
Modeling of the Inhibition of Retroviral Integrases by Styrylquinoline
Derivatives
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Styrylquinoline derivatives, known to be potent inhibitors of HIV-1 integrase, have been
experimentally tested for their inhibitory effect on the disintegration reaction catalyzed by
catalytic cores of HIV-1 and Rous sarcoma virus (RSV) integrases. A modified docking protocol,
consisting of coupling a grid search method with full energy minimization, has been specially
designed to study the interaction between the inhibitors and the integrases. The inhibitors
consist of two moieties that have hydroxyl and/or carboxyl substituents: the first moiety is
either benzene, phenol, catechol, resorcinol, or salicycilic acid; the hydroxyl substituents on
the second (quinoline) moiety may be in the keto or in the enol forms. Several tautomeric forms
of the drugs have been docked to the crystallographic structure of the RSV catalytic core. The
computed binding energy of the keto forms correlates best with the measured inhibitory effect.
The docking procedure shows that the inhibitors bind closely to the crystallographic catalytic
Mg2+ dication. Additional quantum chemistry computations show that there is no direct
correlation between the binding energy of the drugs with the Mg2+ dication and their in vitro
inhibitory effect. The designed method is a leading way for identification of potent integrase
inhibitors using in silico experiments.

Introduction

AIDS is essentially a viral disease and should be
treated by antiretroviral agents.1 The advent of combi-
nation antiretroviral therapy has made it possible to
suppress the replication of HIV-1 in infected persons
to such an extent that the virus becomes undetectable
in the plasma for more than 2 years but seems to persist
in peripheral-blood mononuclear cells. This means that
HIV-1 infection can be controlled but not eradicated
with current treatments.2,3 It is therefore important to
search for agents that could block the virus at the steps
of its replicative cycle, which are not affected by current
treatments. From this standpoint, HIV DNA integration
into the genomic DNA of host cells, a crucial step in the
replicative life cycle of the virus, constitutes a particu-
larly attractive target for AIDS chemotherapeutics,
including potential synergy with currently available
HIV reverse transcriptase and protease inhibitors.4,5 In
HIV-1 and other retroviruses such as Rous sarcoma
virus (RSV), integration is mediated by a viral enzyme,
integrase, which is necessary for the production of
progeny viruses.6 The integration function is composed
of two steps, both consisting of the nucleophilic attack
of a phosphoester bond by the lone pair of a hydroxyl
group.7 In the first step, called 3′-processing, the enzyme
catalyzes the hydrolysis of a phosphoester bond, which
removes two nucleotides of both viral DNA strands and

forms free 3′-OH groups at a conserved CA sequence.
In the second step, called strand transfer, these groups
are used as nucleophilic agents and attack phosphoester
bonds in opposite strands of the genomic DNA separated
by five base pairs in HIV-1 and four base pairs in RSV
(see refs 8 and 9 for reviews).

The HIV-1 integrase, produced in an Escherichia coli
expression system, can carry out both 3′-processing and
strand transfer in vitro in the presence of dications such
as Mg2+ and Mn2+.10 It can also in the same ionic
environment carry out the apparent reversal of the
transfer step if presented with a synthetic Y-shaped
oligonucleotide.11 Not the entire protein but only its core
domain, IN (50-212), containing the residues 50-212,
is required for the disintegration step, showing that it
contains the enzyme active site. Site-directed mutagen-
esis experiments showed that catalytic activity is abol-
ished by the substitution of any of the three absolutely
conserved carboxylate residues, two aspartic residues,
D64 and D116, and a glutamic residue, E152 (the so-
called D,D-35E motif). The same arrangement of cata-
lytically essential carboxylates is conserved not only in
all retroviral integrases but also in enzymes that
catalyze cognate reactions such as prokaryotic trans-
posases. This observation strongly suggested that their
spatial conformation should be similar to the conforma-
tion of the corresponding amino acids D64, D121, and
E157 in the RSV integrase core domain. Although this
expectation was contrasted by the first crystal struc-
tures of the HIV-1 core domain,12 it was finally con-
firmed by two independent groups.13,14 The dication is
in the immediate vicinity of the essential carboxylates,
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which is a common feature among enzymes in nucleic
acid biochemistry.15

Recently, styrylquinoline compounds have been shown
to be potent HIV-1 integrase inhibitors in vitro.16

