
A computational analysis of the binding model of MDM2 with
inhibitors

Guodong Hu,
College of Physics and Electronics, Shandong Normal University, 250014 Jinan, China

Department of Physics, University of Texas at San Antonio, San Antonio, TX 78249, USA

Dunyou Wang,
College of Physics and Electronics, Shandong Normal University, 250014 Jinan, China

Xinguo Liu, and
College of Physics and Electronics, Shandong Normal University, 250014 Jinan, China

Qinggang Zhang
College of Physics and Electronics, Shandong Normal University, 250014 Jinan, China,
zhangqg@sdnu.edu.cn

Abstract
It is a new and promising strategy for anti-cancer drug design to block the MDM2-p53 interaction
using a non-peptide small-molecule inhibitor. We carry out molecular dynamics simulations to
study the binding of a set of six non-peptide small-molecule inhibitors with the MDM2. The
relative binding free energies calculated using molecular mechanics Poisson–Boltzmann surface
area method produce a good correlation with experimentally determined results. The study shows
that the van der Waals energies are the largest component of the binding free energy for each
complex, which indicates that the affinities of these inhibitors for MDM2 are dominated by shape
complementarity. The A-ligands and the B-ligands are the same except for the conformation of
2,2-dimethylbutane group. The quantum mechanics and the binding free energies calculation also
show the B-ligands are the more possible conformation of ligands. Detailed binding free energies
between inhibitors and individual protein residues are calculated to provide insights into the
inhibitor-protein binding model through interpretation of the structural and energetic results from
the simulations. The study shows that G1, G2 and G3 group mimic the Phe19, Trp23 and Leu26
residues in p53 and their interactions with MDM2, but the binding model of G4 group differs from
the original design strategy to mimic Leu22 residue in p53.
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Introduction
The tumor suppressor p53 is an important protein in regulating cell cycle arrest, apopotosis,
and DNA repair [1–3]. In reality, over half of all human cancers function has been nullified
by mutations or deletions in the DNA-binding domain of p53 [4]. In some the remaining of
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human cancer cases, the activity of wild-type p53 is inhibited by the MDM2 oncoprotein
interacting directly with p53. The complications in functioning of p53 and MDM2 cover a
range of tissue types, including connective tissue [5], brain, esophagus, and breast [6]. It is
believed that suppression of MDM2 activity could enhance the growth-suppressing effects
of p53. Reactivation of the p53 function by disruption of the MDM2-p53 interaction using a
non-peptide small-molecule inhibitor is now recognized as a new and promising strategy for
anticancer drug design [7–12].

The MDM2-p53 interaction has been well characterized at a molecular level [13–16]. X-Ray
structures show that the p53 peptide adopts a helical structure in MDM2-p53 complex [17].
The interaction between p53 and MDM2 is mainly mediated by three hydrophobic residues
Phe19, Trp23, and Leu26 of p53 and a small but deep hydrophobic cleft in MDM2.
Recently, many works have been interested in designing small-molecule MDM2 inhibitors
to block the MDM2-p53 interaction based on this hydrophobic cleft of MDM2 [9,18,19].
The non-peptide inhibitors mimic the side chains of Phe19, Trp23, and Leu26, and have
higher binding affinities than natural p53 peptide (residues 16–27) [18].

X-Ray crystallography reveals that in addition to the Phe19, Trp23, and Leu26 residues in
p53, a fourth residue, Leu22, also appears to play an important role in the overall interaction
between p53 and MDM2, a suggestion that finds support in results from mutation analysis
[20,21] and alanine scanning of p53 peptides [13]. A quantum mechanical calculation on the
p53 and MDM2 binding also supports that the residue Leu22 plays an important role in the
interaction of p53 with MDM2 [22].

Ding et al. [18] have successfully designed a class of high affinity, specific, cell-permeable,
non-peptide small-molecule inhibitors of the MDM2-p53 interaction using structure-based
design strategy. The structures of the six inhibitors are shown in Fig. 1. The names of
inhibitors are the same as used in Ding’s paper. The binding model between the inhibitor 8
and MDM2 was predicted by the GOLD program. The most potent inhibitor 8 contains a 2-
morpholin-4yl-ethylamine (G4) group which has been believed not only to mimic Leu22 for
its interaction with MDM2 but also to capture the interaction between Glu17 in p53 and
Lys94 in MDM2. The special role of G4 is dominantly different from the former non-
peptide inhibitors [8,9]. Understanding the protein–ligand interaction at the atomic level of
this group of compounds may lead to the development of MDM2 inhibitors with better
potency. However, a detailed mechanism of both energies and structure is still unknown. We
are interested in the binding model predicted by Ding.

