
DOI: 10.1002/cmdc.200600040

Correlation of Biological Activity
with Active Site Binding Modes of
Geminal Disulfone HIV-1 Integrase
Inhibitors

D. Christopher Meadows, Dean J. Tantillo, and
Jacquelyn Gervay-Hague*[a]

HIV infection affects more than 40 million people worldwide,
and infection rates continue to rise in all areas of the world
except the Caribbean.[1] Current treatment generally involves a
combination of inhibitors of viral reverse transcriptase (RT) and
viral protease (PR). While combination therapy has been highly
effective at lowering viral loads and extending lives, problems
with toxicity and especially drug resistance remain major ob-
stacles to HIV chemotherapy. Indeed, almost 25% of new infec-
tions are found to be drug resistant, clearly demonstrating the
need for new drugs to combat HIV infection.[2] The viral replica-
tion cycle offers many potential sites for interruption using
chemotherapy; one of the most promising is integrase (IN). IN
is a 32 kDa protein that processes proviral DNA in a step
termed 3’-processing (3P) which is followed by strand transfer
(ST), whereby IN inserts the processed proviral DNA into the
host genome. Several compounds have been reported to in-
hibit IN, yet the lack of structural information for the intact
protein and questions regarding its oligomeric nature have im-
peded the discovery of a clinically useful IN inhibitor.[3] These
difficulties have made molecular modeling a critical compo-
nent in both the design of new IN inhibitors and the identifica-
tion of important protein–ligand interactions.[4]

We recently reported a series of potent disulfone-containing
anti-IN and antiviral compounds of general structure 1.[5] The
compounds were originally designed to be neutral chicoric

acid analogues (l-chicoric acid shown, 2), reasoning that they
could more easily traverse the cell membrane to interact with
cytoplasmic IN. Having demonstrated that these compounds
were active against IN in the low-micromolar range, it became
important to identify the bioactive conformations in order to
design more potent inhibitors. To this end, docking studies on
the catalytic core of IN were performed. While there are 14
crystal structures of IN available from the Protein Data Bank
(PDB), only one of these has an inhibitor bound in the active
site: 1QS4.[6] Of the remaining 13, only two have completely re-
solved active sites. Because we endeavored to design more
potent inhibitors of IN, we felt the crystal structure containing
the inhibitor, 1QS4, would be the most relevant active site con-
formation on which to conduct the docking experiments, de-
spite previously reported crystal-packing effects associated
with this structure.[7]

Further impetus for the docking studies stem from previous
modeling studies independently conducted by the research
groups of McCammon and Olson. McCammon and co-workers
docked chicoric acid, among other IN inhibitors, into the active
site of 1QS4 to compare binding modes of various com-
pounds.[8] Later, Olson and co-workers docked structurally re-
lated curcumin 3 into the 1QS4 active site to explore its bind-
ing modes.[9] Curiously, these molecules were found to have
rather different active site conformations (see below). We were
interested to determine which, if any, similarities existed be-
tween our disulfone-containing compounds and either of the
other structurally analogous inhibitors 2 and 3.

The docking studies were performed using Auto-
Dock 3.0.[10,11] This program uses a genetic algorithm-based ap-
proach to sample various conformations of small molecules
inside binding cavities of protein hosts. Docking parameters
began with 50 individuals, a maximum of 2500000 energy
evaluations, and a maximum of 27000 generations. The cross-
over rate was set to 0.80, and the mutation rate was 0.02 with
Cauchy distribution parameters a=0 and b=1. Elitism was set
to 1. In the local search, the pseudo-Solis–Wets algorithm was
applied with a maximum of 300 iterations per search. The
probability of performing the local search on an individual was
0.06, and the maximum number of successes or failures before
changing the local search step size was 4. The number of initial
torsions varied depending on the ligand docked. A total of 100
independent docking runs were then performed for each com-
pound, and the results differing by less than 1.5 F rmsd were
clustered into groups. The best docked conformations were
those found to have the lowest binding energy and also the
greatest number of members in the cluster, which is an indica-
tion of good convergence.

The initial structures of the small molecules (structures and
IC50 values shown in Table 1) were determined using molecular
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mechanics methods to conduct the energy minimizations with
the AMBER force field in MacroModel.[12,13] All atomic charges
were assigned using the Gasteiger–Marsili formalism, nonpolar
hydrogen atoms and lone pairs merged, aromatic carbons
identified, rigid root defined, and all formal single bonds
except those to H were allowed to rotate.

The catalytic domain of crystal structure 1QS4 was used with
domains B and C, crystallographic waters, and the bound
ligand removed. The active site Mg ion was maintained with a
charge of +2 throughout. Polar hydrogen atoms were added
using PROTONATE and distributed with AutoDock. Histidine
residues were maintained unprotonated as previously deter-
mined through computational methods to be appropriate.[14,15]

Lastly, Kollman united-atom partial charges and solvent param-
eters were added. The grid maps representing the protein
were then calculated using AutoGrid, and the dimensions were
set to 23K23K23 F3 with a spacing of 0.375 F centered on cat-
alytic residue Glu152.