Moreover, these compounds displayed an antiviral
activity in a de novo infection assay of CEM4fx cells.
Therefore, they represent an exciting new lead for the
design of new anti-HIV drugs. We have previously
shown that styrylquinoline derivatives were likely to
target the integrase core domain since they inhibited
the disintegration assay carried out by the active site-
containing deletion mutant.16 However, a more accurate
knowledge of molecular interactions between these
compounds and their presumed target will be needed
in order to further improve their pharmacological
properties. Consequently, we should determine ther-
modynamical and geometrical parameters of inhibitors
binding to the core domain of RSV and HIV-1 inte-
grases. To address this issue, we formulated a docking
method which was applied to the docking of styrylquin-
oline derivatives to the RSV integrase catalytic core.
This method allowed us to predict the most likely
binding sites of either active or nonactive drug. As the
interaction energy between drugs and catalytic core
integrase calculated for the best-fitted models correlates
with biological data, this work suggests that the inhibi-
tion mechanism is probably competitive. Finally, this
study may be used to predict the inhibitory power of
new compounds.

Experimental Section
Structure. Before any docking attempt, the conformation

of the catalytic core was needed. First, the structure of the
core domain of RSV integrase published by Bujacz and
co-workers17 was minimized with our minimizer18 and the
AMBER force field19 to remove any close contact.

Docking Algorithm. The docking method that was used
in this study can be described as the coupling of a grid search
fit by rotating and translating the drug while the protein was
held rigid, followed by a full molecular minimization step in
order to allow some flexibility. Grid searches have the advan-
tage of getting to the neighborhood of the correct solution.20

A docking algorithm similar to that proposed by Katchalski-
Katzir et al.21 has been incorporated into our program MOR-
CAD.18 The two molecules (protein and drug) are digitized in
the same cubic L × L × L grid (L ) 128). Two functions, P(i,j,k)
and A(i,j,k) are defined to characterize the digitized shape of
each of the two molecules. Following the specifications of
Katchalski-Katzir et al.,21 we took P(i,j,k) ) 1 at the surface
of the protein, P(i,j,k) ) -15 for the core of the protein, and
P(i,j,k) ) 0 for the open space. As the integrase catalytic core
is relatively globular and smooth without pockets, we have
not used a sophisticated method to search cavities.22 Any grid
node within 1.4 Å of any protein atom is considered to be inside
the protein. Any grid node that is not inside the protein but
lies within 2 Å of any protein atom belongs to the surface. In
the case of the drug, we define a function A(i,j,k) ) 1 inside
the drug if the grid node i, j, k is within 1.4 Å of any drug
atom and A(i,j,k) ) 0 otherwise. The computation of the
correlation function of P and A is performed as

where the set (x, y, z) represents the translation vector of the
drug relative to the protein. The translation sets (x, y, z) that
optimize the docking maximize the correlation function moni-
toring a high shape complementarity between the two mol-
ecules. A zero value for the correlation most likely means that

the molecules are not in contact, and negative values mean
that the drug is inside the core of the protein. The correlation
function is computed by reversing the Fourier transform of
the product of the Fourier transforms of P and A. The use of
the fast Fourier library speeds up the computations. After each
translation scan, the drug is rotated by incrementing one of
the three Euler angles until the rotational space is exhaus-
tively scanned. Care has been taken to skip redundant
rotations. If the elementary increment, δ, is 15°, we found 6384
independent rotations. If δ ) 30°, the number of independent
rotations was only 744.

The electrostatic energy, Eel, is only roughly estimated, as
described by Gabb et al.,23 since it is compared to a threshold.
The electrostatic potential Vprotein, that is created by the protein
is computed once only at the L × L × L nodes of the grid. The
Coulombic charges of the drug that are centered on the drug
nuclei are redistributed as qdrug

(i,j,k) on the adjacent nodes as
described by Rogers and Sternberg.24 For the translations (x,
y, z) of the drug that optimize the correlation function, Eel is
computed as

The conformations of positive Eel are discarded. At this stage
we have an average of 14-15 correlation peaks having a
favorable electrostatic contribution per independent rotation.
These conformations are first sorted according to the value of
the correlation peak. The first N conformations are stored. The
remaining conformations are sorted according to the electro-
static potential. The first M conformations are stored. The M
+ N stored conformations are further minimized using our
quasi-Newtonian minimizer.18 We took N ) 1000 and M ) 100.
The energy function is defined by the AMBER force field19 for
the amino acids, by the Aqvist25 parameters for the Mg2+

dication and a sigmoidal dielectric constant to mimic the
aqueous medium.26 A 10 Å cutoff was used in the nonbonded
interactions during minimization. Once minimization was
completed, the interaction energy was reevaluated without
cutoff. The drug-catalytic core interaction energy is the sum
of all interactions between any drug atoms with any catalytic
core atoms.

