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Introduction

HIV-1 reverse transcriptase (RT), integrase (IN), and protease
(PR) are virally encoded enzymes essential for viral replication
process. Currently, 19 FDA-approved inhibitors of RT, PR, and
the viral entry process are available for HIV/AIDS therapy.
Highly active anti-retroviral therapy, which involves the combi-
nation of these drugs, drastically decreases viral spread and
provides a significant improvement in the life expectancy of
HIV/AIDS patients. However, the rapid emergence and spread
of drug-resistant HIV-1 strains and serious long-term toxic ef-
fects of available anti-retroviral drugs has generated demand
for the design of new drugs with novel mechanisms of action,
targeting critical steps in the retroviral replication processes.[1–3]

HIV-1 IN mediates an obligatory step in the viral replication
process by catalyzing the integration of viral cDNA into the
host genome.[4] Therefore, the inhibition of IN catalytic activi-
ties offers a promising anti-retroviral drug target. IN mediates
the integration process in two steps. In the first step, IN
cleaves two terminal nucleotides from the conserved 3’ ends
of the viral DNA in the cytoplasm of the infected cell. This step
is called 3’ processing. IN carries the processed viral cDNA into
the nucleus as a part of the pre-integration complex. In the
second step, IN mediates integration of the processed viral
cDNA into the host genome. This step is known as the strand-
transfer process. Previously several IN inhibitors were identified
through in vitro inhibition assays with recombinant IN.[5,6]

Among all the reported inhibitors, the b-diketo acid class of
compounds showed the most promising results.[7, 8] S-1360 (1)
and L-870,810 (2) represent the first generation of IN inhibitors
that have entered clinical studies (Figure 1).[9,10]

Unlike RT and PR, limited structural information on IN inter-
action with inhibitors has been published.[11] A crystal structure
of the IN core domain complexed with the b-diketo acid bio-
isostere 5CITEP (3) is available.[12] Much of the progress in the
discovery of IN inhibitors has been made through high-

throughput screening and ligand-based computer-aided drug-
design methods. Analogue and structure-based pharmaco-
phore modeling provided several structurally diverse lead com-
pounds.[13–20] Herein, we report the discovery of a novel class
of IN inhibitors. This is the first report of an extensive struc-
ture–activity relationship (SAR) study on this class of com-
pounds for the selection of candidate derivatives for detailed
biological investigations.

Results and Discussion

Recently, we identified the lead compound 4 as part of a study
to discover structurally diverse IN inhibitors with novel struc-
tural scaffolds and which are readily amenable to structural
modifications (Figure 2, manuscript under review). The lead
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HIV-1 integrase (IN) is an essential enzyme for viral replication
and a validated target for the development of drugs against
AIDS. Currently there are no approved drugs that target IN. How-
ever, new IN inhibitors are under clinical investigation. As more
IN inhibitors enter human drug trials, there is a growing need for
the design of novel lead compounds with diverse structural scaf-
folds and promising pharmacokinetic properties to counteract

the difficulties observed with first-generation IN inhibitors. We
have identified a novel class of IN inhibitors through the system-
atic exploration of structure–activity relationships in a series of li-
nomide analogues. The predicted bound conformation of the
most active analogues inside the IN active site also supports the
observed structure–activity correlation in this new compound
class.

Figure 1. HIV-1 IN inhibitors S-1360 (1) and L-870,810 (2) in clinical trials ;
5CITEP (3) was co-crystallized with the IN core domain to provide the first
crystallographically determined structure of HIV-1 IN complexed with an
inhibitor.
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compound 4 was retrieved from a database of approximately
150,000 molecules by using a common-feature 3D pharmaco-
phore model. Compound 4 inhibited both 3’ processing and
strand-transfer activities of IN with IC50 values of 40�3 and
16�6 mm, respectively. The mapping of the common-feature
pharmacophore model (Hypo1) onto compound 4 shows rea-
sonable agreement between pharmacophore features and
chemical features (Figure 3). With a novel structural scaffold,