The docking studies revealed two low-energy binding
modes common to all of the test compounds: a “U-shaped”
conformation and an “L-shaped” conformation (Figures 1–4).
The U-shaped conformer makes use of almost the entire
enzyme active site, while the L-shaped conformer fills half of
the active site with half of the molecule, the other half point-
ing away from the catalytic residues.

As can be seen from Figure 1, the U conformer of 4 makes
extensive contacts between one of the sulfones and K159 and
T66, with the other sulfone situated between K159 and K156.
One of the catechols coordinates the active site Mg ion and
also shows interactions with catalytic residue D64, while the
other ring has contacts with E92 and N155.[16] Alternatively, in
the L conformer it is one of the catechols showing interactions
between K159 and T66, while one sulfone contacts Q148 and
the other, E152; the remaining catechol interacts with Q146.

The predicted binding energy for the U conformer (�8.8 kcal
mol�1) is slightly more favorable than that for the L conformer
(�7.8 kcalmol�1). This is intuitive given the more extensive
active site interactions made by the U conformer.

The U conformer of 5 (Figure 2), not surprisingly, makes
active site contacts similar to 4. One of the sulfones makes
contacts with K159, and the Mg ion is again coordinated by
one of the catechol rings which also interacts with D116. The
other sulfone interacts with N155, and the second catechol
contacts Q148. The L conformer of 5 also makes contacts simi-
lar to 4 with one of the catechols interacting with K159 and
T66, while the other catechol is involved in H bonding with
Q146. The sulfones are favorably situated with one interacting

Table 1. Structures and IC50 values for test compounds.

Compound IC50 (3P) [mm] IC50 (ST) [mm] No. in Cluster[a] DG [kcalmol�1][b] Hydrogen Bonding Residues[c]

1.8 0.9

U 45 �8.8 K159, T66, E92, D64, N155
L 31 �7.8 K159, T66, E152, Q146, Q148

4 5

U 49 �8.1 K159, D116, N155, Q148
L 40 �7.8 K159, T66, D64, E152, Q146

80 80

U 34 �7.6 K159, T66, D64, D116, Q146, Q148
L 38 �7.6 K159, T66, Q148

40 17

U 42 �8.2 K159, D116, C65, Q148
L 36 �7.9 K159, T66, Q146, Q148

[a] Number of individuals in top two clusters. [b] Free energy of binding for top two clusters. [c] Residues with hydrogen bond donor/acceptor groups
within 4 F of the bound ligand are shown.

Figure 1. Two low-energy binding modes for 4. Magenta underscore indi-
cates hydrogen bonding to U-shaped conformer. Green dashed underscore
indicates hydrogen bonding to L-shaped conformer.
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with catalytic residue D64 and the other with catalytic residue
E152. Here, as with 4, the predicted binding energy of the
U conformer (�8.1 kcalmol�1) is again more favorable than
that predicted for the L conformer (�7.8 kcalmol�1).

The U conformer of 6 (Figure 3) also shows common albeit
fewer interactions than the previous inhibitors. The catechol
ring coordinates the Mg ion and also interacts with catalytic
residues D64 and D116. One of the sulfones makes contacts
with K159 and T66. It is interesting in the case of the L con-
former that it is the functionalized ring that is inserted into the
active site while the non-functionalized ring is pointing away.
Here the catechol interacts with K159 and T66, and one of the
sulfones makes contacts with Q148. It is intuitive that 6, which
lacks hydrogen bonding capability on half of the molecule,
would result in the observed reduced activity. In this case the
U and L conformers have identical binding energies: DGU =

DGL=�7.6 kcalmol�1.

Compound 7 was made to help identify whether the vinyl
sulfone moieties in the molecules were responsible for their
activity. While the anti-IN activity of this molecule is lower than
that of its unsaturated analogue, it still shows significant activi-
ty against both catalytic functions performed by the enzyme.
Figure 4 shows that the saturated derivative 7 still possesses

two low-energy binding modes. The U conformer coordinates
the Mg ion through one of the catechol rings, while the rest of
the molecule interacts with many of the same residues as 5,
adding a hydrogen bond to C65. The L conformer shows one
of the catechol rings interacting with K159 and T66, the other
catechol within H-bonding distance to Q146, and one of the
sulfones making contacts with Q148. As with the symmetric
molecules 4 and 5, the U conformer of 7 possesses a more fa-
vorable binding energy of �8.2 kcalmol�1 as compared with
�7.9 kcalmol�1 for the L-shaped conformation.