Quantum Mechanical Calculations. The structure of the
drugs was optimized through the ab initio program Gaussian27

at the restricted Hartree-Fock approximation, using the
6-31G(d) basis. To estimate the rotation barrier about the two
purely single bonds of the drugs, the dihedral angles R and â
(see Figure 2) were kept constant during the optimization by
adding redundant constraints. The charges used in the eq 2
were calculated through the Merz-Kollman28 procedure, for
the use of the docking procedure.

The interaction energy, ∆E, of A with B in the complex (AB)
is the energy difference between the optimized complex and
the optimized constituents which have been corrected with
respect to the distortion and of the basis set superposition
error.29 In some cases, the vibrations were computed to check
that the conformations are stable and to estimate ∆G, the
Gibbs free energy difference at 298.27 K.

Expression Vectors. The pET-15b IN50-212F185K expres-
sion vector encoding amino acids 50-212 of mutant soluble
HIV integrase has been generously donated by R. Craigie
(Laboratory of Molecular Biology, NIDDK, NIH, Bethesda,
Maryland). The pJD100 plasmid encoding the complete ge-
nomic cDNA of Rous sarcoma virus is a gift of J. T. Parsons
(Department of Microbiology, University of Virginia, Charlot-
tesville, VA). The cDNA encoding amino acids 50-207 of RSV
integrase was PCR-amplified using pJD100 plasmid as tem-
plate and oligo 1 (5′CATATGTGGACCCCTACAGATATGG3′)
and oligo 2 (5′GGATCCTCACCAGTGTTTTTGTACCGG3′) as
5′- and 3′-primer, respectively. PCR product was subcloned
between NdeI and BamHI restriction sites of pET-15b
(Novagen) proteins expression vector.

Production and Purification of Integrases Catalytic
Cores. His-tagged integrase catalytic core proteins were

C(x,y,z) ) ∑
i)1,L

∑
j)1,L

∑
k)1,L

P(i,j,k) A(i + x, j + y, k + z) (1)

Eel ) ∑
i,j,k

qdrug
(i+x, j+y, k+z)Vprotein

(i,j,k) (2)
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overexpressed in E. coli BL21(DE3) and purified under native
conditions essentially as has been described by Jenkins et al.:
30 At OD 0.8, bacterial cultures were induced with IPTG (1
mM) and incubated for 3 h at 37 °C. The cells’ pellets were
resuspended in ice cold buffer A [20 mM Tris-HCl pH 8, NaCl
(0.5 M for HIV protein and 1 M for RSV protein), 4 mM
â-mercaptoethanol and 5 mM imidazole], treated with lysos-
yme for 1 h on ice, and sonicated. After centrifugation (30 min,
8000g), supernatant was filtered (0.45 µm) and incubated for
at least 2 h with 1 mL of Ni-NTA agarose (Amersham
Pharmacia biotech). The column was washed twice with 10
volumes of buffer A, 10 volumes of buffer A + 50 mM
imidazole, and 10 volumes of buffer A + 100 mM imidazole.
His-tagged proteins were then eluted with buffer A + 1 M
imidazole. The proteins were dialyzed overnight against 20
mM Tris-HCl pH8, NaCl (0.5 M for HIV protein and 1 M for
RSV protein), 4 mM â-mercaptoethanol, and 10% glycerol.
Aliquot fractions were rapidly frozen on dry ice and conserved
at -80 °C.

Preparation of DNA Substrates. Oligonucleotides DHIV31

5′TGCTAGTTCTAGCAGGCCCTTGGGCCGGCGCTTGCG-
CC3′ and DRSV 5′TGTAGTCTTGACTACAGGCCCTTGGGC-
CGGCGCTTGCGCC3′ were purchased from Eurogentec and
further purified on 18% acrylamide denaturing gel. For dis-
integration assays, 100 pmol of DHIV or DRSV oligonucle-
otides were radiolabeled using T4 polynucleotide kinase (Bi-
olabs) and 50 µCi of [γ-32P]ATP (sp act. 3000 Ci/mmol). Kinase
was heat-inactivated, and unincorporated nucleotides were
removed by passage through Sephadex G-10 (Clontech). NaCl
was added to the final concentration of 0.1 M. Radiolabeled
oligonucleotides were heated to 90 °C for 2 min, and the DNA
was annealed by slow cooling.

Enzymatic Disintegration Assays. Disintegration assays
were performed in the presence of 0.5 pmol of DHIV or DRSV
and 2 pmol of HIV or RSV purified catalytic cores respectively,
in the same buffer (pH 7.2) as used by Mekouar et al.16

Enzymatic reactions were incubated at 37 °C during 1 h.
Products were separated in 15% denaturing polyacrylamid gel
and analyzed using a STORM Molecular Dynamics phospho-
rimager.