compound 4 represents a new class of IN inhibitors. It is inter-
esting to note that compound 4 can adopt a conformation
that is similar to that of the diketo or keto–enol arrangement
observed in compounds 1–3. Considering the structural novel-
ty of 4, we carried out an extensive SAR study to select a com-
pound for future cell-based studies. Furthermore, compound 4
is a close analogue of roquinimex (5), a previously reported
anti-neoplastic agent (Figure 2). Roquinimex (5), also known as
linomide, has strong immunomodulatory effects in animals
and humans.[21,22] Interestingly, roquinimex suppressed HIV-1
infection in SCID-hu-PBL mice by promoting an increase in
human CD4+ T-cell counts.[23] This activity was attributed to
its immunomodulatory effects. Several analogues of roquini-
mex were also evaluated for the treatment of autoimmune dis-
orders.[24] Therefore, on the basis of these previously reported
biological properties of roquinimex and its analogues and our
reported IN inhibitory activity of compound 4, a detailed SAR
study was warranted.

A set of over 150 analogues was retrieved from the database
using the core substructure of compound 4, which is shown in

Figure 4. We tested compounds 6–23 (Table 1) to explore the
influence toward IN inhibitory activity of the size of the hydro-
phobic substitution R1 on N1 of the quinolinone-3-carbox-

amide core as well as substitutions R2 and R3 on the phenyl
group of the N-carboxamide group. Analogues 6–15 are rea-
sonably mapped by pharmacophore features of Hypo1. Inter-
estingly, most compounds from this set except compounds 7,
14, and 15 inhibited both the 3’ processing and strand-transfer
activities of IN with IC50 values <100 mm. Indeed, this set of
compounds represents the most active analogues of com-
pound 4 that have been identified so far. The size and shape
of the hydrophobic substitution R1 on N1 of the quinolinone-
3-carboxamide core plays an important role in the IN inhibitory
activity of this set of compounds. The inhibitory potency of
the compounds increases with increasing aliphatic chain size
(compounds 4, 6, 8–10, and 13). The most active compounds,
10 and 13, possess an n-pentyl chain, whereas the n-hexyl
functionalized compound 15 is inactive. It appears that the n-
pentyl chain length is optimal and required for potency
against IN. The activity profile of compounds 6–15 suggests
that the presence of a group containing both H-bond acceptor
and donor properties at the R2 position is an important re-
quirement for the compound to be active against IN. However,
the presence of a group that has only H-bond donor proper-
ties allows the compound to be mapped by Hypo1 (such as
the �NH2 group in compound 14), but it does not make the
compound active against IN. The IN inhibitory activity of com-
pounds 17–19 supports this observation. Compounds that
have an H-bond acceptor group at the R2 position selectively
inhibit the strand-transfer activity of IN. The most potent
member of this set, compound 17, has 10-fold selectivity
toward inhibition of the strand-transfer reaction over inhibition
of the 3’ processing reaction of IN. Compound 17, equipped
with a methyl acetate group at the R2 position, inhibited the
3’ processing and strand-transfer activities of IN with IC50

values of 100 and 9.5 mm, respectively. Furthermore, the pre-
dicted bound conformation of compound 13 inside the IN
active site also supports this observation. The hydroxy group
(at the R2 position) of compound 13 forms H-bond interactions
with the carboxylate oxygen atoms of amino acid residue D64
and also chelates the active site Mg2+ ion (see below). This in-
dicates that a hydrogen-bond accepting group at the R2 posi-
tion is an essential requirement for inhibitory activity (through
Mg2+ chelation) and confers selectivity toward the strand-
transfer reaction of IN (see compounds 17–19, Table 1).

The observed inactivity of the compounds in which R1=n-
hexyl (compounds 21 and 22), and in which R2=Cl (compound

Figure 2. Lead compound 4 and roquinimex (5).

Figure 3. a) Common feature pharmacophore (Hypo1) model used to re-
trieve lead compound 4 from the database; the pharmacophore features
are shown as hydrophobic (HYA) in blue, H-bond acceptor (HBA) in green,
and H-bond donor (HBD1,2) in magenta. b) The mapping of lead compound
4 onto the pharmacophore model shows a reasonable agreement between
pharmacophore features and the chemical features of the compound 4.

