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A series of experimentally reported as well as computationally designed monoadducts and bisadducts of
[60]fullerene analogues have been used in order to analyze the binding interactions between fullerene
based inhibitors and HIV-1 PR employing docking studies. MD simulations of ligand-free and the inhib-
itor bound HIV-1 PR systems complemented the above studies and provided proper input structure of
HIV-1 PR in docking simulations. The obtained results revealed a different orientation of the B-hairpin
flaps at these two systems. In inhibitor bound system, the flaps of the enzyme are pulled in toward

ﬁ‘i’i‘i"l"f‘i: the bottom of the active site (the closed form) while, in ligand-free system flaps shifted away from the
Fullerene derivatives dual Asp25 catalytic site and this system adopts a semi-open form. The structural analysis of these sys-
3D QSAR tems at catalytic and flexible flap regions of the HIV-1 PR through the simulation, assisted in understand-
CoMSIA ing the structural preferences of these regions, as well as, the adopted orientations of fullerene

derivatives within the active site of the enzyme. Five different combinations of steroelectronic fields of
3D QSAR/CoMSIA models were obtained from the set of biologically evaluated and computationally
designed fullerene derivatives (training set = 43, test set = 6) in order to predict novel compounds with
improved inhibition effect. The best 3D QSAR/CoMSIA model yielded a cross validated r? value of 0.739
and a non-cross validated r? value of 0.993. The derived model indicated the importance of steric
(42.6%), electrostatic (12.7%), H-bond donor (16.7%) and H-bond acceptor (28.0%) contributions. The
derived contour plots together with de novo drug design were then used as pilot models for proposing
the novel analogues with enhanced binding affinities. Such structures may trigger the interest of medic-
inal chemists for novel HIV-1 PR inhibitors possessing higher bioactivity.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

In the last few years, many potent human immunodeficiency
virus type I aspartic protease (HIV-1 PR) inhibitors have been
developed and approved as drugs for the inactivation of this en-
zyme by the Food and Drug Administration, while several others
are under clinical investigation.!”? Since the nature of most of
these drugs is peptide-like, their oral bioavailability and half-life
are limited.> Experimental findings indicate the rapid emergence
of drug resistance to most of the HIV-1 PR inhibitors, because
site specific mutations in the enzyme occur at one or more
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residues,® and references there in Thege mutations are conservative
and involve a similar set of amino acid residues in response to
exposure to different inhibitors, thus giving rise to cross resis-
tance.* Therefore, several research groups tried to develop non-
peptidic HIV-1 PR inhibitors, which may block the mutations
responsible for this resistance.*”

The active site of the HIV-1 PR is approximately an open-ended
cylindrical hydrophobic cavity with 10 A diameter composed of
catalytic aspartic acid residues Asp25 and Asp25'.° The comple-
mentary spatial relationship between [60]fullerene and the active
site of the HIV-1 PR enzyme has led to the suggestion that fuller-
ene-based derivatives might have potential use as effective HIV-1
PR inhibitors.®” The binding interactions of [60]fullerene deriva-
tives in the active site of the HIV-1 PR have been examined through
a combination of several molecular modeling techniques.>® Kinetic
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analysis of the HIV-1 PR enzyme in the presence of various water-
soluble fullerenes show a competitive mode of action.>® This is re-
ferred to the ability of fullerene derivatives to form bonds between
its pendant groups and catalytic site of the enzyme as well as the
van der Waals interactions with the non-polar HIV-1 PR binding
site surface, thus improving the binding.”

Hitherto, a lot of fullerene derivatives have been synthesized by
several experimental groups but a limited number of them have
been subjected to bioactivity test against HIV-1 PR. Recently, a sta-
ble quantitative structure-activity relationships (QSAR) model has
been reported by our group® using these biologically evaluated
synthetic fullerene analogues.®'%-!3 Obviously, when the number
of compounds increases in the dataset, the stability of the con-
structed model and the output from the model is expected to be in-
creased. However, in this particular case, it is difficult to increase
the number of compounds in the data set because the experimen-
tally examined fullerene compounds for HIV-1 PR inhibition are
limited and measured ones not show very diverse binding affini-
ties. For this reason, an attempt has been performed for the first
time to date, to our knowledge in QSAR studies: The binding en-
ergy results of biologically evaluated fullerenes in HIV-1 PR cavity
was examined with Molecular Dynamics (MD) assisted docking
simulations and a correlation between experimental versus theo-
retical values has been found. Thus, it is proposed to enlarge the
data set including the structures from computationally designed
compounds and their activities from the docking simulations to
construct QSAR models. This idea may be used by other research
groups if the experimental data are limited, binding affinities are
not diverse, the coordinate file of the receptor (using X-ray data
or homology model) is available and the active site of the receptor
is well defined.