It is interesting to compare the binding modes of the disul-
fone-containing compounds with previously reported binding
modes of analogous inhibitors. In the case of curcumin, the
“west” half of the molecule occupies a similar position to that
taken by the L conformer, with the phenolic group forming hy-
drogen bonds to K159 and T66.[9] The ketone/enol functionali-
ties of curcumin interact in the center of the active site with all
three catalytic residues and the Mg ion, whereas the L con-
former of 4 and 5 shows interaction of one of the sulfones and
the catalytic residues. The other half of curcumin extends
almost linearly to interact with T93, S119, and N120, interac-
tions not observed for either low-energy binding modes identi-
fied in our docking. A plausible reason for the difference in
active site interactions is that the ketone/enol form of curcu-
min adopts a more planar conformation than the disulfone
compounds.

The L conformer also shows some of the same interactions
observed for another small-molecule inhibitor of IN docked by
McCammon.[8] The anthraquinone, quinalizarin 8, forms hydro-

Figure 2. Two low-energy binding modes for 5. Magenta underscore indi-
cates hydrogen bonding to U-shaped conformer. Green dashed underscore
indicates hydrogen bonding to L-shaped conformer.

Figure 4. Two low-energy binding modes for 7. Magenta underscore indi-
cates hydrogen bonding to U-shaped conformer. Green dashed underscore
indicates hydrogen bonding to L-shaped conformer.

Figure 3. Two low-energy binding modes for 6. Magenta underscore indi-
cates hydrogen bonding to U-shaped conformer. Green dashed underscore
indicates hydrogen bonding to L-shaped conformer.
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gen bonds to K159 and T66 through its catechol ring, just as
the disulfone compounds do. One of the phenols on the other
aromatic ring of the anthraquinone interacts with the center of
the active site, a similar placement to the sulfone (Figure 5).

Conversely, the U conformer of the disulfone compounds is
very similar to the most favorable binding mode obtained
from the docking of l-chicoric acid (Figure 6).[8] Here the car-
boxylates of chicoric acid occupy a similar position to the sul-
fones, with one between K156 and K159 and the other be-
tween K159 and H67. The catechol of the “east” half of chicoric
acid also has a very similar position to that of the analogous
catechol of the disulfone compounds, forming hydrogen
bonds with Q148. Due to the more extended nature of chicoric

acid, however, the catechol of the “west” half of the molecule
is pushed further away from the catalytic residues and inter-
acts with E92 rather than the Mg ion and D116.

As noted previously, 1QS4 was chosen because it has a
ligand bound in the active site. However, we felt it might be
instructive to dock the small molecule into crystal structure
1BL3, which contains a fully resolved active site, to compare
what, if any, common binding modes are present. In pilot stud-
ies, 5 was docked into the active site of 1BL3 using the same
docking protocol.[17] Interestingly, this also results in two low-
energy binding modes: the familiar U-shaped conformation
and a new binding mode not observed with 1QS4 (Figure 7).
The new binding mode shows the one catechol coordinating

Figure 5. Comparison of binding modes between quinalizarin (left) and 5 (right). (Reproduced with permission, Copyright 2000 American Chemical Society.)[8]

Figure 6. Comparison of binding modes between chicoric acid (left) and 5 (right). (Reproduced with permission, Copyright 2000 American Chemical
Society.)[8]
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the Mg ion and the sulfones interacting with K156 and K159.
With this, as in previous examples, the U-shaped conformation
displays a better binding energy at �6.6 kcalmol�1 compared
with �6.1 kcalmol�1 for the new binding mode. The difference
in binding modes is not altogether unexpected given the large
differences in active site conformations between the crystal
structures. Diverse binding modes were also found previously
for the bis-diketo acids depending on the crystal structure
used.[18]

The docking studies reported herein suggest that tight inter-
actions between K156, K159, Q148, and the catalytic residues
are important for potent inhibition of IN. Previous studies have
substantiated this binding through both molecular dynamics
simulations and photo-cross-linking studies.[19,20] Furthermore,
Lee and Robinson recently showed through site directed muta-
genesis that in addition to the above-listed residues, mutations
of E92, G140, or G149 (the latter two probably reduce flexibility
in the disordered loop) also led to reduced susceptibility to
chicoric acid, implicating these residues in the binding of the
inhibitor.[21]

The enzymatic data is more consistent with the energies as-
sociated with the U-shaped binding mode than the L, suggest-
ing that this conformation is more biologically relevant. Per-
haps molecules that are structurally biased to a more bent
conformation would enable better exploitation of these impor-
tant interactions and lead to more potent inhibitors of IN.

Docking can be useful in the design of more potent inhibi-
tors; however, IN represents an especially challenging subject
and its complexity cannot be overstated. Ambiguities associat-
ed with the flexible loop, different active site conformations
depending on crystal structure, and the questionable oligo-
meric nature of IN complicate any computational studies per-
formed on the enzyme. Nevertheless, the docking results re-
ported herein show good correlation with experimental data
and provide a valuable tool for both evaluating compounds
and designing more potent inhibitors.
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