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A new model of HIV-1 integrase-Mg-DNA complex that is useful for docking experiments has been
built. It was used to study the binding mode of integrase strand transfer inhibitor 1 (CHI-1043) and other
fluorine analogues. Molecular modeling results prompted us to synthesize the designed derivatives which
showed potent enzymatic inhibition at nanomolar concentration, high antiviral activity, and low toxicity.
Microwave assisted organic synthesis (MAOS) was employed in several steps of the synthetic pathway,
thus reducing reaction times and improving yields.

Introduction

Integrase (INa) is one of the three human immunodeficiency
virus type 1 (HIV-1) enzymes that, together with the reverse
transcriptase (RT) and protease (PR), allows the virus to
reproduce itself after infecting the host cell. IN inserts a double
stranded DNA copy of the viral RNA genome into the
chromosomes of an infected cell through two separate catalytic
steps: in the “3′-processing” (3′-P) reaction, IN removes the
terminal GT dinucleotides from each LTR (long-terminal repeat)
3′ end, while in the “strand transfer” (ST) reaction the two newly
processed 3′-viral DNA ends are joined to the cellular DNA.2

The integration reaction is completed by the removal of the two
unpaired nucleotides at the 5′-end of the viral DNA and by the
repair of the single stranded gaps created between the viral and
target DNA. HIV-1 IN is composed of a single polypeptide
chain that folds into three functional domains3 and belongs to
the polynucleotidyl transferase superfamily. The active site is
located in the catalytic domain and is composed of two Asp
residues and one Glu in the conserved D,D(35)E motif, each
of which is required for catalysis. Moreover, it has long been
established that divalent metal ions are essential in the active
site for the hydrolytic phosphoryl transfer reactions.4,5 The
HIV-1 IN crystal structures available to date show a single
binding site for Mg2+ or Mn2+, whereas both biochemical and
structural studies offer a plausible two-metal model for the
catalytic center of IN. In fact, because a second metal has been
observed in an avian sarcoma virus (ASV) IN crystal structure6

and because of the two-metal structure for polynucleotide
transferases,5,7 it has been proposed that the second metal is
only sequestered into the active site after HIV-1 integrase binds
its DNA substrate(s).8,9 Despite the unique role of IN in the
viral replication process, to date, only one active drug against
this enzyme, raltegravir, has received FDA approval.10 Ralte-

gravir belongs to the family of integrase strand transfer inhibitors
(INSTIs), which represent the major leads in the development
of anti-HIV-1 IN drugs. These molecules have been shown to
specifically inhibit the DNA ST step11 of integration by
sequestering the metal ions bound in the active site of the
enzyme;8,9 moreover, it has been demonstrated that they bind
to IN after the protein has formed a complex with target DNA.12

In fact, �-diketo acids11 (DKAs) and their derivatives13 were
the first INSTIs to display potent antiviral activity via IN
inhibition. Unfortunately, there is a lack of detailed structural
information about the three-domain protein structure and the
interaction between IN and its substrates, and consequently
structure-based design of novel HIV-1 IN inhibitors is currently
hampered. To solve this problem, we previously constructed a
model of the full-length HIV-1 integrase dimmer by assembling
the experimentally determined structures of the single domains.14

The three-domain protein-viral DNA complex was also gener-
ated through an automated docking algorithm (pdb code
1WKN14) followed by dynamic studies.15 At the same time it
was suggested that the Tn5 transposase (Tnp) could be
considered an excellent surrogate model for IN,16 and in a recent
paper we reported that its X-ray crystal structure17 can be used
in docking and molecular dynamic studies to predict binding
modes of HIV-1 INSTIs. 18,19

In addition, we used a ligand-based approach to generate
three-dimensional pharmacophore models for HIV-1 integrase
inhibitors,20,1 which led to the discovery of some 4-[1-(4-
fluorobenzyl)-1H-indol-3-yl]-2-hydroxy-4-oxobut-2-enoic acids
as potent anti-HIV agents able to specifically inhibit the ST step
of integration at nanomolar concentration. In particular, we
discovered the potent derivative 1 (Chart 1) that displayed the
best anti-HIV activity from this series, thus holding promise
for further development.1 The combination of these different
computational strategies allowed us to generate now a novel
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Chart 1. Chemical Structure of Compound 1
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HIV-1 integrase-Mg-DNA model that is useful for docking
experiments. In this work it was used for the optimization of
our lead 1 through the design of a new series of its fluorine
analogues whose synthesis and biological evaluations are also
reported herein.