Figure 4. The core substructure of compound 4 used to retrieve analogues
from the database.
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21), F (compound 22), or H (compound 23) also supports the
above-mentioned correlation between the IN inhibitory activity
of the compound and the size of the hydrophobic group at R1

and H-bonding properties of substituents at R2. Moreover, it
appears that the presence of a group with both H-bond ac-
cepting and donating properties at the R2 position can turn a
compound into a potent inhibitor but nonselective against IN
catalytic reactions (such as compounds 13, 10, 9, and 4). Inter-
estingly, a second substituent on the phenyl ring (at R3) has no
significant influence on IN inhibitory activity. However, a small
to medium size substitution at the 5 position (compounds 19
and 13) is better tolerated than is the same substitution at the
4 position of the phenyl ring (compound 11). Compound 7,
with an ethyl group at the R1 position and a sulfonamide
group at R2, was inactive at the maximum concentration
tested of 100 mm.

Compounds 24–40 were also tested in the in vitro IN assay
to explore the role of heterocyclic aromatic groups (with an H-
bond acceptor heteroatom) or aliphatic groups on the carbox-
amide nitrogen atom in combination with a variety of aliphatic
or aromatic hydrophobic groups on N1 of the quinolinone-3-
carboxamide core of compound 4 (Table 2). Most of these
compounds, equipped with a variety of heterocyclic aromatic
or cyclic aliphatic groups such as pyridine, pyrimidine, thiazole,
benzothiazole, furan, piperidine, cycloheptane, or adamantane
on the carboxamide nitrogen atom with an aliphatic chain on
N1 of the quinolinone-3-carboxamide core, were inactive at
the maximum concentration tested (100 mm). Interestingly,
many of these compounds, with at least a H-bond-accepting
heteroatom (N, S, or O) at positions 2 or 5 on the heterocyclic
aromatic group and an optimally sized aliphatic chain on N1 of

the quinolinone-3-carboxamide
core, failed to inhibit IN catalyt-
ic activity (compounds 24, 26–
30, 36, and 37). Compound 25,
which has a 3-hydroxypyridine
group and a cyclic aliphatic
group on N1 to form a third
ring on the quinolinone-3-carb-
oxamide core, inhibited the
3’ processing and strand-trans-
fer activities of IN with IC50

values of 56 and 15 mm, respec-
tively. Further, the IN inhibitory
activity of compound 25 sup-
ports the SAR observed in com-
pounds from Table 1. Interest-
ingly, compound 33, which
contains a thiadiazole group on
the carboxamide nitrogen atom
and a benzyl group on N1 of
the quinolinone-3-carboxamide
core, showed moderate IN in-
hibitory activity by blocking the
3’ processing and strand-trans-
fer activities with IC50 values of
100 and 36 mm, respectively.

Compound 39, which has a 2-chlorobenzoyl group on the qui-
nolinone-3-carbohydrazide core, showed moderate IN inhibito-
ry activity with IC50 values for 3’ processing and strand transfer
of 28 and 26 mm, respectively. The activity profile of the com-
pounds shown in Table 2 demonstrates that the presence of
an H-bond-acceptor heteroatom at the 2 or 5 positions on the
heterocyclic aromatic group of the quinolinecarboxamide core
is not sufficient to inhibit IN catalytic activity. The inhibitory ac-
tivity of compound 25 underscores the importance of an aro-
matic or heterocyclic group functionalized with either H-bond
acceptor or both H-bond acceptor and donor properties at
ortho positions on the quinolinecarboxamide core (on the carb-
oxamide nitrogen atom).

Compounds 41–47 were selected to determine the capacity
of the quinolinone-3-carboxamide core of compound 4 alone
to block the catalytic activities of IN (Table 3). These com-
pounds were inactive at the maximum tested concentration of
100 mm. This confirms that the quinolinone-3-carboxamide
core alone is insufficient for IN inhibitory activity. Furthermore,
the lack of activity of compounds 44–47 against IN indicates
the importance of an aromatic group that has suitable substi-
tutions (such as H-bond acceptor groups) on the nitrogen
atom of the carboxamide core, with respect to the analogues
of compound 4.

