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Abstract—Integrase (IN) is one of the three human immunodeficiency virus type 1 (HIV-1) enzymes essential for effective viral rep-
lication. S-1360 is a potent and selective inhibitor of HIV-1 IN. In this work, we have carried out molecular dynamics (MD) sim-
ulations using a hybrid Quantum Mechanics/Molecular Mechanics (QM/MM) approach, to determine the protein-ligand
interaction energy for S-1360 and two analogues. Analysis of the MD trajectories reveals that the strongest protein—inhibitor inter-
actions, observed in the three studied complexes, are established with Lys-159 residue and Mg>* cation. Calculations of binding
energy using BLYP/MM level of theory reveal that there is a direct relationship between this theoretical computed property and

the experimental determined anti-HIV activity.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Human immunodeficiency virus type-1 integrase (HIV-1
IN) is an essential enzyme for effective viral replication.
A number of compounds bearing a diketo acid (DKA)
moiety with anti-HIV-1 IN activity have been indepen-
dently discovered by scientists from Shionogi & Co.,
Ltd' and Merck Research Laboratories.> These com-
pounds represent one of the most promising classes of
HIV-1 IN inhibitors in terms of potency and selectivity.
One of these compounds, S-1360, inhibits IN activity
with an ICso value of 0.02 uM and was the first IN
inhibitor to undergo clinical trials.> However, S-1360
failed phase II clinical trial because of pharmacokinetic
problems.? All in all, S-1360 is a potent and selective IN
inhibitor, and it should be possible to design molecules
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on the basis of its structure but with different pharmaco-
kinetic properties.

Recently, an X-ray structure of one DKA analogue
(5CITEP) has been crystallized with the enzyme,! it is
a well-known bioisoester of a carboxylic acid.* In this
X-ray structure a single Mg?" ion is chelated by
Asp64, Aspll6, and water molecules in an octahedral
coordination. 5-CITEP and L-731,988 inhibitors have
been also investigated by quantum chemical calcula-
tions,> and Neamati and coworkers® have reported
docking studies of S-1360 inhibitor complexed with
HIV-1 integrase (IN). Although, these and some other
computational studies have been performed on DKA
compounds, by means of classical molecular dynamics’
and docking® studies, our understanding of the molecu-
lar mechanism is far from complete.

In this paper, we employed a combined quantum
mechanical/molecular mechanical (QM/MM) ap-
proach’ ! to determine the protein-ligand interaction
energy for S-1360 and two analogues acting as IN
strand-transfer-selective inhibitor!?> (Scheme 1). Re-
cently, we have successfully used this methodology to
study the relationship between protein-ligand interac-
tion energies and inhibitor activity for HIV-1 IN


mailto:nahum@ufpa.br
mailto:moliner@uji.es

C. N. Alves et al. | Bioorg. Med. Chem. 15 (2007) 3818-3824 3819

A(S-1360)

OH

ZT

Scheme 1. Structures and numbering of selected diketo acid-containing HIV-1 IN inhibitors.

activity,'? and Cyclin-Dependent Kinase 2 (CDK2).!
Following this strategy, a detailed analysis of the inter-
actions of the three inhibitors mentioned above with
the key residues inside the binding pocket is carried
out. The results showed here can be used for making fur-
ther design of more potent synthetic inhibitors with
more appropriate features as putative anti-HIV-1 drugs.

2. Results and discussion

All QM/MM molecular dynamic calculations carried
out in the present study were performed with the DY-
NAMO library.!> In all the calculations, the inhibitor
has been treated with the semiempirical AM1 hamilto-
nian,'® while the rest of the system (protein plus water
molecules) was described using the combination of the
OPLS-AA!'7 and TIP3P'® force fields. Additionally, the
final structures obtained from the 1 ns AM1I/MM MD
simulations have been optimized by means of Density
Functional Theory (DFT)/MM methods.!® In particu-
lar, the BLYP functional®® has been employed together
with the 6-31G* basis set to describe the QM region of
the system which includes, for these calculations, all
atoms of the ligand plus the Mg®>* jon, while the
OPLS-AA!7 force field was used for the MM part.
The protein—inhibitor interaction energy for the opti-

Table 1. BLYP/MM Interaction energies and experimental measured
anti-HIV IN activities obtained from Ref. 7

Compound BLYP/MM (kJ/mol) Activity (uM)
A —667.0 0.02

B —611.7 <1

C —622.7 <l

mized geometries is reported in Table 1 together with
the ICsq values.