The large variations in binding affinities of the designed fuller-
ene inhibitors with HIV-1 PR and the relations between biological
activity and the flap motion of the enzyme, as well as, the connec-
tion between the biological activity and the conformational
changes in the catalytic site of the HIV-1 PR, are discussed. The fol-
lowing three steps in our computational design strategy have been
studied: (i) Several monoadducts and bisadducts of [60]fullerene
have been designed with some modifications of reported struc-
tures in the literature (Table 1) in order to explore more conforma-
tional space. Most of the designed fullerene structures include
1,3-cyclohexadiene derivatives. The experimental methodology to
synthesize this family of fullerene derivatives was reported by
An et al.™ (ii) In order to construct three-dimensional QSAR (3D
QSAR) comparative molecular similarity indices analysis (CoM-
SIA)'®> models, both experimentally reported (Table 1) and compu-
tationally designed fullerene analogues (Table 2) and their
activities (measured and calculated binding affinities) have been
used. Novel monoadducts and bisadducts of [60]fullerene have
been designed with the aid of 3D QSAR/CoMSIA models and their
binding affinities at the HIV-1 PR have been tested employing
molecular docking. In order to use proper input coordinates of
[HIV-1 PR/fullerene derivative] complex in the docking simulations
and to understand the reason for the large variations in the binding
affinities of the designed fullerene inhibitors with HIV-1 PR, MD
simulations were employed for the ligand-free and the inhibitor
bound HIV-1 PR systems. Furthermore, MD simulations provided
data for the analysis of the structural changes in the flap and cata-
lytic parts of the enzyme, the connection between the biological
activity and structural changes of the flap tips and the binding site
of the enzyme. The flexibility of flap region of HIV-1 PR has been
discussed by both experimental and computational studies.!®!”
The free protease adopts closed, semi-open or fully open forms in
a dynamic equilibrium. However, the closed form is favored when
the inhibitor is bound in the cavity of the reaction site.'® Friedman
et al.”® proposed that there is a direct correlation between inhibi-

tory of a compound and the amount of hydrophobic surface area
that it can desolvate. The MD simulations by Zhu et al.’® showed
the exclusion of water near the flap regions in order to accommo-
date the fullerene inhibitor. The decreasing of the water density in
the cavity leads to the enhancement of the hydrophobic interaction
between the fullerene derivative and the active site of the enzyme.
(iii) The Leapfrog de novo drug design program'® and 3D QSAR/
CoMSIA contour maps have been used in order to generate a series
of potent fullerene based HIV-1 PR inhibitors. This approach is
fruitful and can be of general use because: (a) it minimizes the
compounds to be synthesized; (b) it leads a rational design for
the subsequent compounds to be synthesized and (c) it saves the
time and reduces the cost and human effort.

2. Computational methods
2.1. Molecular modeling

The structures of the studied fullerene molecules were sub-
jected to full geometry optimization using the standard Tripos
molecular mechanic force field of the SYBYL molecular modeling
package!'® (Powell energy minimization algorithm?°, Gasteiger—
Hiickel charges?! and 0.001 kcal/mol A energy gradient conver-
gence criterions).

2.2. Molecular docking

Since the X-ray structure of the HIV-1 PR complexed with ful-
lerene based inhibitors has not yet been reported, the initial struc-
ture was taken from the HIV-1 PR complexed with haloperidol
derivative at 2.2 A resolution (pdb code; 1AID).??2 The water mole-
cules and the inhibitor were removed and hydrogens were added
to the system. Ionization states for ionizable amino acid residues
were determined according to their standard pK, values. The
geometry of the enzyme has been optimized by using the Tripos
molecular mechanic force field of the SYBYL molecular modeling
package.'® The effect of ionization states of docked compounds to
the binding scores have been discussed in the literature.?>~2” Since
ionization states of docked compounds have not yet been deter-
mined experimentally, during docking, the neutral and ionized
states (aliphatic amine and carboxylic acid groups of compounds
to be docked were protonated and deprotonated, respectively)
were considered and compared, separately. The results related
with the neutral and ionized molecules did not affect significantly
the constructed 3D QSAR models, thus the neutral states of com-
pounds were used for further analysis. Before docking, conforma-
tional analysis was applied to the ligands using the MULTI
SEARCH option of SYBYL molecular modeling package.'® This op-
tion locates the various energy minima available to a set of mole-
cules, stored in a database by randomly perturbing torsions,
minimizing, and eliminating duplicates. The rotatable bonds were
selected for perturbed torsions using the MMP2 minimizer in SYB-
YL with energy convergence of 0.01 kcal/mol. The maximum num-
ber of conformers for each molecule was set to 30 and the top 10
lowest energy conformers were used in docking simulations and
only the best docked complex was considered for further analysis.

Docking studies have been performed using the FlexX program
of SYBYL molecular modeling package.'® Since the docking scores
are affected by the conformations of active site residues of the
receptor, the best potent reported fullerene 1 in Table 1 has been
docked at the binding site of the enzyme and the docked complex
with the best binding score has been used as input in the MD sim-
ulations. The average coordinate file of HIV-1 PR from the final 1 ns
trajectory files of MD simulations of complex system has been used
in the redocking calculations for the compounds shown in Tables 1
and 2. It is sensible to use the conformation of HIV-1 PR obtained
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Table 1

Experimental and computed binding energies of reported fullerene derivatives with the HIV-1 PR.213

Compound No. Compound Experimental binding energy Calculated binding energy Experimental binding affinity
(kJ/mol) (kJ/mol) (uM)

1 —40.1 —35.2 0.1
2 -30.4 -29.1 5.0
3 -39.2 -29.2 0.15
4 —29.5 -31.5 7.3
5 —36.2 —35.6 0.49
—16.6 —24.8 1300
—23.7 -323 75
-20.9 —28.1 230

(continued on next page)
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Table 1 (continued)

Compound No. Compound Experimental binding energy Calculated binding energy Experimental binding affinity
(kJ/mol) (kJ/mol) (nM)

