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HIV integrase is responsible for the integration of viral DNA
into host DNA and is an important target in AIDS research.1,2 A
whole arsenal of computer-assisted drug discovery methods has
been applied to find potent inhibitors. Recently, structure-activity
relationships were established by Zouhiri et al.,3 a dynamic
pharmacophore model was developed by McCammon and co-
workers,4 and a similarity search has been published by Chen et
al.5 In particular, structure-based studies involved MD simulation
on the catalytic core domain,6 and docking calculation using
Autodock.7 Although there are a number of compounds inhibiting
HIV integrase in vitro, only 4-aryl-2,4-dioxobutanoic acid deriva-
tives were found to be active in vivo.8 L-731,988 by Merck is a
specific inhibitor of integration and inhibits HIV-1 infectivity in
low micromolar range. Considering that the tetrazole moiety is a
well-known bioisostere of the carboxylic acid functionality, the
structure of the Merck inhibitor closely resembles that of 5-CITEP,
an integrase inhibitor of Shionogi.9 Since the structure of the
5-CITEP/HIV integrase complex has been recently reported (PDB
code: 1QS4) we were interested in whether the Merck inhibitor
binds in the same mode. X-ray analysis of the complex revealed
that a partially resolved flexible loop (Ile141-Gln148) is in contact
with the indole ring of 5-CITEP. The conformation of this loop
was found to be crucial to the catalytic activity of HIV integrase.10

The conformation of this loop, however, was only determined in
the substrate free form (1BL3 C chain, 1BIS B chain). McCam-
mon inserted the missing Ile141-Asn144 fragment in 1QS4 from
the uncomplexed 1BIS structure. Considering the role of this loop
we argue that mixing of coordinates from a complexed and a
substrate-free structure might be misleading. Moreover, the rigid

protein approach applied in Autodock avoids consideration of the
conformational mobility of this loop. Finally, docking into a fixed
binding site particular to 5-CITEP might lead to artifacts for other
ligands interacting with the flexible loop. In contrast to McCam-
mon’s approach our docking protocol models induced fit by
allowing fully flexible docking of 5-CITEP to the full-length
catalytic core domain of HIV integrase (1BL3 C chain).11 Our
own low-mode docking methodology, LMOD,12 utilizes the
concerted atomic motions found in low-frequency vibrational
modes. We applied LMOD to the attempted reproduction of the
experimental complex (1QS4) and the prediction of the binding
mode of the structurally similar inhibitor L-731,988.

We argue in this communication that induced-fit modeling
involving significant conformational changes of a protein host,
especially when experimental evidence suggests that such con-
formational changes are correlated with activity, can only be
accomplished by fully flexible docking. We utilized LMOD
docking combined with recent advances introduced to LMOD in
the L-LMOD algorithm.13 L-LMOD is specifically designed for
large-scale calculations involving entire, fully flexible protein
molecules. The computations were carried out using a pre-release
version of BatchMin 7.5 obtained from Schro¨dinger, Inc. for beta
testing on an Intel-based 450 MHz Pentium II, dual processor
Linux platform. The calculations started with manual docking of
the inhibitor (5-CITEP and Merck’s L-731,988, respectively) into
the binding site of the X-ray structure of theemptyHIV integrase
(1BL3). Note that the starting docking mode was intentionally
kept dissimilar to that found in the X-ray structure of the
cocrystallized 5-CITEP complex (1QS4), both in terms of location
and orientation of the inhibitor in the active site. The initial
inhibitor-protein complex was minimized with the AMBER*
force-field14,15with attenuated Coulombic electrostatics (ε ) 4r)
as a simple charge screening function to model solvation effects.16

In our experience, application of distance-dependent electrostatics
with all-atom AMBER* has been proven to be adequate to
reproduce experimentally found binding geometries with high
accuracy in a variety of protein-ligand complexes.17 Of course,
calculation of binding free energy would require a more sophis-
ticated solvation treatment, but our scope in the present work was
aimed at geometry. Both the inhibitor and the protein host were
allowed to move freely during minimization except for the Mg
ion and its four coordinated water molecules for which the heavy
atoms were tethered to preserve the Mg coordination sphere as
found in 1BL3. The minimized complex was then subjected to
1000 steps of L-LMOD search to explore low-energy binding
modes. Once again, the L-LMOD search was carried out on a
fully flexible system, flexible ligand, and flexible protein (except
for the tethered catalytic Mg-water coordination sphere). Ligands
were used in all-atom representation with 6-31G* ESP charges.
L-LMOD docking was combined with explicit translation and
rotation of the ligand using BatchMin’s MOLS command. Low-
energy protein-ligand complexes were saved for visual inspection
for our induced-fit study within 50 kJ/mol above the global
minimum found by L-LMOD search. Each of the two L-LMOD
calculations took approximately 3 CPU days on a single processor
of the PC.

The L-LMOD search on the 5-CITEP complex found 54 low-
energy binding modes, among which the fifth lowest in energy
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(2 kcal/mol above the global minimum) was the closest to the
experimental binding conformation found in 1QS4 (RMSD)
0.392 Å). The effects of induced fit became apparent by including
in geometric comparisons not only the ligand but also its contact
residues. The average error of experimentally identified key
contact distances for this particular binding conformation is 1 Å
with respect to 1QS4 (see Table 1). Although the ligand rmsd of
the global minimum was even lower (0.272 Å), we found that
all of the key contact residues were misoriented.

The L-LMOD search on the Merck inhibitor L-731,988 found
85 low-energy binding conformations among which we found a
variety of different binding modes. Our hypothesis of a similar
binding mode found for 5-CITEP based on bioisosteric equiva-
lence of the tetrazole moiety in 5-CITEP and the carboxy group
of L-731,988 was contradicted by the fact that the lowest-energy

such binding mode was only the 20th with a relatively high, 8.7
kcal/mol energy above the global minimum. The global minimum
suggests a totally different binding mechanism shown in Figure
1. The carboxy group of L-731,988 forms a strong hydrogen bond
with Asp64 and Glu152, and the diketo moiety is tethered by the
carboxy side chain of Asp116 and one of the water molecules in
the Mg coordination sphere. The global minimum binding mode
is in agreement with the findings of Hazuda et al.,8 suggesting
that the Merck inhibitor binds at or near the active site. 5-CITEP
is shifted with respect to the suggested binding mode of L-731,-
988, away from the catalytic center and binds to key residues
listed in Table 1. We suggest that 5-CITEP and the Merck
inhibitor bind in different ways, and therefore, in vivo activity of
the latter could be attributed to more than just a favorable PK
profile. On the computational side, we believe that fully flexible
L-LMOD docking follows the trend of successful applications
of the low-mode search method in flexible active-site docking,12

protein loop optimization13 and will find widespread utility in
induced-fit modeling.
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Figure 1. Lowest-energy binding mode of L-731,988 found by L-LMOD search.

Table 1. Calculated and Measured Distances between 5-CITEP
and Key Residues in HIV Integrase

residue/atom in 5-CITEP calcd distance (Å) measd. distance (Å)

Gln148-O/indole-N 3.4 3.6
Glu152-O/indole-N 3.4 2.9
Thr66-O/tetrazole-N3 3.1 2.7
Asn155-O/tetrazole-N4 4.8 3.5
Lys156-N+/tetrazole-N1 5.6 3.6
Lys159-N+/tetrazole-N2 4.9 2.9
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