The optimized structures obtained from the BLYP/MM
calculations are shown in Figure 1, while the contribu-
tion of individual residues to the total protein—substrate
interaction energy is displayed in Figure 2. In this later
figure, negative values correspond to stabilizing effects.
Table 1 shows the values of the total ligand—protein
interaction energies for these systems. In Figure 1, we
can observe that the triazole ring of S-1360 interacts,
through hydrogen bonds, with the pocket formed by
Thr66, Asnl55, Lys156, and Lys159 residues. These
interactions favor the stabilization of the protein—inhib-
itor complex as can be observed in Figure 2. Another
important residue is the Glul52, whose interaction with
Lys156 residue stabilizes the cavity structure around the
triazole ring of the inhibitor although, as observed, pre-
sents an unfavorable interaction with the ligand (a posi-
tive value). This could be probably the reason why
Asnl155 and Lys159 are critical for IN/DNA binding,?!
as shown by mutagenesis?!®!¢ and photo-cross-link-
ing?!¥ studies. Both furan and benzene rings of the
inhibitor interact with the Mg>* cation, through an elec-
trostatic attraction with the quadrupole moment created
by the w electrons of the aromatic moiety, as previously
suggested by Dougherty.?> This interaction is responsi-
ble for the aromatic rings to adopt an orientation in
which the Mg>* cation gets blocked. Moreover, it is sim-
ilar to the one adopted by SCITEP in the crystal struc-
ture' and Briggs et al.”" found also the same orientation
in the structure of inhibitor L-731,988 by using classical
molecular dynamics and docking studies. The resulting
conformation of the active site may be unable to
perform integration reactions (see Fig. 3), as suggested
by Pommier et al.>}> In addition, photo-cross-linking
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Figure 1. Representation of the most important interactions between the three HIV-1 IN inhibitors (A, B, and C), obtained from the BLYP/MM

calculations.

studies?'? suggest that the conserved adenosine binding
in the vicinity of Lys159 and Glul52, and the 5’-adeno-
sine overhang should be in contact with GIn148. Finally,
as observed in Figure 1, there are some water molecules
that interact with the inhibitor stabilizing more the
S-1360 complex, as deduced from Figure 2. McCammon
et al® and Briggs et al.”" have found that water
molecules are important in the stabilization of the
L-731,988 and SCITEP IN complex, in accordance with
our theoretical simulations.

It is important to point out that, although compounds B
and C present stronger interactions with Lys156 than
S-1360, and significantly weaker unfavorable interac-
tions with Asp64 and Glul52, it seems that interaction
with Mg”" cation is decisive in the total protein-ligand
interaction (see Fig. 2 and Table 1). By comparison of
these theoretical predicted data and the experimental
measured anti-HIV activity (reported in Table 1), a
direct relationship between both properties can be
observed, which could be used as a guide in the design
of new inhibitors.

The analysis of the averaged distances between the Mg>*
cation and the center of mass of the both benzene and

furan rings, obtained during the AM1/MM MD simula-
tions, shows an increase along the series of inhibitors,
from 5.85 and 5.34 A in compound A, 6.40 and 7.05 A
in compound B, up to 7.80 and 6. 74 A in compound
C. As suggested before, this tendency can be related to
the lower activity and interaction energy (in absolute
value) of compounds B and C with respect to A (see
Table 1). Other interesting averaged distances of all
the compounds are reported in Table 2. It can be
observed how the N2 atom of inhibitors A, B, and C
presents a strong hydrogen bond interaction with the
side chain of Lysl59; interaction that is reflected in
Figure 2. Another conclusion derived from data
reported in Table 2 is that, in general, AM1/MM renders
longer protein-ligand distances than the BLYP/MM.