9 —22.1 -20.1 140
10 -32.2 —27.4 2.50
11 —34.7 -36.0 0.9
12 -31.8 -33.0 73
13 -325 -335 2.2
14 -29.9 -314 6.3
15 —29.5 -32.9 29
16 —26.8 -27.1 21.7
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Table 1 (continued)

Compound No. Compound Experimental binding energy Calculated binding energy Experimental binding affinity
(kJ/mol) (kJ/mol) (1M)

17 -22.2 -26.8 137

18 -27.3 -29.3 17.6

19 -23.8 —24.6 72.7

20 -294 -18.4 7.70

from MD, as input protein coordinate in the docking calculations,
because the FlexX docking algorithm allows flexibility in the li-
gands, however it keeps the receptor rigid. The default FlexX scor-
ing function was used for the simulations. FlexX uses formal
charges, which were turned on during the docking. The active site
in the docking runs, included all atoms within a radius of 6.5 A
around the critical amino acids: Asp25, Asp25’, 1le50, and Ile50
(residues 25 and 50 on chains o and B; full list of residues of the
active site has been given in the supporting information). In FlexX,
an empirically derived scoring function is used to predict the bind-
ing energy. The physicochemical model behind FlexX can be di-
vided into three parts: the analysis of the conformational space
of the ligand, the model of protein-ligand interactions, and the
scoring function. The scoring function of FlexX, developed by
Bohm in order to rank the solutions, is an estimation of the free
binding energy AG of the protein-ligand complex.2®

2.3. MD simulations

The MD simulations were performed with GROMACS 3.3.1 soft-
ware package?®, employing the gmx force field.3° Canonical NVT
ensemble at 300 K was used with periodic boundary conditions,
and the temperature was kept constant by the Berendsen thermo-
stat.>! Electrostatic interactions were calculated using the particle
mesh Ewald method.>? Cut-off distances for the calculation of Cou-
lomb and van der Waals interactions were 1.0 and 1.4 nm, respec-
tively. Prior to the dynamics simulation, energy of the full system
has been optimized without constraints using the steepest descent

integrator for 5000 steps. The system was then equilibrated via a
100 ps MD simulations at 300 K. Finally, a 2 ns simulation was per-
formed with a time step of 2 fs.

2.4. Binding affinities

The binding affinities (K;) were assessed by a quantitative assay,
based on the estimated binding energies of fullerene analogues
with HIV-1 PR which have been determined by employing the
FlexX molecular docking algorithm of Sybyl molecular modeling
package. The formula AG = —RTInK; was used to convert the FlexX
binding energies to estimated binding affinities. Since the experi-
mental binding activities of most of the derivatives, used in this
study are only reported as median effective concentration (ECsg),
these values are assumed to be equal with K; in the calculations
of the free binding energies. A similar working hypothesis has been
used by Naik et al.>* and Conn et al.>* For example, the reported K;
and ECsq values for compound 4 are 5.3 uM and 7.3 uM, respec-
tively. Assuming that K; and ECsq are identical, the resulting error
for AG of compound 4 is 2.6 %. The logarithmic values of 1/ECsq
(pECs0) were used in the 3D QSAR correlations, as they are related
to changes in the free energy of binding.

2.5. 3D QSAR/CoMSIA settings
Forty-three fullerene derivatives have been used in the training

set to construct 3D QSAR CoMSIA models. The CoMSIA was used
instead of the comparative molecular field analysis (COMFA)*®,
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Table 2
Computationally designed fullerene derivatives, their binding energies and estimated binding affinities.

Compound No. Compound Calculated binding energy (kJ/mol)

Estimated binding affinity (uM)

21 -37.9
22 -419
23 -50.3
24 -353
25 -19.1
26 -35.6
27 -33.4
28 -355

0.25

0.051

0.002

0.71

472

0.63

0.66
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Table 2 (continued)

Compound No. Compound Calculated binding energy (kJ/mol) Estimated binding affinity (uM)

29 —38.4 0.21
30 -27.0 19.9
31 -274 16.9
32 -31.6 3.15
33 -37.6 0.28
34 -23.2 91
35 —243 58.7
36 -129 5670

(continued on next page)
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Table 2 (continued)

Compound No. Compound Calculated binding energy (kJ/mol) Estimated binding affinity (uM)

A f T A

38 -32.9 1.87
39 —26.5 243
40 -17.6 862
41 —42.7 0.04
42 —42.6 0.04
43 —38.8 0.18
44 -32.2 2.47
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Table 2 (continued)

Compound No. Compound

Calculated binding energy (kJ/mol) Estimated binding affinity (uM)

45

46

47

48

49

-23.7 75

—40.2 0.10
-353 0.71
-30.0 5.98
—34.9 0.84

because the energy functions typically used to calculate the field
values in CoMFA can lead to significant variation of energy with
very small changes in position. In COMSIA, these fields are replaced
by similarity values at the various grid positions. The similarities
are calculated using much smoother potentials, which are not as
steep as the Lennard-Jones and Coulombic functions and have a fi-
nite value even at the atomic positions. The use of these similarity
indices is considered to lead to superior contour maps that are
much easier to interpret.>%3”