Results and Discussion

Docking Studies and Design. We considered two IN-Mg-
DNA ternary complexes (1WKN14,15 and 1ZA921) to be of interest
in order to create a new complex. 1WKN was chosen because of
the presence in its active site of both the two important Mg2+ ions
opportunely chelated by the D64, D16, and E152 (conserved
D,D(35)E motif) required for catalysis. Whereas the complex 1ZA9
was selected because even if it lacks of one Mg2+ ion, it
nevertheless shows a viral DNA-binding obtained utilizing the
already solved Tn5 transposase crystal structure as template to
position the viral DNA into the IN active site. This binding mode
of viral DNA was considered by us to be more appropriate than
that of the 1WKN obtained by docking studies. Considering these
findings, we superimposed these two IN-Mg-DNA ternary
complexes (1WKN and 1ZA9) to obtain a new model that presents
a complete core domain with two cations opportunely chelated by
DDE motif, and a viral DNA oriented in similar way to Tn5
transposase (see Experimental Section).

This model, which was subsequently optimized by a mini-
mization procedure, was considered to be very useful for the
structure-based design and was used as template to perform
docking studies with the Gold program.22,23 First of all, we
considered our most active compound 1 (Chart 1) that has been
shown to selectively inhibit the IN strand transfer step (ST)1

and likely acts like other potent IN inhibitors, namely by
chelating the metal ions bound in the active site of the enzyme.
The best docking pose of 1 was optimized by an energy
minimization procedure using Macromodel software (see Ex-
perimental Section for details), and the result is shown in Figure
1. In this orientation the diketo acid moiety is able to interact
with the two divalent ions in the active site, in perfect agreement
with the proposed mechanism of action for INSTIs. Docking
results also revealed the presence of a large hydrophobic cavity
defined by nonpolar residues L68, I73, V75, L158, and I162
and occupied by the inhibitor 4-fluorophenyl ring of the inhibitor
(Figure 1). The importance of the hydrophobic nature of the
4-fluorophenyl ring for 1 and for the most important INSTIs
has been highlighted in our previous ligand-based studies that
led to the generation of three-dimensional pharmacophore
models (see Figure 2, feature Y). Furthermore, 1 creates
important contacts with some amino acids known to be critical
for DNA binding (e.g., K159, E152)24-26 or to be associated
with resistance to INSTIs.27 In particular, our inhibitor shows
close interaction with residues T66 and N155, whose mutations
are capable of causing reduced sensitivity to a wide range of
IN inhibitors;11,24,28,29 such an effect might be explained
considering that these two residues surrounding the above-
described hydrophobic pocket and their mutations might thus
influence the INSTI binding. To confirm our derivative 1
docking results, its “predicted” conformation (i.e., bound to IN)
was mapped onto two previously developed pharmacophore
models. Figure 2A shows the superimposition of the 1 docking
pose in the quantitative HypoGen model, and interestingly, the
selected pose was able to perfectly fit the model with a best
estimated for activity level of 0.05 µM, close to the experimental
value of 0.14 ( 0.11 µM obtained on strand-transfer step. Figure
2B shows the superimposition of the 1 docking pose in the
qualitative HipHop model, in which the compound orients itself