Results
To be a good inhibitor, a compound should bind to the

enzyme, to the DNA, or to the DNA-integrase complex.
When a compound may have various protonated forms
and various conformers, it is important to know under

Figure 1. Inhibitor formulas.

Figure 2. Definition of the substituents and of the dihedrals.
In this drawing R ) â ) 0°.
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which form it is under the experimental conditions (Tris
buffer, pH 7.2) and in its binding site. The compounds
we study here are shown on Figure 1. They are ordered
according to their ability to inhibit the disintegration
reaction catalyzed by the RSV integrase catalytic core
(see further Table 4). Most of the drugs shown in Figure
1 possess various sites of possible protonation. For
instance, 2 has protonation sites at N and at the oxygen
atoms of R7, R8, R3′, and R4′. Its state may be guessed
after the pKa values of each of its moieties. As the two
pKa values of catechol in aqueous solutions are 9.45 and
12.8 (the second one is questionable),32 catechol is not
ionized in the reaction buffer, and the chemical formula
of the catechol moiety of the drugs is probably as shown
in Figure 1. The pKas of phenol and resorcinol are so
high that the substituents at 2′ and 4′ of 5 and 7 are as
shown in Figure 1. In contrast, o-hydroxybenzoic acid
has two pKas 2.98 (CO2H/CO2

-) and 12.38 (OH/O-).33,34

As a consequence, 1, 2, 4, 5, and 7 probably have a net
charge of -1 and 3 a charge of -2. It has long been
known that the neighborhood of hydroxyl and carboxyl
substituents favors the formation of a chelate ring. In
salicylic acid, a divalent hydrogen atom is a link,33 so
both of its pKas significantly differ from those of m- and
p-hydroxybenzoic acids.33,34 It is however generally
admitted that the enol form of neutral salicylic acid
prevails in both ground and excited states.37,38 According
to the spectroscopic studies of Bardez et al.35 on 8-hy-
droxyquinoline, the proton belongs to the hydroxyl group
in the ground state but migrates to N in the excited
state. As the ground-state pKas of 8-hydroxyquinoline
in aqueous solutions at 20 °C are 5.13 (NH+/N) and 9.89
(OH/O-),36 8 and 12 are probably neutral. As a conse-
quence, drugs from 8 to 14 are neutral. The state of 6
is dubious. Apparently, in this series, most active drugs
are negatively charged, and most or all neutral drugs
are inactive. From this, we conclude that an interaction
with the DNA polyanion alone is mostly improbable. In
contrast, an interaction with some positively charged
part of the enzyme is suspected. As the enzyme must
contain a bication to be active, it may be thought that
the compounds somehow bind to the positive charge and
prevent DNA from binding. It may also be thought that

the drug inactivates the enzyme by displacing the
bication. At this point we should know more about the
state of the compounds in an aqueous medium, in a
region of low dielectric constant and in the presence of
a dication. These questions may be answered by ab
initio methods. However here this approach may lead
to a tremendous amount of calculations. The compounds
have many different tautomeric forms and have many
conformers: most drugs have two free dihedrals R and
â (Figure 2), and the substituents OH and CO2H may
have various orientations. Compound 2 has thousands
of planar forms. Clearly, we cannot afford to study that
many conformations, and we must resort to the use of
a relatively poor basis set 6-31G(d) together with the
rustic Hartree-Fock level of theory to try to rapidly
classify the various forms. Calculations in vacuo, with
this basis set at this level of theory, are performed
anyway to get the Coulombic charges that are used in
docking and minimizing.

Ab Initio Studies. Table 1 shows the results for 1
and 2. According to these calculations, when a hydroxyl
and a carboxyl groups are adjacent on an aromatic cycle,
the keto is more stable than the enol form. This was
confirmed in salicylic acid having a charge of -1: the
keto is then favored by 0.79 kcal/M at the 6-31G(d)
Hartree-Fock level. It is favored by 1.30 kcal/M at the
B3LYP/6-311G(2d,p) level, i.e. using a wider basis set
and taking into account the electron correlation. At the
6-31G(d) Hartree-Fock level, the keto form is favored
by 3.9 kcal/M in 7-CO2, 8-OH quinoline. A computation
that takes the aqueous medium into account might give
evidence for the prevalence of the enol form. We must
conclude that the energy separation between the enol
and the keto forms is not very large and drastically
depends on the surrounding medium. The compounds
we study here may be in the enol form in the aqueous
solution and in the keto form when they are close to
the protein in a region of low dielectric constant.