All compounds satisfied Lipinski’s rule-of-five in the determi-
nation of calculated “druglike” properties. This rule was origi-
nally based on the analysis of 2245 compounds from the
World Drug Index database in which it was found that approxi-
mately 90% of drugs marketed have the following features:
1) Mr<500, 2) ClogP<5, 3) number of H-bond donors<5
(sum of O�H and N�H), 4) number of H-bond acceptors<10

Table 1. HIV-1 IN inhibitory activity of lead compound 4 analogues 6–23.

Compd Structure IC50 [mM]
R1 R2 R3 3’ Processing Strand Transfer

4 CH2CH(CH3)2 SO2NH2 H 40�3 16�6
6 CH3 SO2NH2 H 50�6 39�6
7 CH2CH3 SO2NH2 H >100 >100
8 CH2CH=CH2 SO2NH2 H 83�16 45�5
9 CH2(CH2)2CH3 SO2NH2 H 15�5 17�5
10 CH2(CH2)3CH3 SO2NH2 H 11�5 13�4
11 CH3 OH 4-NO2 >100 >100
12 CH2CH3 OH H 72�18 32�1
13 CH2(CH2)3CH3 OH 5-NO2 9�5 9�4
14 CH2CH2CH3 NH2 H >100 >100
15 CH2(CH2)4CH3 CONH2 H >100 >100
16 H H 4-OH >100 >100
17 CH2CH3 COOCH3 H 100 9
18 CH2CH=CH2 OCH3 H >100 25
19 CH2CH3 OCH3 5-Cl 74�36 19�8
20 CH3 CF3 H 81�18 28�11
21 CH2(CH2)3CH3 Cl H >100 >100
22 CH2(CH2)3CH3 F H >100 >100
23 CH2(CH2)2CH3 H H >100 >100
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(sum of N and O atoms).[25,26] In addition to Lipinski’s rule-of-
five, we routinely calculate polar surface area (PSA) for all lead
compounds.[27] Previously it was recommended that a maxi-

mum PSA value of �120 L2 is
ideal for compounds intended
for oral absorption by passive
diffusion.[28,29] Therefore, com-
pounds with PSA>140 L2

would tend to show poor
(<10%) absorption, whereas
compounds for which PSA<

60 L2 are predicted to show
complete (>90%) absorption.
Several variants of PSA calcula-
tions such as dynamic (PSAd),
topological (TPSA), and fast
(fPSA) are incorporated in vari-
ous software packages.[30,31] We
used fPSA to predict absorption
as described, and the data are
presented in Table 4. All com-
pounds showed fPSA values
<140 L2 and LogP values <5.

Docking studies were carried
out with the most potent com-
pound 13 to explore its binding
orientation and critical interac-
tions with amino acid residues
located in the IN active site.
Compound 13 was docked onto
the active site region of IN
wherein 5CITEP (3) was bound
to the IN core domain observed
in the structure of the IN–
5CITEP complex (PDB code:
1QS4).[12] Compound 13 binds
within the 5CITEP binding site,
but the binding orientation of
compound 13 is very different
from that of 5CITEP. The pre-
dicted bound conformation of
compound 13 is shown along-
side that of 5CITEP in Figure 5.
Compound 13 occupies an area
that is surrounded by amino
acid residues D64, H67, E92,
D116, I 151, E152, N155, K156,
and K159. The n-pentyl group
of compound 13 is positioned
into a hydrophobic cavity at the
bottom of the IN active site sur-
rounded by amino acid residues
Q62, V77 and I151. Two H-
bonding interactions are ob-
served between the carboxylate
oxygen atoms of amino acid
residue D64 and the 2-hydroxy

group of the phenyl moiety on the carboxamide nitrogen
atom (two O�H···O interactions with bond lengths of 2.62 and
2.22 L). The hydroxy oxygen atom is strongly coordinated to

Table 2. HIV-1 IN inhibitory activity of lead compound 4 analogues containing heterocyclic groups.