in the same mode engaged in the quantitative HypoGen model.
We considered these results to be very important to validate
our docking results, highlighting a good correlation between
structure- and ligand-based approaches and the plausibility of
the suggested binding mode. The evidence of a large hydro-
phobic cavity (about 46 Å3) in the INSTI binding site in which
the 4-F-phenyl ring is inserted suggested the design of new
compounds, by moving a fluorine atom in all positions of the
phenyl moiety (15-16, 26, 27) and by introducing two (17-22,
28-33) or three (23-25, 34-36) substituents on the same ring.
This idea was supported by the multipresence of halogen atoms
in potent IN inhibitors such as the 6-(3-chloro-2-fluorobenzyl)-
1-(3-hydroxy-2-methylpropyl)-7-methoxy-4-oxo-1,4-dihydro-
quinoline-3-carboxylic acid (GS-9137)30 and also by considering
the importance of the fluorine atom on the binding affinity in
protein-ligand complexes, which frequently leads to an en-
hancement of molecule binding affinity.31 As a consequence of
the docking results for the new potential INSTIs, showing a
binding mode in common with that of derivative 1 (Figure 3)
and comparable with docking values (i.e., the fitness scores),
we therefore planned the synthesis of the designed 1H-
benzylindole derivatives bearing one or more fluorine atoms
on the different positions of the benzyl moiety.

Figure 1. (A) Compound 1 (green) in the IN-Mg-DNA active site.
The divalent metal ions are shown as purple spheres, while the viral
DNA is depicted in yellow. Protein surface is colored as follows: basic
residues, blue; acidic residues, red; polar residues, violet; nonpolar
residues, gray; aromatic residues, orange. (B) INSTI 1 (yellow) and
amino acids lying within 5 Å from the docked compound. Color codes
as in the previous image. Yellow dashed lines represent coordination
to the metal ions, highlighting the two-metal binding model for our
INSTI. This figure was prepared using the PyMOL program.39
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Chemistry. Our initial method for the previously reported
synthesis1,20 of �-hydroxydiketo acid derivatives was optimized
by the application of microwave-assisted technology in the
various steps of the synthetic approach, thereby increasing the
yields and reducing the reaction times as well as having more
selective reactions and using less solvent. The synthetic pathway
followed for the preparation of the new benzyl-1H-indole
derivatives 26-36 is depicted in Scheme 1. Thus, commercially
available 4-methoxy-1H-indole (2) was reacted with acetyl
chloride in the presence of a slight excess of diethylaluminum
chloride to give intermediates 3. While the reaction takes in
2 h under the conventional method, it requires only 10 min using
the microwave assisted organic synthesis (MAOS). The obtained
intermediate 3 was then N-alkylated by treatment with the
suitable benzyl bromide and a small amount of sodium hydride.
Under the “classical” method, the reaction was performed in
30 min, whereas when microwave irradiation was applied, this
step was carried out in only 5 min and used less solvent. The
synthesis of derivatives 15-25 was achieved by coupling
3-acetyl-4-methoxy-1-benzyl-1H-indoles with diethyl oxalate in
the presence of a catalytic amount of sodium methoxide. The
reaction was highly efficient under microwave irradiation (only
4 min). These compounds were then hydrolyzed in basic
medium to provide the corresponding arylhydroxyketo acids
26-36. Both analytical and spectral data of all synthesized
compounds are in full agreement with the proposed structures.

Biological Activity. All the synthesized diketo acid deriva-
tives (26-36) and all the diketo esters (15-25) that also showed
good results in molecular modeling studies were tested for their
inhibitory effect on IN enzymatic activity and against HIV-1

replication (Table 1). To determine the susceptibility of the
HIV-1 integrase enzyme toward synthesized compounds, we
used enzyme-linked immunosorbent assays as described previ-
ously.32 However, their inhibitory effect on the HIV-induced

Figure 2. Best docking pose of 1 mapped on (A) 3D quantitative
pharmacophore model by HypoGen (A1 and A2, hydrogen-bond
acceptor, green; D1, hydrogen-bond donor, magenta; Y, hydrophobic
aromatic, cyan) and (B) 3D qualitative pharmacophore model by
HipHop (A1-A4, hydrogen-bond acceptor, green; Z1 and Z2, hydro-
phobic aliphatic, blue; Y, hydrophobic aromatic, cyan).

Scheme 1a

a Reagents and conditions: (i) Et2AlCl, CH2Cl2, 0 °C, 30 min, AcCl,
50°C, 10 min, 100 W; (ii) ArCH2Br, NaH, DMF, 50°C, 5 min, 100 W; (iii)
diethyl oxalate, dry CH3ONa, THF, two separated steps under the same
conditions, 50°C, 2 min, 250 W; (iv) 2 N NaOH, MeOH, room temp, 1.5 h.