Table 2 shows that the flexibility around the R and â
dihedrals of 2 does not depend much on the tautomeric
form. The vibrations of 2 have been calculated in the
optimized planar conformation, and one imaginary
frequency was found. The drug was distorted along the

Table 1. 6-31G(d) Energies of Some Optimized Tautomers of 2 and 1

E (kcal/M)net
charge

R7, R8
orientationa R7 R8 R1 R3′ R4′ dihedrals 2 1

+1 C6 CO2H OH H OH OH 0 0
0 N CO2H OH OH OH 254.34 252.94
0 C6 CO2H OH OH OH 261.85
0 N CO2H O H OH OH 266.29
0 C6 CO2H OH H OH O 275.62
0 C6 CO2 OH H OH OH 280.85

-1 N CO2H O H OH O 590.57 595.62
-1 N CO2H OH OH O â0 ) 180 594.09
-1 N CO2H OH OH O R0 ) 180 594.37 589.67
-1 N CO2H O OH OH 594.88 591.92
-1 N CO2H OH OH O 594.88 600.40
-1 C6 CO2 OH OH OH 599.36 596.55
-1 N CO2H OH O OH 601.83 598.57
-1 C6 CO2H OH OH O 608.47 596.10
-2 N CO2H O OH O 983.86
-2 C6 CO2 OH OH O 984.91 989.40
-2 N CO2H OH O O 1036.47
-2 C6 CO2H OH O O 1056.76
-2 CO2 O OH OH 1053.87

a The protons in R7 and R8 are never close to each other but point either toward carbon atom C6 or toward the nitrogen atom as
indicated in the second column. Starting values of dihedrals are equal to 0° unless indicated.
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mode of imaginary frequency and the optimization
restarted. The gauche conformation was energetically
more favorable. However, the thermal Gibbs energy of
the gauche conformation was slightly higher than that
of the planar conformation. Drug 3 was always found
to be planar with no imaginary frequencies (results not
shown).

Mg2+ Drug Interaction. As a divalent ion is neces-
sary for the activity of the integrase, the drugs were
initially designed to chelate divalent ions. It is therefore
useful to obtain some data about the binding of Mg2+

to the drugs. We have studied the binding of Mg2+ to
catechol, to 7-CO2, 8-OH quinoline, and to some tauto-
meric forms of the drugs. Dry Mg2+ has two stable
binding sites about catechol. In conformation 1 (∆G )
-149.6 kcal/M) Mg2+ rests in the horizontal plane of
catechol, being attracted to the two oxygen atoms.
Conformation 2 (∆G ) -121.2 kcal/M) may be called a
“cation-π electron interaction”, whereby the monova-
lent39,40 or bivalent41 cation is attracted to a minimum
of negative charge above or below an aromatic ring. The
two stable binding sites are separated by a barrier of
two positively charged carbons adjacent to the oxygen
atoms. The model of dry Mg2+ would represent reality
only in a high vacuum. We set a Mg2+ surrounded by
five water molecules 2 Å above the catechol ring, off
center, and away from the catechol hydroxyl groups.
STO-3G geometry optimization was performed. Mg2+-
(H2O)5 apparently could not find a stable position and
seemed to fall from above the catechol, perhaps begin-
ning a long drift toward the equilibrium position in the
catechol plane. The very negative energy of the first
binding site in vacuo is much reduced when four water
molecules are set around Mg2+. The binding energy,
compared with the energetic penalty of detaching two
water molecules from Mg2+(H2O)6, is now only -11.9
kcal/M. It is clear that they are considerably less
favorable than the binding energies found in vacuo.

Mg2+ has several binding sites around 7-CO2, 8-OH
quinoline tautomers. When Mg2+ is initially put close
to R7 ) CO2H, a proton transfer is observed as the
minimization goes on. The proton spontaneously leaves
R7 and forms R8 ) OH. The binding free energy is
-364.9 kcal/M. The reverse is true when Mg2+ is
initially set in vicinity of R8 ) OH and N. The proton
leaves R8 and transfers to R7 ) CO2H. The binding
energy is -362.2 kcal/M. The binding positions above
the cycles are not as stable. When Mg2+ is initially set
over the quinoline six carbon cycle, it finds an optimized
position over the C6 atom by binding one of the CO2
oxygen atoms, forcing the CO2 to lie almost perpendicu-
lar to the quinoline plane (∆G ) -328.0 kcal/M). Mg2+

binds over the N containing cycle by distorting it.
Because of the aromaticity loss, the binding free energy
is less favorable, -48.5 kcal/M. As a conclusion, the
binding sites with the largest affinities are in the plane
of the cycles, not above them. Table 3 shows the affinity
of several drugs for the Mg2+ dication when it lies in
the drug plane close either to the nitrogen and the
hydroxyl group or to the carboxylate substituent at C7.