Recently, some computational studies performed with
both DFT?4:® and AM1 methods?*¢ have observed that
the charges on some key atoms are important in QSAR
studies of flavonoid compounds with anti-HIV activity.
Moreover; previous QM/MM studies for other inhibi-
tors confirm this hypothesis.!? Therefore, in this work
we have also performed calculation of electronic density
with the aim of understanding how structural changes
can affect substrate charge distributions. Figure 4
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Figure 2. Contributions of individual amino acid residues to inhibitor binding (in kJ ‘mol™!) of the three inhibitors (A, B, and C) obtained by means
of BLYP/MM method. Water refers to the effect of all the water molecules in the active site.

Figure 3. Representation of the orientation of the Mg?" between HIV-1 IN and S-1360 inhibitor.

displays the three-dimensional molecular electrostatic
potential (MEP) surfaces for the three compounds
shown in Scheme 1. MEP surfaces were generated, with
Gauss View program,? from the BLYP/MM optimized

structures. These surfaces correspond to an isodensity
value of 0.002au. The most nucleophilic regions
(negative electronic potential) are shown in red, while
the most electrophilic regions (positive electrostatic
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Table 2. Averaged hydrogen-bond distances between the ligand and the hinge region of the integrase active site (in A)

A(S-1360)

B C

(Lys159)NH3- - -N2(INH)
(Thr66)0—H- - -N2(INH)
(Asn155)C=0- - -H3(INH)
(Asn155)N—H- - -N4(INH)

2.22 (£0.36) [1.94]
3.47 (+0.52) [2.67]
2.79 (£0.24) [2.64]
3.93 (+0.40) [4.25]

2.05 (£0.23) [2.40] 1.93 (£0.18) [1.71]

2.89 (£0.27) [2.61] 3.89 (+0.37) [3.18]

The values in parentheses correspond to the standard deviations and values in bracket are for single molecule BLYP/MM calculations.
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Figure 4. MEPs derived from BLYP(6-31G*)/MM calculations for the S-1360 inhibitor and the two analogues. The increase of negative charges

comes from the blue (positive) to red (negative).

potential) are shown in blue. From Figure 4 we can
observe a much more intense region of negative
electrostatic potential around the triazole or pyridine
ring, benzene ring, and keto-enol group. This observa-
tion can be related with the interactions established with
the residues of the active site.

3. Conclusions

This work provides an insight into the activity of poten-
tial inhibitor against HIV-1 IN. Hybrid QM/MM MD
calculations have been carried out for HIV-1 IN com-
plexed with S-1360 and two analogues to determine
the protein-ligand interaction energy. The interactions
established between a putative HIV-1 1 N inhibitor with
Mg?*, Asnl55, Lys156 and Lys159, and water molecules
seems to be crucial to determine its activity as anti-HIV
drug. In particular, in the series of 3 compounds ana-
lyzed in this work, the cation-ligand interactions allow
to rationalize the relative ordering in the inhibitor
activity. Stronger interactions of compounds B and C
with some residues of the active site, with respect to
the S-1360, result in lower interaction energy because
the averaged distance between the ligand and the cation
is increased. These results might be useful to design com-
pounds on the basis of its three-dimensional structure
with more interesting anti-HIV-1 IN activity.

4. Methods

The initial structure was built from the A-chain of the
X-ray crystal structure complexed with the SCITEP
inhibitor (1QS4).! This chain has been used as a starting
point for all three inhibitors, just changing the substrate
molecule by the different inhibitors depicted in Scheme
1. All the missing residues (141-144) were added using
HYPERCHEM facility. Hydrogen atoms were placed
in the protein according to the predicted pK, of the ami-
no-acids.?® For this purpose, a statistical treatment of
electrostatic potential calculations was performed, as
implemented by Field and co-workers.?” In this case,
no unusual ionization states were found. For the inhib-
itor, due to the ability of the moiety to stabilize negative
charges, all of them were modeled in a deprotonated
form.