Figure 3. Best docking results in the IN-Mg-DNA active site for
compounds 26-36 (A) and for 15-25 (B).
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cytopathic effect (CPE) in human lymphocyte MT-4 cell culture
was determined by the MT-4/MTT-assay.33 All diketo acids
(26-36) showed activity at nanomolar concentrations in the
overall integration reaction and in the more specific ST assay,
and seven of them were more active than the lead compound
1. The corresponding esters (15-25) were generally less active
than diketo acids probably for their lower ability to sequester
the metal ions bound in the active site of the enzyme.
Considering the position of the fluorine atom, the ortho
substitution seems preferable. In fact, the most active derivatives
on ST assay generally present one fluorine atom at the
2-position. Some esters proved to be potent inhibitors, particu-
larly if disubstituted (i.e., 17, 20). Interestingly, all derivatives
proved to be active also in cell tests, and 26, 27, 30, 31 exhibited
very low toxicity with SI > 100.

Conclusions

A new model of HIV-1 IN-Mg-DNA complex has been
built. A combined ligand-based and structure-based approach
was used for the design of potent IN inhibitors. While
investigating the importance of the substitution on the phenyl
ring, we identified a number of compounds structurally related
to 1 that behave as potent IN inhibitors at nanomolar concentra-
tion with a very low toxicity. These results confirm the
importance of occupying the large hydrophobic cavity present
in the INSTI site and underline the role of computational
methodologies in medicinal chemistry research.

Experimental Section

Docking Studies. Preparation of the Target and Ligands
for Docking. The IN-Mg-DNA ternary complex was built by
superimposing the structures of 1WKN and 1ZA9 and aligning their
DDE motif with their R carbons. 1ZA9 is a model of the integration
complex based on experimental evidence, including a comparison
with the homologous Tn5 transposase containing bound DNA and
an analysis of DNA binding sites using Goodford’s GRID.21 1WKN
is a model of full-length HIV-1 integrase dimer viral DNA
constructed by assembling the experimentally determined structures
of the single domains followed by docking experiments for the
orientation of viral DNA.14,15 The core domain of 1WKN was

maintained, considering that all amino acids were present and that
also the two Mg ions were opportunely inserted with the DDE
correctly oriented. From 1ZA9 the viral DNA was kept, which was
modeled directly from Tn5 transposase coordinates.21 To remove
the worst contacts between the parts of this new complex but not
to alter the architecture of the binding site, 100 steps of steepest
descent minimization (OPLS-2005 force field) using GB/SA34

model as solvation treatment were carried out by freezing the two
cations and the oxygen atom of the 3′OH of adenosine-viral DNA
using Macromodel program.35 The structures of ligands were
constructed using the Schrodinger Maestro36 and were then
submitted to Polak-Ribiere conjugate gradient minimization
(0.0005 kJ/(Å mol) convergence). The compounds were presented
in their enolic tautomeric form, since it has been clearly established
that DKAs mainly exist in this form in solution, the carboxylic
moiety was considered as carboxylate, and the enolic oxygen was
considered as enolate given the influence of the two metal ions in
the binding site.37

Gold. Compounds were docked to the binding site by means of
CCDC’s GOLD (Genetic Optimization for Ligand Docking)
software, version 3.1.1.22 The binding region for the docking study
was defined as a 10 Å radius sphere centered on the centroid of
the two metal ions. One-hundred genetic algorithm (GA) runs were
performed for each compound, and 10 ligand bumps were allowed
in an attempt to account for mutual ligand/target fit. For each of
the GA runs, a maximum number of 100 000 operations were
performed on a population of 100 individuals with a selection
pressure of 1.1. The number of islands was set to 5, with a niche
size of 2. The weights of crossover, mutation, and migration were
set to 95, 95, and 10, respectively. The scoring function, GoldScore,
implemented in GOLD was used to rank the docking positions of
compounds, which were clustered together when differing by more
than 2 Å in rmsd. The best ranking clusters for each of the
compounds were selected.