The steric and electrostatic field energies were calculated using
the Lennard-Jones and the Coulomb potentials, respectively with a
1/r distance-dependent dielectric constant in all intersections of a
regularly spaced (0.2 nm) grid. A sp> carbon atom with a radius of
1.53 A and a charge of +1.0 was used as a probe to calculate the ste-
ric and electrostatic energies between the probe and the molecules
using the Tripos force field. The truncation for both the steric and
electrostatic energies was set to 30 kcal/mol. The similarity indices
between the compounds and the probe atom are calculated
according to:

q /; —ar?
AF.k(]) = - Wprobe,kWike a

n

i=1

where A is the similarity index at the grid point q, summed over all
atoms i of the molecule j under investigation; Wpope,k is the probe
atom; wy, is the actual value of the physicochemical property k of
atom i; riq is the mutual distance between the probe atom at grid
point g and atom i of the test molecule; « is the attenuation factor.
The default value of attenuation factor o was set to 0.3.3” Larger val-
ues of o would result in a steeper Gaussian function, increasing the
attenuation of the distance-dependent effects of molecular similar-
ity. On the other hand, reducing the value of oo would lead to a wider
Gaussian function. The optimal value of « is between 0.2 and 0.4.37

2.6. Partial least-squares (PLS) analysis and validations

The initial PLS analysis was performed using the “leave-one-
out” cross-validation method for the 3D QSAR analysis. A mini-
mum column filtering value of 2.00 kcal/mol was set to improve
the signal-to-noise ratio by omitting those grid points whose en-
ergy variation was below this threshold. In CoMSIA analysis,
descriptors were treated as independent variables whereas the
PECsq values were treated as dependent variables in the PLS regres-
sion analyses to derive the 3D QSAR models. The final model (non-
cross-validated conventional analysis) was developed from the
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model with the highest cross-validated r?(r2,) The non-cross-vali-
dated models were assessed by the conventional correlation coef-
ficient 12, standard error of prediction, and F values.

2.7. Proposing compounds using cavity generation by Leapfrog

Leapfrog is a second-generation de novo drug discovery pro-
gram for the design of potentially active compounds, using molec-
ular evolution or electronic screening, by repeatedly making
structural changes and then either keeping or discarding the ob-
tained results, depending on the binding energy results.938-4°
Binding energy calculations in Leapfrog were performed by steric,
electrosteric and hydrogen bonding enthalpies of ligand-cavity
binding using the Tripos force field under Sybyl molecular model-
ing package (v. 6.8).!° The cavity option was used to generate site
points. The charge of the site point probe atom is positive, negative
or lipophilic and its value is compared with +1.0: If the value is
smaller than +1.0, it is lipophilic, if the value is bigger than +1.0,
site points seek a negative atom and if the value is less than
—1.0, site points seek a positive atom in the approaching the frag-
ment. Molecules 1, 3, 23 and 42 (monoadduct and bisadduct of
[60]fullerene derivatives that have higher affinity with HIV-1 PR,
Tables 1 and 2) were used as starting structures. Firstly, the OPTI-
MIZE module was used for the improvement of their binding en-
ergy, Secondly, JOIN, FUSE, WEED, CROSSOVER and OPTIMIZE
options were performed after the initial run of 100 moves taking
into consideration the synthetic difficulties. The derived ligands
that had the best binding energy were used for the repeating cycle
of 5000 moves.

3. Results and discussion

The inhibition effect of limited monoadducts and bisadducts of
[60]fullerene has been biologically evaluated. Table 1 shows the
biological activities of twenty fullerene derivatives reported in
the literature.®1%-13 In order to explore more conformational space
and include more diverse binding affinities in the data set, compu-
tationally designed fullerene analogues have been analyzed using

docking and 3D QSAR studies. Both biologically evaluated and no-
vel designed fullerene derivatives (Tables 1 and 2) have been used
in the construction of 3D QSAR/CoMSIA models. A deeper under-
standing of the mechanistic events associated with HIV-1 PR bind-
ing is important for the design of new inhibitors with enhanced
activity. Therefore, MD simulations were performed with GRO-
MACS program. MD studies also help to use proper input protein
coordinate in docking studies, due to the fact that the FlexX dock-
ing algorithm considers docking to a rigid protein. It is well known
that, the conformations of binding pocket residues of a protein af-
fect the binding score. The coordinates of active site residues of ful-
lerene bound HIV-1 PR may be different than the coordinate of
haloperidol derivative bound HIV-1 PR (1AID, pdb code). Hence,
the correct binding mode of the studied inhibitors can best be ob-
tained from the MD simulations of [HIV-1 PR/fullerene derivative]
complex. For this reason, two different systems are used in our MD
simulations: First, a fullerene-free rectangular box with HIV-1 PR
and solvent (water) molecules (system-I), and second the rectan-
gular box includes a fullerene analogue in the binding site of the
enzyme and solvent (water) molecules (system-II). Systems I and
Il are shown in Figure 1. The most potent compound in Table 1
(compound 1) was docked in the binding cavity of HIV-1 PR and
flexible docking has been employed using the FlexX docking pro-
gram of SYBYL molecular modeling package. The coordinate file
of the best FlexX molecular docking pose (which is associated with
the biggest (in absolute value) binding energy) is used for system-
1.

