Figure 7B. The salicylic acid group in 5
occupied an area surrounded by amino acid residues
D64, C65, N155, and K159, while the rhodanine moiety
of the compound was placed between D64 and E152. The
4-ethoxyphenyl group of 5 was placed near Q62, D116,
I151, and P142. The oxygen atoms of the carboxylate
group of 5 formed coordinate bonds with Mg2+ ion. Three
H-bond interactions were observed between the hy-
droxyl and the carboxylate groups of 5 and the active
site amino acid residues C65 and H67 (Table 5). As a
comparison, the bound conformation of compound 5
(Figure 7A) and the conformation that was mapped onto
Hypo1 (Figure 4A) were superimposed as shown in
Figure 4B. It is important to note that although the
orientation of the rhodanine group is different in these
two conformations, positions of atoms that are mapped
by the key pharmacophoric features of Hypo1 are
similar (Figure 4B). Like 5, compound 29 also bound to
a similar area of the IN active site, but it adopted a
somewhat different conformation within the active site.
The phenol moiety of 29 occupied a space surrounded
by N155, K156, and K159. An H-bond interaction was
observed between the hydroxyl oxygen of 29 and ε-NH
of K159 (HO‚‚‚HN K159). The rhodanine moiety of 29
occupied an area between D64 and E152, while the
thiophene group was placed near Q62 and P142. The
predicted binding area of 5 and 29 inside the IN active
site (Table 5) was similar to the binding area of 5CITEP
(Table 5) and the binding area of 5CITEP in IN-
5CITEP complex crystal structure (Figure 7C). In its

Table 4. Druglike Physicochemical Properties of Some of the
Active Compounds

compd MWa ALogP98b HBAc HBDd Rbonds
e fPSAf

5 472.52 2.92 8 3 9 115.11
6 472.49 2.36 9 3 7 124.04
7 448.51 2.53 7 3 8 106.18
8 456.52 3.53 7 3 8 106.18
9 434.49 2.21 7 3 7 106.18

10 468.53 3.51 7 3 8 106.18
11 448.52 2.53 7 3 8 106.18
12 472.48 2.36 9 3 7 124.04
13 488.52 2.55 9 3 9 124.04
a Molecular weight. b Calculated atom-based log P. c Number of

H-bond acceptors. d Number of H-bond donors. e Number of rotat-
able bonds. f Fast polar surface area (Å2).

Figure 7. The bound conformations of compounds 5 (A) and
29 (B), and the crystallographic conformation of 2 (C) inside
the IN active site (PDB 1QS4). The violet ball-and-stick models
represent 5, 29, and 2, while the yellow ribbon model repre-
sents backbone of the IN active site region. The prominent
amino acid residues are rendered as stick models. The magenta
sphere represents Mg2+.
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bound conformation inside the IN active site, 5 estab-
lished strong interactions with catalytically vital amino
acid residues D64 and E152 and Mg2+ ion, while the
inactive compound 29 did not form such interactions
inside the active site of IN. The bound conformation of
5 revealed that the salicylic acid group is involved in
strong interactions with amino acid residue D64 and
Mg2+ ion, while the rhodanine moiety interacted with
E152. These specific interactions of the salicylic acid
group and the rhodanine moiety with catalytically
important amino acid residues inside IN active site were
responsible for its inhibitory activity against IN.

Conclusions

A novel class of IN inhibitors was successfully dis-
covered using a pharmacophore hypothesis derived from
a template of the clinical drug S-1360 and its analogues.
The potent compounds identified via this approach
contained two therapeutically known drug fragments,
a salicylic acid and a rhodanine ring, as major structural
components, which make these compounds promising
for drug development targeting IN. Further structure-
based optimization is in progress to enhance their
potency and antiviral activities.

Experimental Section

Generation of Pharmacophore Hypotheses. Common-
feature pharmacophore hypotheses were generated using four
bioisosteres of â-diketo acid-containing inhibitors (1-4) 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.31,42 The Poling algorithm imple-
mented within Catalyst was used to generate conformations
for all the compounds.43-45 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. HipHop evaluates a collection
of conformational models of molecules and a selection of
chemical features and 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. All training set inhibitors
were somewhat structurally diverse but possessed some com-
mon 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 was
selected to be present in the pharmacophore-generation ex-
periment. The chemical features considered in the pharma-
cophore model generation run were H-bond donor (HBD),
H-bond acceptor (HBA), and aromatic ring center (AR).
HipHop was forced to incorporate these features in the 10 top-
ranking pharmacophore hypotheses generated.

Database Search. The highest ranked common-feature
pharmacophore (Figure 2A) 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 1BIS) in which all the active site amino acid
residues were resolved was chosen for our docking purpose.46

A Mg2+ ion was placed in the active site between carboxylate
oxygen atoms of amino acid residues D64 and D116 consider-
ing the geometry of the Mg2+ ion that was present in the
subunit A of IN in PDB 1BIS and subunit A in IN-5CITEP
complex X-ray structure (PDB 1SQ4).30 All the water molecules
present in 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 (Gen-
etic Optimization for Ligand Docking) software package.47-49

GOLD is an automated ligand-docking program that uses a
genetic algorithm to explore the full range of ligand confor-
mational flexibility with partial flexibility of the receptor. The
algorithm was tested on a dataset of over 300 complexes
extracted from the Brookhaven Protein DataBank. GOLD
succeeded in more than 70% cases in reproducing the experi-
mental bound conformation of the ligand.47 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 (Hypo1)
were docked into the active site of IN. On the basis of the
GOLD fitness score, for each molecule a bound conformation
with high fitness score was considered as the best bound
conformation. The fitness function that was implemented in
GOLD consisted basically of H-bonding, complex energy, and
ligand internal energy terms. A population of possible docked
orientations of the ligand is set up at random. Each member
of the population is encoded as a chromosome, which contains
information about the mapping of ligand H-bond atoms onto
(complementary) protein H-bond atoms, mapping of hydro-
phobic points on the ligand onto protein hydrophobic points,
and the conformation around flexible ligand bonds and protein
OH groups. A number of parameters control the precise
operation of the genetic algorithm, viz, population size, selec-
tion pressure, number of operations, number of islands, niche
size, and operator weights, such as migrate, mutate, and
crossover. All docking runs were carried out using standard
default settings with a population size of 100, a selection
pressure of 1.1, a maximum of 100 000 operations, number of
islands as 5, a niche size of 2, and a mutation and crossover
rate of 95.

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 systems for the
wild-type IN and soluble mutant INF185KC280S were generous
gifts of Dr. Robert Craigie, Laboratory of Molecular Biology,
NIDDK, NIH, Bethesda, MD.

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
(Epicenter, Madison, WI) and γ-[32P]ATP (Amersham Bio-
sciences 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

Table 5. H-Bond Interactions and the Active Site Amino Acid
Residues Interacting with Compounds 5 and 29

compd
H-bonding

interactions (Å)

interacting
amino acid

residues

5a HO···HN H67 (2.97)b Q62, D64, C65, T66, H67,
OH···OdC C65 (2.22)c D116, P142, I151, E152, N155,
CdO···HN C65 (2.89)c K159

29 HO···HN K159 (2.19) Q62, D64, P142, I151, E152,
N155, K156, K159

a The carboxylate oxygen atoms of 5 coordinate with active site
Mg2+ ion; CO···Mg2+(2.12 Å), CO···Mg2+(1.65 Å). a Side chain.
b Backbone.
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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
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 (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 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.50 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 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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