Minimization Process. All IN/DNA/ligand complexes obtained
by docking studies were minimized using a two-step procedure. In
a first step 1000 iterations of SD minimization were carried out by
freezing the two cations and the 3′-OH oxygen, while in a second
step 1000 iterations of Polak-Ribiere conjugate gradient unre-
strained minimization were performed. Minimization of complexes
was performed using the OPLS-200534 force field and the GB/SA
model38 as solvation treatment.

Synthesis. See Supporting Information.

Table 1. Inhibition of HIV-1 Integrase Enzymatic Activity, Replication of HIV-1 (IIIB), and Cytotoxicity in MT-4 Cellsa

IN enzymatic activity, IC50 (µM) activity in MT-4 cells

compd overallb STc HIV-1d EC50 (µM) cytotoxicitye CC50 (µM) SIf

15 0.38 ( 0.07 0.72 ( 0.23 1.40 ( 0.51 63.33 ( 11.91 45.3
16 0.30 ( 0.00 2.26 ( 1.43 2.21 ( 0.50 63.21 ( 1.00 28.5
17 0.005 ( 0.00 0.012 ( 0.03 1.90 ( 0.07 21.11 ( 11.43 11.1
18 0.11 ( 0.007 0.67 ( 0.41 1.95 ( 0.17 65.48 ( 36.30 33.7
19 1.41 ( 0.07 0.40 ( 0.11 3.15 ( 0.75 41.23 13.1
20 0.36 ( 0.09 0.07 ( 0.02 2.04 ( 0.05 >63.41 >31.1
21 26.45 ( 8.71 1.56 ( 0.34 80.09 ( 0.34 >125 >2
22 1.52 ( 0.15 2.74 ( 0.33 5.94 ( 2.83 >34.7 >5.8
23 3.01 ( 1.32 1.15 ( 0.26 3.15 ( 1.23 >42.7 >13
24 0.17 ( 0.02 0.82 ( 0.04 4.84 ( 3.26 40,49 ( 19,86 8.4
25 2.0 ( 0.50 1.41 ( 0.38 3.96 ( 0.63 33.40 ( 3,00 8.4
26 0.07 ( 0.00 0.04 ( 0.01 0.31 ( 0.09 70.5 ( 24.18 228
27 0.03 ( 0.00 0.03 ( 0.00 0.38 ( 0.22 65.82 ( 2.82 175
28 0.01 ( 0.00 0.12 ( 0.05 0.26 ( 0.07 >17.53 >68.7
29 0.01 ( 0.008 0.02 ( 0.002 0.41 ( 0.03 20.81 ( 16.11 50.7
30 0.05 ( 0.00 0.02 ( 0.003 0.41 ( 0.17 46.24 ( 16.29 112.8
31 0.13 ( 0.03 0.08 ( 0.008 0.41 ( 0.03 44.28 ( 4.13 108
32 0.42 ( 0.16 0.60 ( 0.16 2.8 ( 0.28 70.95 ( 1.63 25
33 0.44 ( 0.08 0.24 ( 0.02 2.78 ( 2.41 29.52 ( 4.53 10.6
34 0.14 ( 0.01 0.28 ( 0.05 1.15 ( 0.71 22.78 ( 10.30 19.9
35 0.13 ( 0.02 0.16 ( 0.02 0.65 ( 0.07 49.35 ( 0.92 75.5
36 0.06 ( 0.02 0.10 ( 0.003 2.21 ( 0.34 23.33 ( 2.81 10.5
1 (CHI 1043) 0.08 ( 0.003 0.14 ( 0.11 0.59 ( 0.38 41.1 ( 16.7 70

a All data represent average results ( SD. b Concentration required to inhibit the in vitro overall integrase activity by 50%. c Concentration required to
inhibit the in vitro strand transfer step by 50%. d Effective concentration required to reduce HIV-1-induced cytopathic effect by 50% in MT-4 cells. e Cytotoxic
concentration to reduce MT-4 cell viability by 50%. f Selectivity index: ratio CC50/EC50.
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