Compd Structure IC50 [mM]
Aliphatic/Aromatic Group Heterocyclic Group 3’ Processing Strand Transfer

24 CH2CH(CH3)2 >100 >100

25 56�38 15�6

26 CH2(CH2)CH3 >100 >100

27 CH2(CH2)3CH3 >100 >100

28 CH2(CH2)3CH3 >100 >100

29 CH2(CH2)3CH3 >100 >100

30 CH2(CH2)2CH3 >100 >100

31 CH2(CH2)4CH3 >100 >100

32 >100 >100

33 100 36

34 CH3 >100 >100

35 (CH2)2CH(CH3)2 >100 >100

36 CH2(CH2)3CH3 >100 >100

37 (CH2)2CH(CH3)2 >100 >100

38 CH2CH3 >100 >100

39 28 26

40 >100 >100
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the Mg2+ ion (H�O···Mg2+ bond length: 1.77 L). An additional
H-bonding interaction is observed between the carboxamide
NH group and the side chain hydroxy group of residue T66
(N�H···O�H bond length: 3.22 L). The predicted bound confor-
mation of compound 13 inside the IN active site strongly sup-
ports the coherent SAR observed in the analogues of com-
pound 4. Moreover, the bound conformation also reveals the
importance of substitutions with H-bond acceptor and donor
properties at the R2 position and the critical role played by the
size of the hydrophobic chain at the R1 position toward the IN
inhibitory activities of the active analogues of compound 4
(Table 1).

Table 3. HIV-1 IN inhibitory activity of analogues of the core unit of lead
compound 4.

Compd Structure IC50 [mM]
3’ Processing Strand Transfer

41 @100 @100

42 @100 @100

43 @100 @100

44 @100 @100

45 @100 @100

46 @100 @100

47 @100 @100

Table 4. Calculated druglike physicochemical properties of some of the
active IN inhibitors.

Compd Mr LogP[a] No. H-Bond
Acceptors

No. H-Bond
Donors

No. Rotatable
Bonds

fPSA [L2]

4 415.5 2.58 6 3 4 131.5
6 373.4 1.12 6 3 3 131.5
8 399.4 1.90 6 3 5 131.5
9 415.5 2.71 6 3 4 131.5
10 429.5 3.24 6 3 5 131.5
12 324.3 2.95 4 3 2 91.6
13 411.4 5.01 6 3 4 134.7
17 366.4 3.75 5 2 3 97.6
18 350.4 3.01 4 2 4 80.6
19 372.8 3.57 4 2 2 80.6
20 362.3 2.67 3 2 2 71.3
39 357.8 3.66 4 4 3 111.3

[a] Calculated atom-based LogP.

Figure 5. a) X-ray crystallographically determined bound conformation of 5CITEP (3) (ball-and-stick model in blue) inside the HIV-1 IN active site (PDB code:
1QS4). b) The predicted bound conformation of the most potent compound 13 (ball-and-stick model in gray) inside the IN active site. The ribbon model
represents the active site region of IN, and the prominent amino acid residues are shown as stick models in green. The magenta sphere represents Mg2+ .

242 www.chemmedchem.org > 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 2006, 1, 238 – 244

MED N. Neamati et al.

www.chemmedchem.org


Conclusions

We have identified a novel class of IN inhibitors, performed a
SAR study, and determined features important for activity. The
predicted druglike properties of some of the active com-
pounds make them potentially suitable candidates for further
lead optimization in the effort to develop clinically useful IN in-
hibitors.

Materials and Methods

Selected compounds were purchased from Chemical Diversity, Inc. ,
San Diego, CA, USA. All compounds were dissolved in DMSO, and
the stock solutions were stored at �20 8C. g-[32P]-ATP was pur-
chased either from Amersham Biosciences or ICN. The expression
systems for the wild-type IN and soluble mutant IN F185K/C280S
were generous gifts of Dr. Robert Craigie, Laboratory of Molecular
Biology, NIDDK, NIH, Bethesda, MD, USA.