HIV-1 PR is a C; symmetric homodimer with a large substrate
binding pocket covered by two glycine-rich g-hairpins, or flaps.!”
Consistent structural differences have been found between the free
and bound systems of the HIV-1 PR (average structures from sim-
ulation have been considered; in Figure 2, initial forms have been
shown with turquoise color and average structures from simula-
tion have been shown with red color). In the fullerene inhibitor-
bound forms, the flaps are pulled in toward the dual Asp25 cata-
lytic site (the closed form), while the structure for the free HIV-1
PR adopts a semi-open form with flaps shifted away from the cat-
alytic site, however, still substantially closed to the active site. The

Figure 1. Two different systems are used in MD simulations: (i) A ligand-free rectangular box with HIV-1 PR and solvent (water) molecules (system-I) (left on the figure),
and (ii) the rectangular box includes fullerene analogue at the binding site of the enzyme and solvent (water) molecules (system-II) (right on the figure).
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Semi-open form

Closed form

Figure 2. (i) In the fullerene inhibitor-bound forms, the flaps are pulled in toward the bottom of active site (the closed form), while the structure for the free HIV-1 PR adopts
a semi-open conformation with flaps shifted away from the dual Asp25 catalytic site, however still substantially close to the active site. In figure, initial forms are shown with
turquoise color and average structures of simulation are shown with red colors. For clarity, only heavy atoms of the fullerene have been shown in the average structure of the
simulation; (ii) A side-view of binding cavity of HIV-1 PR (from average structures of MD simulations of free (left) and inhibitor bound (right) systems) illustrates the semi-

open and closed forms.

relative orientation of the B-hairpin flaps is reversed in the two
forms (Fig. 2). The results are in agreement with the MD simula-
tions of non-fullerene based HIV-1 PR inhibitor.!”

Changes of the HIV-1 PR binding cavity for the free and fuller-
ene-bound systems were evaluated by employing the change of
distance between C* atoms of the two catalytic residues, Asp25
and Asp25’, as well as, the change of distance between C* atoms
of the residues at the flap region (Gly48, Gly49, Ile50, Gly51 and
Gly52 amino acid residues in chain A and their corresponding res-
idues in chain B). In the ligand-free system, only some perturba-
tions around the initial distance have been found for the distance
between C* atoms of Asp25 and Asp25’; Gly48 and Gly48’; Gly51
and Gly517; Asp25 and Gly49’; Gly52 and Gly52', however, dis-
tances between the C* atoms have been found increased ~4 A be-
tween Asp25 and Gly49; ~1 A between Gly49 and Gly49'; and ~0.5
A between Ile50 and 1le50 through the simulations (Fig. 3i). In the
fullerene-bound system a detectable decrease in distances has
been observed during the simulation with some perturbations at
certain intervals (Fig. 3ii). For example, distances between C*
atoms have been decreased ~1.5 A between Asp25 and Asp25’;
~0.5 A between Gly49 and Gly49'; ~2.0 A between Asp25 and

Gly49'; ~2.0A between Gly48 and Gly48'. Distances between
[le50 and Ile50’; Gly51 and Gly51’; Gly52 and Gly52’ did not
change significantly throughout the simulations (Fig. 3ii). A small
increase in the distance (~1.0 A) has been observed between the
C* atoms of the amino acids Asp25 and Gly49. Therefore, fullerene
inhibitor tends to keep HIV-1 PR cavity in a closed form.

The difference of behavior at the flap region for these systems
leads to two different orientations. It has been observed that flap
loop of chain A lies perpendicular to that of chain B in both the ful-
lerene bound and ligand free systems. However, in contrast to the
ligand free system, chains orient toward the catalytic dual Asp25
residues in fullerene bound system.

The torsional angles (OD2-CY-CP-C*) of the catalytic dyad
(Fig. 4i) were also investigated for the ligand-free and ligand-
bound systems. The trajectory analysis of the defined torsional an-
gles of Asp25 and Asp25’ for ligand free HIV-1 PR have shown that
they keep their value mainly at ~140°/~300° and ~100°/~300°,
respectively (Fig. 4ii). These values are ~200° for Asp25 and
~280° for Asp25’ in fullerene-bound HIV-1 PR (Fig. 4iii).

Atom positions between the crystal (1AID) and the average
structure from MD have been compared for both systems I and II
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Figure 3. (i) Change of the HIV-1 PR binding cavity for the ligand-free (system-I) (ii) and fullerene-bound (system-II) systems were evaluated in terms of distance between
the catalytic residues, Asp25 and Asp25’ as well as distance between the residues of the flap region (Gly48, Gly49, Ile50, Gly51 and Gly52).

in order to understand which parts of the receptor are more stable
and which are floppy. For this purpose, a script with color scale has
been used under VMD program (version 1.8.6)*! where blue col-
ored places show no change in distance (stable) and red colored
places show floppy areas (Fig. 5). As it is clearly shown, flap re-
gions, catalytic part, and termino-lateral fields of HIV-1 PR at both
systems I and Il show more flexible conformations throughout the
simulations.

After obtaining the average structure of HIV-1 PR from MD sim-
ulations, computed binding energies of the synthesized fullerene
analogues (Table 1) from docking simulations were compared with
their corresponding experimental results (Table 1). The linearity of
the plot (* = 0.69, N = 19, compound 20 is used as outlier) shows a
good correlation between computed and experimental binding
energies, (Fig. 6).

A designed series of [60]fullerene derivatives based on SAR
studies and of biologically evaluated compounds have been sub-
jected to flexible docking using FlexX docking algorithm. The
bisadducts of [60]fullerene have a trans-1 (D) addition pattern
(the nomenclature of the bisadducts followed Hirsch suggestions,

who considers the relative position between addends).*> A molec-
ular docking algorithm is used for the prediction of potential bind-
ing modes of all fullerene derivatives in the binding site of the HIV-
1 PR. Since ionization states of these derivatives have not yet been
determined experimentally, throughout the docking simulations
both neutral and ionized forms are considered. Tables 1 and 2
show the list of fullerene derivatives used in molecular docking
studies, their binding energies and their estimated binding affini-
ties from computed binding energies.