Docking. The drug concentrations that reduce the
activity of the enzyme in vitro by a factor of 2, IC50, are
systematically higher for RSV than for HIV (Table 4),
which may reflect a difference in the activity of our
preparations. The inhibitory power of the active drugs
on the RSV integrase catalytic core varied by a factor
of 30, in contrast to a rather all-or-none effect on the
HIV-1 system. However, there is no drug that is active
in a system and inactive in the other. When active, all
drugs have analogous dose-response curve, except for
3. Compound 3 is the only drug of the series that totally
inhibits disintegration at the concentration of 10 µM.

Table 4 also shows some docking results for the enol
tautomeric forms. The drug 3 has a net charge of -2
and has the substituents R7 ) CO2, R8 ) OH, R3′ )
CO2, R4′ ) OH. Compounds 2, 1, 5, 7, and 4 have a net
charge of -1 and have the substituents R7 ) CO2 and
R8 ) OH. The last drugs are neutral. In the rigid
docking phase, we used a value of 30° for the elementary
incremental rotation, and the dihedrals R0 and â0 were
set to 0°. The values of the dihedrals R and â in the
complex after minimization are never far from the
starting values of the dihedrals (Table 4). For 11, the
value of C8-O1′′-C2′′-C3′′ dihedral is -163° in the
optimized conformation of the catalytic core-drug com-
plex. All drugs have at least one atom within 2.3 Å from
the Mg2+ bication complexed to the RSV catalytic core.
As can be seen in Table 4, the drugs bind mostly by the
quinoline end. However, the binding by the catechol is
sometimes only a few kilocalories/mole per liter less
favorable. The drugs do not touch systematically the
same residues on the protein. They do not seem to form
specific hydrogen bonds. The only rule we found relates
to their orientation: they bind horizontally or vertically,
as shown in Figures 3 and 4 in the immediate vicinity
of the D,D-35E motif. This leads to an easy interpreta-
tion: the drugs inhibit integrase because they bind
closely to the active site and compete with DNA. They
are efficient when their affinity is greater than that of
DNA. The computed interaction energies are very large
and certainly do not correspond to experimental dis-
sociation constants around 10-6 M that are expected if
the IC50 values are straightly translated into binding
constants. If the absolute values are probably incorrect,
the calculated energies may be interpreted as a score.
As a rule, the predictions in silico are fairly good. The

Table 2. Energy of Two 2 Tautomers as a Function of
Dihedrals R and â

dihedral (deg) ∆E (kcal/M)

R â R7 ) CO2H, R8 ) O R7 ) CO2, R8 ) OH

-0.05 15.89 0.00 nda

-0.50 16.90 nd 4.48
0.00 0.00 0.03 4.51

180.00 0.00 0.30 4.84
0.00 180.00 1.15 5.31

90.00 0.00 7.11 11.13
0.00 90.00 4.00 8.35

a Not determined.

Table 3. Binding Energies (kcal/M) of Dry Mg2+ to the Drugs
Shown in Column 1 According to Various Binding Positions

inhibitor Mg close to N Mg close to 7-CO2 Mg close to 4′-O

3 -457.1 -418.1 -438.5
7 -375.8 -361.7 -54.9
5 -371.4 nda nd
4 -370.6 nd nd
1 -366.8 -357.0 -503.2
2 -366.3 -354.5 -327.6

a Not determined.
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relatively bad ranking of 3 could be improved if we had
a ranking criterion that takes into account total inhibi-
tion. Neutral 6 is predicted to be inactive. Finally, there
is no significant energy gap between active and inactive
drugs. Therefore, we should study the various forms of
the drugs and try to improve the match between the in
vitro and in silico results. This should increase the gap
between active and inactive drugs because most active
drugs have the possibility of proton transfer between
R7 and R8.

We have therefore computed the Merz-Kollman
charge distribution and applied the docking and mini-
mizing procedure to various tautomeric forms for each
of the active compounds. Each tautomer was in the ab
initio and rigid docking phases considered as planar.
The substituents were set in different orientations and
the dihedrals R0 and â0 were set to 0° or 180°. Six
conformations of 1, 2 (charge -1) and 3 (charge -2) and
three conformations for 4, 5, 7, and 8 (charge -1) were
studied. 6 was studied for a charge of 0, -1, and -2.
Table 5 shows the most favorable binding found by the
docking and minimizing procedure.

Several general rules emerge from the results:
(i) The electrostatic contribution largely prevails over

the van der Waals contribution, a result that correlates
with the close binding of all the drugs to Mg2+, in the
D,D-35E motif region, whichever their tautomeric form
and whether the initial value of R0 is set to 0° or 180°.
This result is obtained even when the docking procedure
was run under different conditions. It is not modified
when we change the balance, before the minimizing
procedure, between the number, N, of conformations
selected on a shape fitting criterion and the number,
M, of conformations selected according to the electro-
static contribution. The change in the rotational incre-
ment from 30° to 15° does not lead to a significantly
better interaction energy.