Oligonucleotide substrates: The oligonucleotides 21top (5’-
GTGTGGAAAATCTCTAGCAGT-3’) and 21bot (5’-ACTGCTAGA-
GATTTTCCACAC-3’) were purchased from Norris Cancer Center
Core Facility (University of Southern California) and purified by UV
shadowing on polyacrylamide gel. To analyze the extent of 3’ pro-
cessing and strand transfer with 5’-end labeled substrates, 21 top
was 5’-end labeled by using T4 polynucleotide kinase (Epicentre,
Madison, WI, USA) and g-[32P]-ATP. The kinase was heat-inactivated
and 21bot was added in 1.5 molar excess. The mixture was heated
at 95 8C, allowed to cool slowly to room temperature, and was run
through a spi 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 (NaCl (950 mm),
HEPES (1 mm, pH 7.5), EDTA (50 mm), dithiothreitol (50 mm), glycerol
(10%, w/v), MnCl2 (7.5 mm), bovine serum albumin (0.1 mgmL�1),
2-mercaptoethanol (10 mm), dimethyl sulfoxide (10%), and MOPS
(25 mm, pH 7.2)) at 30 8C for 30 min. Then, the 5’-end 32P-labeled
linear oligonucleotide (20 nm) substrate was added, and incubation
was continued for 1 h. Reactions were quenched by the addition
of an equal volume (16 mL) of loading dye (deionized formamide
(98%), EDTA (10 mm), xylene cyanol (0.025%), and bromophenol
blue (0.025%)). An aliquot (5 mL) was electrophoresed on a dena-
turing polyacrylamide gel (tris–borate (0.09m, pH 8.3), EDTA
(2 mm), acrylamide (20%), urea (8m)). Gels were dried, exposed in
a PhosphorImager cassette, and analyzed with a Typhoon 8610
Variable Mode Imager (Amersham Biosciences) and quantified with
ImageQuant 5.2 software. Percent inhibition (% I) was calculated
with equation (1), in which C, N, and D are the fractions of 21-mer
substrate converted into 19-mer (product of 3’ processing) 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 as a function of % I to identify
concentrations at which 50% inhibition is observed.

% I ¼ 100 � ½1�ðD�CÞ=ðN�CÞ	 ð1Þ

Docking studies: The subunit B of the core domain X-ray crystallo-
graphic structure of IN (PDB code: 1BIS), in which all active-site res-
idues were resolved, was chosen for our docking experiment.[32] A
Mg2+ ion was placed in the active site between the carboxylate
oxygen atoms of residues D64 and D116 considering the geome-

try of the Mg2+ ion that is present in subunit A of IN (in PDB struc-
ture 1BIS) and subunit A of the IN–5CITEP complex (PDB structure
1SQ4).[12] All water molecules present in the protein were removed,
and proper protonation states were assigned for acidic and basic
residues of the protein. The most potent compound 13 was built
and well-minimized with the Build module of the Insight II soft-
ware package (Accelrys, Inc.).[33] Docking was performed with ver-
sion 1.2 of the GOLD (Genetic Optimization for Ligand Docking)
software package.[34] GOLD is an automated ligand-docking pro-
gram that uses a genetic algorithm to explore the full range of
ligand conformational flexibility with partial flexibility of the recep-
tor.[35] The algorithm was tested on a dataset of over 300 com-
plexes extracted from the Brookhaven Protein Data Bank.[36] GOLD
succeeded in >70% cases in reproducing the experimentally de-
termined bound conformation of the ligand. GOLD requires a user-
defined binding site. It searches for a cavity within the defined
area and considers all solvent-accessible atoms in the defined area
as active-site atoms. An active site radius of 20 L was defined with
the carboxylate oxygen (OD1) atom of residue D64 as the center
of the active site. Compound 13 was docked into the defined
active site of IN. On the basis of the GOLD fitness score, a bound
conformation with a high fitness score was considered as the best-
bound conformation from a set of feasible bound conformations
predicted by GOLD. All docking runs were carried out with stan-
dard default settings, a population size of 100, a maximum of
100000 operations, and a mutation and crossover rate of 95. The
fitness function that was implemented in GOLD consisted basically
of hydrogen bonding, complex energy, and ligand internal energy
terms.

Computational ADMET analysis: Structures of all compounds
were built and minimized in the Catalyst software package (Accel-
rys, Inc.). The possible unique conformations for each compound
over an energy range of 20 kcalmol�1 were generated by using the
best-conformation-generation method within the Catconf module
of Catalyst. The low-energy conformers of all the compounds were
exported to Accord (Accelrys, Inc.) to calculate Alogp98 and fast
polar surface area (fPSA). The LogP values were also calculated
with ADMET Predictor (Simulations Plus, Inc.).
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