After adding the hydrogens to the structure, series of
optimization algorithms (speest descent, conjugated
gradient, and LBFGSB?®) were applied. In order to
avoid a denaturalization of the protein structure, all
the heavy atoms of the protein and the inhibitor were
restrained by means of a Cartesian harmonic umbrella
with a force constant of 1000 kJ'mol~"-A~2. Afterward
the system was fully relaxed, but only restraining
the peptidic backbone with a lower constant
(100 kJ-mol 1A ~?).
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Then the optimized protein was placed in a cubic box of
pre-equilibrated waters (80 A side), using the principal
axis of the protein-inhibitor complex as the geometrical
center. Any water with an oxygen atom lying in a radius
of 2.8 A from a heavy atom of the protein was deleted.
The remaining water molecules were then relaxed using
optimization algorithms. Finally, 50 ps of hybrid QM/
MM Langevin—Verlet molecular dynamics (NVT) at
300 K were used to equilibrate the model. For the
hybrid QM/MM calculations, only the atoms of the
inhibitor have been selected to be QM, using a semiem-
pirical AM1 hamiltonian.!® The rest of the system
(protein plus water molecules) was described using the
OPLS-AA!7 and TIP3P'® force fields, respectively, as
implemented in the DYNAMO library.!?

Due to amount of degrees of freedom, any residue 25 A
apart from any of the atoms of the initial inhibitor was
selected to be kept frozen in the remaining calculations
(10235 mobile atoms). Cutoffs for the non-bonding
interactions were applied using a switching scheme,
within a range of radius from 11 to 13 A.

Afterward, each system was equilibrated by means of
900 ps of QM/MM MD at temperature of 300 K. The
computed RMSD for the protein during the last 200 ps
renders a value always below 0.9 A. Furthermore, the
RMS of the temperature along the different equilibration
steps was always lower than 2.5 K and the variation
coefficient of the potential energy during the dynamics
simulations has been never higher than 0.3%.

On the other hand, in this paper we have made use of a
BLYP(6-31G*)/OPLS-AA method, based on a semi-
classical approach. The potential energy of our scheme
is derived from the standard QM/MM formulation:

Eqm/mm = <T|I:Io| EP>

+((r

+E6dl\‘/l)v/MM + Evm (1)

dvm

7)o+ Y 3R

Ve MM QMMM

Eqmv = Evac + EQuium + Egamn + Evm - (2)

where Eypv is the energy of the MM subsystem terms,
E(V)dl\‘,?'/MM the van der Waals interaction energy between
the QM and MM subsystems, and E‘éfjf/MM includes
both the coulombic interaction of the QM nuclei
(Zom) and the electrostatic interaction of the polarized
electronic wavefunction (¥) with the charges of the pro-
tein (¢am)- In order to take advantage of powerful opti-
mization algorithms,'”® we have substituted the
electrostatic interaction term by a pure coulombic one,
in which the charges of he QM atoms are obtained by
means of electrostatic potential fit methods based on
the electronic density.?’ Thus, the final potential energy
can be approximated by:

thelpG-ﬁtq

> M MM

Equmm = (P|Ho|¥) + Z ZQFQW
+Edel\\/?I/MM + Emm (3)

Finally, the interaction energy between the inhibitor and
the environment is evaluated as the difference between
the QM/MM energy and the energies of the separated,
non-interacting, QM and MM subsystems with the same
geometry. Considering that the MM part is described
using a non-polarizable potential the interaction energy
is given by the following expression:

Egumm = (P|H|P) — (P°|H|P°)
ChelpG-fit

dom dvm vdW
e

where P° is the gas phase wavefunction of the inhibitor.
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