In order to design novel fullerene derivatives with high inhibi-
tion effect of HIV-1 PR, 3D QSAR/CoMSIA models were employed.
As it is mentioned above, binding affinity results from experimen-
tal measurements of fullerene-based inhibitors at the HIV-1 PR are
limited. Since experimental and computed binding energies
showed a good correlation, both experimental binding affinities
of structures at Table 1 and estimated binding affinities of struc-
tures at Table 2 have been used to form 3D QSAR models. The used
structures have a wide variation of biological activity (~10%-fold
variances in binding affinity). Forty-three molecules in Tables 1
and 2 were used as the training set and the rest 6 derivatives (com-
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Figure 4. (i) The torsional angle of (OD2-C"-CP-C*) of the catalytic dyad for the (ii) ligand-free and the (iii) ligand-bound systems throughout the MD simulation.

pound numbers: 16, 27, 34, 39, 43 and 48) were used as test set at
the CoMSIA analysis. The test set includes compounds representing
all categories of activity of the training set, that is, inactive and ac-
tive compounds comprising all structural features that are impor-
tant for the activity. Among the synthesized analogues, compound

23 was selected as a template, because it has the highest binding
affinity at the HIV-1 PR in the training set. Several variations in
the alignment schemes are considered by superimposing the sim-
ilar pharmacophoric features. Highlighted carbon atoms (32 cen-
tral carbon atoms of fullerene) for the template ligand 23 are
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Figure 6. Plot of experimental and computed binding energies for the reported
fullerene analogues.

Figure 7. Selected atoms of the template compound 23 for structural superimpo-
sitions of the compounds in training set.

selected for the structural superimposition processes (Fig. 7). The
alignment of the molecules was based on atom-by-atom superim-
position of selected atoms, which are common in all compounds.
The criteria applied for the selection were: (i) the overlap of the
putative biologically relevant pharmacophore groups (with mini-
mum RMSD); (ii) the use of the conformations of subgroups of ful-
lerene derivatives obtained from the docking simulations and (iii)
the statistical significance of the 3D-QSAR/CoMSIA models. Figure
8 illustrates the superimposition of fullerene analogues used as
the training set to construct CoOMSIA models. The cross validated

PLS method was then applied to the training set. Table 3 summa-
rizes the statistical results.

Five different combinations of steroelectronic fields of 3D QSAR/
CoMSIA models were obtained from the set of biologically evalu-
ated and computationally designed fullerene derivatives (training
set = 43, test set = 6) in order to predict novel compounds with im-
proved inhibition effect. The best 3D QSAR/CoMSIA model (CoM-
SIA-4:  steric/electrostatic/H-bond  donor/H-bond acceptor)
yielded a cross validated r? value of 0.739 and a non-cross vali-
dated r? value of 0.993. Using the neutral and ionized states of
the fullerene analogues in data set did not affect significantly the
constructed QSAR models. Thus, neutral states of fullerene deriva-
tives were used in the further analyses. The selected 3D-QSAR/
CoMSIA model (CoMSIA-4) for the estimated binding affinities of
fullerene analogues at the HIV-1 PR has a good cross validated cor-
relation. Figure 9 shows the relationship between the estimated
PECso values from FlexX binding energies and CoMSIA-predicted
results of the non-cross-validated analyses for the HIV-1 PR. Line-
arity of the plot shows very good correlation for the CoMSIA model.
Table 4 summarizes the estimated binding affinities from molecu-
lar docking results and CoMSIA-predicted pECsq results for the ful-
lerene derivatives at the HIV-1 PR. A good correlation was observed
in CoMSIA of the fullerene derivatives as it is demonstrated by the
very high values of r2. Additionally, the credibility of the models is
evidenced by the high values of r2,. However, the real significance
of the proposed model is verified by the good predictions of the
activity of compounds belonging to the test set (Table 5). Their
PECsp values of these compounds ranges between 4.04 and 6.74
and their biological activities were predicted from the PLS equa-
tions derived from CoMSIA-4 model. All compounds showed pre-
dicted values within one logarithmic unit difference from the
estimated pECsq values.

The contour maps are used to create a matrix in the place of the
active site and variations of the used ligands can be generated as
long as they fit better into the binding site. Figure 10i shows the
steric-electrostatic contour maps of the CoMSIA models for the
compounds 23 that shows the highest and 36 that shows the low-
est inhibition effects within the data set for the HIV-1 PR enzyme
(see Tables 1 and 2). The individual contributions from the steric
and electrostatic favored and disfavored levels are fixed at 80%
and 20%, respectively. The contours for steric fields are shown in
green (bulky groups favored) and yellow (bulky groups not fa-
vored) while the electrostatic field contours are shown in red (elec-
tronegative substituents favored) and blue (electropositive
substituents favored). In addition, H-bond donor and H-bond
acceptor contour maps have been shown in Figure 10ii. The indi-
vidual contributions from the H-bond donor and H-bond acceptor
favored and disfavored levels are fixed at 80% and 20%, respec-
tively. The contours for H-bond donor favored fields have been
shown in cyan color while its disfavored fields have been shown
in purple color. H-bond acceptor favored fields have been shown
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Figure 8. Structural alignment of the compounds in the training set for constructing 3D-QSAR/CoMSIA model at HIV-1 PR.