(ii) The interaction energy is a more reproducible
result than the difference between the energy of the
complex and the sum of the separate energies of the
protein and of the drug. This is so because the energy
of the protein, whether complexed or alone, is a large
number that depends on ill-controlled positions of
protein atoms far from the binding site.

(iii) The drug does not remain planar after minimiza-
tion. But, after the minimization process, the dihedral
angles R and â, as shown in Table 5, remain close to
their initial values R0 and â0 (0° or 180°). However, the
initial orientation of the R3′, R4′, R7, and R8 substit-
uents may be drastically modified during the minimiza-
tion step. For instance, if two hydroxyl groups on the
catechol moiety are parallel in the starting conforma-
tion, one of them may rotate during minimization so
that both oxygen atoms can bind to the dication. Similar
rotations have been observed on the quinoline moiety.
The final interaction energies depend little on the start-
ing orientation of the R3′, R4′, R7, and R8 substituents.

Table 4. Parameters of RSV Catalytic Core-Drug Complexes as Obtained after Docking and Minimization

disintegration IC50 × 106 M/L

inhibitora RSV HIV interaction energy Eel EVdW R â closest atoms to Mg2+ orientation

3 7.4 2.7 -106.63 -93.48 -13.15 -10 -27 8-OH, N h
2 2.3 2.4 -99.22 -82.16 -17.06 9 33 7-CO2 v
1 2.1 0.3 -94.53 -92.86 -1.67 7 -26 7-CO2 v
5 20.9 4.2 -83.61 -81.13 -2.48 -13 2 7-CO2 v
7 38.3 2.5 -83.44 -80.43 -3.01 -17 3 7-CO2 v
4 10.3 3.4 -82.54 -80.97 -1.57 -6 6 7-CO2 v
8 65.1 ndb -81.37 -71.16 -10.20 -6 1 8-OH, N h
9 >100 >100 -79.09 -61.70 -17.40 -17 -39 N, NO2 h

10 >100 >100 -74.85 -57.87 -16.98 -10 -39 N, 8-N h
11 >100 >100 -69.72 -42.54 -27.19 70 155 N, 1′′-O h
12 >100 >100 -61.97 -43.13 -18.84 -13 -45 8-OH, N h
13 >100 >100 -59.89 -43.51 -16.37 20 -31 4′-O v
6 38.0 nd -55.79 -35.37 -20.42 0 -12 N v

14 >100 >100 -50.76 -33.76 -20.00 -11 14 8-O, N v
a In the 8 first lines, the drugs have the enol conformation. b Not determined.

Figure 3. Stereoview of the complex of 1 (R7 ) CO2H, R8 )
O, R0 ) 0°) with RSV integrase catalytic core obtained after
docking and minimization. The binding is vertical. The protein
residues that have at least one atom closer than 2.3 Å to one
drug atom are shown in gray. The residues D64 and E157 of
the active site are farther. They are shown in light gray.

Figure 4. Stereoview of the complex of 2 (R7 ) CO2H, R8 )
O, R0 ) 0°) with RSV integrase catalytic core obtained after
docking and minimization. The binding is horizontal. The
protein residues that have at least one atom closer than 2.3 Å
to one drug atom are shown in gray. The residues D121 and
E157 of the active site are farther. They are shown in light
gray.
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(iv) Each drug has its own binding energy and binds
differently to the Mg2+ ion belonging to the RSV
catalytic core structure. The latter features depend not
only on the drug but also on its tautomeric form and on
the R dihedral. Drugs 1 and 2 with a deprotonated R4′
and a protonated N bind poorly. The best tautomeric
forms are R7 ) CO2H and R8 ) O, with R close to 0°.
This latter feature is important because it drastically
increases the energy gap between active and inactive
drugs. Finally, the total net charge of the drug is an
important feature. For instance, neutral 6 has a bad
interaction energy (Table 4). When 6 is once deproto-
nated at R8, its interaction energy is around -80. When
it is twice deprotonated, the interaction energy is around
-108 kcal/M (Table 5).

(v) The drugs do not seem to bind to a specific site
but lie in the “vertical” slit as in Figure 3 or “horizon-
tally” as in Figure 4. When the drug binds vertically, it
binds above the dication through the catechol (Figure
3) or quinoline moieties. Most drugs may bind both ways
in the vertical slit. The energy difference may be as
small as 1 kcal/M, which is not significant in this study.
The amino acids that touch the drug are not systemati-
cally the same, but F65, T76, R95, V96, T97, S98, D121,
and S124 seem to be frequent. In contrast, when it binds
horizontally, the drug may in some cases separate the
two aspartic acids from the glutamic residue of the D,D-
35E motif, as shown on Figure 4. Table 5 indicates
which drug atoms are close to the dication.