Molecular dynamics (MD) simulation could serve as a powerful tool for understanding the
binding mechanisms of the protein-inhibitors complex. Several computational methods exist
to estimate ligand binding affinities, with various levels of computational expense and
accuracy: [23] thermodynamic integration (TI), linear response (LR), free energy
perturbation (FEP) [24–26], and molecular mechanics Poisson–Boltzmann surface area
(MM-PBSA) [27,28]. The MM-PBSA method is a versatile tool for calculating the binding
free energies of a given protein–ligand complex, which incorporates the effects of thermal
averaging with a force field/continuum solvent model to post-process a series of
representative snapshots from molecular dynamics(MD) trajectories. The MM-PBSA
method has been successfully applied to protein–ligand interaction, DNA-drug interaction,
and RNA-protein interactions [29–34].

It is difficult to account for the solvation/desolvation effects on and entropic contributions to
the binding free energy as well as the effects on protein dynamics on the microscopic
binding during molecular docking process [27]. The currently used docking scoring
functions are not expected to consistently provide accurate predictions of the protein–ligand
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binding free energies for all of the protein–ligand binding systems [35]. It is demonstrated
that the combined computational protocol is reliable and accurate for predicting protein–
ligand binding structures and binding free energies, whereas only performing simple
molecular docking could lead to a wrong binding mode and thus mislead the drug design
[35]. In order to examine the binding model between MDM2 and inhibitors which is
described in Ding’s work, we use molecular docking, MD simulation-based MM-PBSA free
energy calculations to analyze interactions between MDM2 and a group of inhibitors. In
additional, the decomposition of free energy on per-residue and the structural analysis is
performed to give insights on the binding model.

Theory and method
System setups

In order to obtain the structures of these inhibitors, the Chemoffice software is used to
construct the original structures. Then the original structures are energy-minimized using the
Gaussian software [36] at the HF/6–31G level. To explore the intrinsic stability of inhibitors,
the energies of inhibitors are calculated using quantum chemistry theory at the HF/6–31G
and B3LYP/6–311++G(d,p) levels, respectively. Owing to the lack of parameters needed for
the ligand in the Cornell et al. force field [37], the missing parameters are developed.
Optimization of the ligand is first carried out at the HF/6–31G** level with the Gaussian 03
package [36]. The Restrained Electrostatic Potential (RESP) procedure [38], which is also
part of the AMBER package, is used to calculate the partial atomic charges. GAFF [39]
force field parameters and RESP partial charges are assigned using the ANTECHAMBER
module in the AMBER 9 package. The standard AMBER force field for bio-organic systems
(FF03) [40] is used to describe the protein parameters. To neutralize the charge of systems,
an appropriate number of chloride counterions are placed to grids with the largest positive
Coulombic potentials around the complexes. All solutes are surrounded by a truncated
octahedron periodic box of water molecules described by the TIP3P [41] potential extended
to a distance of 10 Å from solute atoms.

Molecular docking
No crystallographic structure of MDM2 complex with inhibitors is currently available.
Inhibitor 8 is docked to the active site of MDM2 with autodock4.0 [42,43] by using the
genetic search algorithm. The MDM2 structural coordinates are extracted from the crystal
structure of MDM2 complexed with a p53 transactivation domain peptide available from the
Protein Data Bank (PDB code: 1YCR). The numbers of grid points in xyz are set to 60, 60,
60 with the spacing value equivalent to 0.375 Å, and the center of the Tyr23 of the p53
peptide regarded as the grid center. During docking, the number of individuals in
population, maximum number of energy evaluation, maximum number of generations and
GA-LS runs are rectified to 150, 3,000,000, 2,700,000 and 200, respectively. Other
parameters set as the default values implemented by the program.

Molecular dynamics simulation
Twelve simulations are carried out using the AMBER 9 [44] package with the Cornell et al.
all-atom force field and parameters are developed in this work. The particle mesh Ewald
(PME) method [45] is employed to treat long-range electrostatic interactions, and bond
lengths involving hydrogen atoms are constrained using SHAKE algorithm [46]. The time-
step for three MD simulations is 2 fs, with a direct-space, non-bonded cutoff of 12 Å.

The 12 systems are minimized with the module SANDER in constant volume by 1,000
cycles of steepest descent minimization followed by 1,000 cycles of conjugated gradient
minimization. These procedures ensured that the initial structure is maintained while the
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solvent is allowed to relax. After energy minimization, applying harmonic restraints with
force constants of 2 kcal/(mol Å2) to all solute atoms, canonical ensemble (NVT)-MD is
carried out for 70 ps, during which the systems are heated from 0 to 300 K. Subsequent
isothermal isobaric ensemble (NPT)-MD is used for 90 ps to adjust the solvent density.
Finally, 3 ns isothermal isobaric ensemble (NPT)-MD simulation is applied to both
simulations without any restraints. The temperature is regulated at 300 K using Langevin
thermostat and the pressure is kept at 1.0 atm using isotropic positional scaling. Trajectories
are analyzed at every 1 ps using PTRAJ module.