Table 3
Summary of statistical results of the derived CoMSIA models for the training set.

CoMSIA1 (STRJES) CoMSIA2 (STR/ES/ACC)

CoMSIA3 (STR/ES/DON)

CoMSIA4 (STR/ES/ACC/DON) CoMSIA5 (STR/ES/ACC/DON/HYD)

2, 0.616 0.733 0.630
0.970 0.991 0.985
Components 6 6 6
B 191.713 632.364 392.176
Std. Err. 0.266 0.148 0.188
Rel. Contr. Steric 0.707 0.512 0.551
Electrostatic 0.293 0.143 0.197
Hydrophobic - — 0.252
H-bond donor — — —
H-bond acceptor — 0.345 —

0.739 0.670
0.993 0.993

6 6
824.144 861.108
0.130 0.127
0.426 0.243
0.127 0.086
— 0.369
0.167 0.109
0.280 0.193

Abbreviations: STR, steric; ES, electrostatic; ACC, H-bond acceptor; DON, H-bond donor; HYD, hydrophobic.

12-0.993

Predicted pEC,|
(4]
g

2 3 4 5 6 7 8 9
Measured pEC_|

Figure 9. Plot of measured and CoMSIA-predicted binding affinities (given as
PECs) of fullerene analogues in the training set at the HIV-1 PR.

in orange color while its disfavored fields have been shown in
white color.

Derived 3D contour maps of COMSIA models are investigated in
the binding cavity of the HIV-1 PR. Contour plots confirmed the
stability of the constructed models. For example, the estimated

ECsg values of 23 and 36 are in nM and in mM ranges, respectively.
This can be explained by different topographical requirements for
23 and 36, in contour maps (Fig. 10). There are large yellow colored
contours close to the flap regions of HIV-1 PR. Compound 36 shows
the existence of sterically unfavorable fields (the areas in which
bulky groups are predicted to decrease binding). A part of cyclo-
hexadiene and dihydropyridine groups of 36 fits with these unfa-
vorable regions; right in Fig. 10i). However, sterically unfavorable
yellow colored contour maps do not match with the subgroups
of 23 (left in Fig. 10i). Furthermore, the subgroups of 23 fit per-
fectly with the sterically favorable areas which are shown with
green colored contours (left in Fig. 10i). Electrostatic contour maps
(shown with blue and red colored contour maps) are mainly ob-
served in the catalytic region of binding cavity. Red colored con-
tours which show electronegative favored fields are in very close
neighborhood with the ~-COOH groups of 23. H-bond donor and
H-bond acceptor contour maps have been shown in Figure 10ii in
the binding cavity of HIV-1 PR. H-bond acceptor and H-bond donor
favored regions fit very well with the -COOH groups of 23 and dis-
favored regions are far from the subgroups of the 23 (left in
Fig. 10ii). However, subgroups of 36 fit mainly with the purple col-
ored contours which are disfavored for the H-bond donor interac-
tions (right in Fig. 10ii).

Leapfrog de novo drug design software has been used to
propose novel fullerene HIV-1 PR inhibitors. Molecules 1, 3 (biolog-
ically measured potent molecules, Table 1), 23 and 42 (computa-
tionally designed monoadduct and bisadduct fullerene
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Table 4
Measured and 3D QSAR/CoMSIA predicted binding affinities of compounds in training
set.

Compound No. Measured pECso 3D QSAR CoMSIA Predicted pECso  Difference
1 7.0 6.90 0.10
53 5.33 -0.03
3 6.82 6.69 0.13
4 5.14 5.28 -0.14
5 6.31 6.32 —0.01
6 2.89 2.80 0.09
7 4.12 4.24 -0.12
8 3.64 3.65 -0.01
9 3.85 3.70 0.15
10 5.60 5.55 0.05
11 6.05 5.99 0.06
12 5.14 5.28 -0.14
13 5.66 5.62 0.04
14 5.20 5.28 —0.08
15 5.54 5.58 -0.04
17 3.86 3.93 -0.07
18 4.75 4.81 —-0.06
19 414 4.05 0.09
21 6.60 6.90 -0.30
22 7.29 7.34 —-0.05
23 8.70 8.70 0.00
24 6.15 6.07 0.08
25 333 3.49 -0.16
26 6.20 6.24 —-0.04
28 6.18 6.15 0.03
29 6.68 6.31 0.37
30 4.70 4.62 0.12
31 4.77 4.92 —0.15
32 5.50 5.47 0.03
33 6.55 6.59 —0.04
35 4.23 4.19 0.04
36 225 2.18 0.07
37 3.36 3.36 0.00
38 5.73 5.83 -0.10
40 3.06 3.36 -0.30
1 7.40 7.38 0.02
42 7.40 7.43 -0.03
44 5.61 5.59 0.02
45 413 3.96 0.17
46 7.00 7.12 -0.12
47 6.15 6.07 0.08
49 6.08 6.07 0.01

Table 5

Measured and 3D QSAR/CoMSIA predicted binding affinities of compounds in test set.
Compound Measured pECsp 3D QSAR CoMSIA Predicted pECso Difference
16 4.66 539 -0.73