Discussion and Conclusion

Experimental data show clearly that compounds 1-3
have a high level of inhibition for the disintegration
process. Since each drug has different tautomeric forms,
a direct correlation between the binding energies and
the inhibitory effect might have been difficult to find.
To localize their binding sites on the catalytic core, an
unbiased research was undertaken, which means that
the whole surface of the catalytic core domain was
systematically searched. All the drugs, irrespective of
the values of their dihedral R0 ) 0° or 180° and of their
tautomeric form, bind to the Mg2+ dication in the
vicinity of the active site of the catalytic core. Further-
more, we showed that the inhibitory effect is not related
to the binding energies of drugs alone with Mg2+ as they
are calculated in vacuo. Table 3 shows that there is no
direct correlation between the binding energy of the
drugs to the magnesium and the measured IC50. For
instance, when the drugs are sorted by increasing
affinity, they have the order 1 < 2 < 7. They are in
exactly the reverse order when sorted by their inhibitory
effect (Table 4). This result was expected because the
compounds are active at concentrations in the range of

10-6 M, much less than the physiological concentration
of divalent Mg2+. If the binding energy of Mg2+ with the
drugs was the primary cause for the inhibitory effect,
the drugs would have acted on any Mg2+ ion bound to
any protein, and this lack of specificity would have
ruined any attempt of finding a therapeutically useful
drug. Because of the difference in the ranking of the
interaction energies of the inhibitors for the dication in
vacuo and the inhibitory effect, the inhibitor binding is
expected not to displace the bound magnesium ion, as
has been recently observed in a similar system.42

At the present time, this work is the only hint about
the localization of the binding site of the styrylquinoline
inhibitors to the RSV integrase catalytic core. In this
series, the inhibitor binds to the catalytically essential
bication, which has an immediate biological interpreta-
tion. Many efforts have been spent to localize integrase
inhibitors in cognate systems. Most inhibitors bind close
but not in the active site as found here. A naphthalene
derivative, Y-3, known to be a HIV-1 integrase inhibitor,
has been crystallized with RSV integrase catalytic core
domain. The Y-3 molecule is located in the direct vicinity
of the active site but is not part of it.43 The dicaf-
feoylquinic acids have a much longer linker than the
compounds studied here. Using molecular modeling44

and directed mutagenesis45 they have been shown to
interact at residues near the catalytic triad. The inhibi-
tor 5CITEP is more similar to the styrylquinoline
compounds because it is made of two cycles connected
by a propenol linker. Crystals of HIV-1 integrase
catalytic domain were soaked with 5CITEP. The inhibi-
tor was found centrally in the active site, in a way that
is very similar to our localization; however, in the
5CITEP case, the bication was not in the plane of its
indole ring.42

Besides the mechanism, it is important to know which
features enhance the inhibitory effect. The affinity is
much greater for the tautomers having a protonated R7
and deprotonated R8 with R0 ) 0°. If we know which
conformer of which tautomer fits the experimental
inhibitory effects, we can try to predict the activity of
other compounds of the same series.

The remarkable fitness of ex nihilo calculation to
experimental in vitro data will allow us to make
predictions and eventually lead to more active drugs.
For example, we have already observed experimentally
that changing R3′ or R4′ from OH to OCH3 has very
little effect either on the inhibition46 or on the calculated
interaction energy.47 As a matter of fact, this result was
predictable, since deprotonation of the hydroxyl group
in R4′ does not favor the binding. Another prediction
that is currently under investigation is that R7 ) CO2-

Table 5. Parameters of RSV Catalytic Core-Drug Complexes as Obtained after Docking and Minimizationa

inhibitor R7 R8 R3′ R4′ interaction energy R â closest atoms to Mg2+ orientation

1 CO2H O OH OH -117.69 -13 -46 4′-OH, 5′-OH v
3 CO2 OH CO2 OH -114.64 -174 18 3′-CO2 v
2 CO2H O OH OH -113.24 8 16 8-O h
6 CN O OH O -107.96 7 -28 4′-O v
7 CO2H O H OH -101.56 -7 -29 N, 8-O h
5 CO2H O H OH -91.95 -149 -18 N, 8-O h
4 CO2 OH H H -91.20 161 4 7-CO2 h
8 CO2 OH OH OH -82.98 123 49 8-OH, N h

a Notations are explicated in Figure 2.
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CH3 should dramatically decrease the anti-integrase
properties of the drug.
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