27 5.82 5.31 0.51

34 4.04 3.67 0.37

39 4.61 5.60 —-0.99

43 6.74 7.68 -0.94

48 5.22 5.47 -0.25

derivatives that have best predicted binding energy with HIV-1 PR,
Table 2) were used as starting structures with allowing the modi-
fications only for the subgroups of fullerene derivatives in Leapfrog
simulations. In addition to the de novo drug design, 3D QSAR/CoM-
SIA contour maps were also used to design new monoadducts and
bisadducts [60]fullerene. More than 100 compounds have been de-
signed to vary in polarity and contain various groups exerting elec-
trostatic and steric interactions at different topographical
requirements and their binding energies with HIV-1 PR have been
computed using molecular docking studies (structures and com-
puted binding energies of these fullerene derivatives are presented
in supporting information, Table S1). These are expected to differ in
their mode of action as it is indeed observed with the active site of

the receptor. The binding interactions of 1 (high potent biologically
evaluated fullerene derivative, Table 1) and 23 (computationally
designed fullerene derivative with predicted very high potency,
Table 2) at the active site of the HIV-1 PR have been compared in
Figure 11. Compound 1 forms two hydrogen bonds between hydro-
gen atom of -OH group of ligand and oxygen atoms of the -COO
group of Asp25 catalytic amino acid residue at chain B, together
with oxygen atom of -OH group of ligand and hydrogen atom of
backbone -NH group of Ala28 at chain B (left in Fig. 11). On the
other hand, 23 forms a hydrogen bond network between —COOH
groups of ligand and catalytic amino acid residues Asp25, Gly27,
Asp29, Asp30 at chain A together with Asp25 and Gly27 at chain
B (right in Fig. 11). The van der Waals interactions of these ligands
with non-polar HIV-1 PR surface have been observed mainly at the
flap part of the cavity.

It must be noted that this is a computational study, thus the
feasibility of synthesizing any of the designed derivatives has not
been thoroughly examined.

4. Conclusions

The aim of this study was to investigate the binding interactions
of fullerene inhibitors at the active site of the HIV-1 PR, in order to
design novel fullerene compounds with enhanced activity.
Although the size of the [60]fullerene may seem large for a drug
candidate, it has roughly similar size (~10A) with many small
pharmaceutical molecules.” Perfect fitness of fullerene inhibitor
at the active site of the HIV-1 PR has been depicted in Fig. S1 of
supporting information. The binding interactions of [60]fullerene
derivatives at the cavity of the HIV-1 PR have been examined using
a combination of molecular docking, 3D QSAR and MD simulations
studies.

MD simulations were applied to the ligand-free and ligand-
bound HIV-1 PR. MD simulations assisted to have correct en-
zyme input coordinates for the docking studies as well as con-
tributed substantially in the understanding of the structural
changes at the catalytic and flap regions for these two different
systems. Structural differences have been found between the un-
bound and bound systems of the binding cavity of HIV-1 PR. In
the fullerene inhibitor-bound forms, the flaps are pulled in to-
ward the bottom of active site (the closed form), while, the
structure for the free HIV-1 PR adopts a semi-open conformation
with flaps shifted away from the dual Asp25 catalytic site. Both
MD simulations have shown that flap, catalytic and termino-lat-
eral regions of HIV-1 PR show more flexibility during the
simulations.

A series of fullerene derivatives have been designed and their
binding energies with HIV-1 PR have been computed with molec-
ular docking analysis. The correlation between structures and
binding affinities has been studied with CoMSIA method of 3D
QSAR. High relative contributions of steric fields from derived con-
tour maps of CoMSIA models confirm the importance of the van
der Waals interactions with non-polar HIV-1 PR surface in the
activity of fullerenes. The contour maps from constructed 3D
QSAR/CoMSIA models together with Leapfrog de novo drug design
studies assisted to propose novel fullerene derivatives with better
predicted potency.

In conclusion, in this study the topological requirements of the
fullerene derivatives were revealed by employing a 3D QSAR
model. The connection between the biological activity and the
conformational changes occurring at the catalytic site of the HIV-
1 PR, have been discussed using docking and dynamics simula-
tions. This information is useful to rationalize the molecular basis
of fullerene HIV-1 PR inhibition. This study can aid synthetic chem-
ists to initiate the synthesis of novel fullerene derivatives as HIV-1
PR inhibitors.



S. Durdagi et al./Bioorg. Med. Chem. 16 (2008) 9957-9974 9973

Figure 10. (i) CoMSIA steric/electrostatic contour maps of template compound 23 (template compound; has best binding affinity in training set, left on the figure) and
compound 36 (has worst binding affinity in training set, right on the figure). Sterically favored areas are shown in green color (contribution level of 80%). Sterically unfavored
areas are shown in yellow color (contribution level of 20%). Positive potential favored areas are shown in blue color (contribution level of 80%). Positive potential unfavored
areas are shown in red color (contribution level of 20%). (ii) COMSIA H-bond donor/H-bond acceptor contour maps of compounds 23 and 36 (on the left and right of the figure,
correspondingly). The individual contributions from the H-bond donor and H-bond acceptor favored and disfavored levels are fixed at 80% and 20%, respectively. The contours
for H-bond donor favored fields have been shown in cyan color while its disfavored fields have been shown in purple color. H-bond acceptor favored fields have been shown

in orange color while its disfavored fields have been shown in white color.

Figure 11. The binding interactions of 1 and 23 at the active site of the HIV-1 PR.
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