MM-PBSA calculations
In this work, MM-PBSA method is used to calculate the relative binding free energy of
inhibitor to MDM2. The details of this method have been presented elsewhere [27]. Briefly,
The MM-PBSA method can be conceptually summarized as

(1)

The binding free energy (ΔGbind) is evaluated a sum of the changes in the molecular
mechanical (MM) gas-phase binding energy (ΔGMM), the solvation free energy (ΔGsolv),
and entropic(–TΔS) contribution

(2)

ΔGMM is further divided into a van der Waals (ΔEvdW) and electrostatic energies (ΔEele).
These energies are computed using the same parameters set as that used in the MD
simulation.

(3)

(4)

And the solvation free energy (ΔGsolv) is further divided into a polar (ΔGpol) and a nonpolar
component (ΔGnonpol). The polar free energy (Gsolv) is calculated with a PBSA module of
the AMBER suite. The dielectric constant is set to 1 inside the solute and 80 in solvent in
our calculation. The nonpolar free energy (ΔGpol) is determined by Eq. 5, where SASA is
the solvent-accessible surface area that is determined with MSMS program [47], with a
probe radius of 1.4 Å. The values γ and β are the empirical constants. We also used 0.00542
kcal/(mol Å2 ) and 0.92 kcal/mol, respectively [48]. We choose a total number of 100
snapshots evenly from the last 1 ns on the MD trajectory with an interval of 10 ps.

(5)

Finally, we estimate the conformational entropy contributions to the binding free energy
using normal-mode analysis with AMBER NMODE module [49]. Due to extremely time-
consuming of entropic calculation for large system, only 25 snapshots (every fourth
snapshot of the 100 snapshots) for each system are used to estimate the contribution of the
entropies to lower the computational time.
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The experimental binding energies are calculated from published inhibition constants Ki by
Eq. 6,

(6)

where inhibition constants are obtained from Ding’s work [18].

Results and discussion
The structures of the inhibitors

The structures of the inhibitors are designed, and the structures are energy-minimized. The
results show that there are two optional conformations. One conformation is corresponding
to the structures used in Ding’s work (A), the other one (B) is different. The two
conformations of inhibitor 8 are shown in Fig. 2. In the two conformations, the G1, G2 and
G3 groups coincide with each other very well, while the G4 group has apparent difference.
To show the differences, two angles are labeled in Fig. 2, one is formed by a chlorine atom
of conformation A with a carbon and a chlorine atoms of conformation B, the other one is
formed by a fluorine atom of conformation B with a carbon and a fluorine atoms of
conformation A, the degrees of them are 139.1° and 142.8°, respectively. The G3 group of
A-ligand rotates about 140.0° relative to B-ligands. The similar results are also obtained on
other five inhibitors, for all the ligands have the same chemical scaffold. The intrinsic
relative stability of these inhibitors is explored using quantum chemistry theory at the HF/6–
31G and B3LYP/6–311++G(d,p) levels. In order to show the differences between the two
conformations, we calculate the differences of energy (ΔGA–B) between A-ligands and B-
ligands according to the following equation: ΔGA–B = GA – GB, and the results are shown in
Fig. 3. The calculated results with all the positive values in both level show that all the A-
ligands are little higher in energy than B-ligands. This can be well ascribed to the steric
effect between the 3-chloro-2-fluoro-phenyl group and 2,2-dimethylbutane group in the B-
ligands. The chlorine and the fluorine atoms in B-ligands increase the intramolecular
interactions. All these results indicate that B-ligands are thermodynamically more stable
than A-ligands. The rationality of conformations B is also confirmed by the interaction
energies between MDM2 and the two group inhibitors.

The inhibitors are designed to mimic the binding model of p53 with MDM2 by Ding et.al.
After docking, in order to keep consistent with Ding’s work, the initial structure of inhibitor
8 of B-ligands is chosen based on the dock energy, cluster popularity and the dock result of
Ding [18] for further molecular simulation studies. As shown in Fig. 4, the G1, G2, G3 and
G4 groups of initial structure of MD simulation can overlap well with the residues Trp23,
Leu26, Phe19 and Leu22, respectively. The result is consistent with Ding’s work. The
information suggests our design strategy of the starting structure of MDM2 with inhibitors is
correct. As shown in Fig. 1, all the inhibitors have the same chemical scaffold. So the
starting structures of MDM2 complex with other inhibitors of B-ligands are obtained by
direct modification of the MDM2/8 complex. This method is proved to be useful in studying
the binding model of inhibitors with the same chemical scaffold [50]. The starting structures
of complexes of MDM2 and A-ligands are obtained by direct modification of the
corresponding B-ligands.

Equilibrium of the dynamics simulation
To assess the quality of our MD simulations, energetic and structural properties are
monitored along the entire MD trajectory of each complex. The energy plots (Fig. 5)
demonstrate that the systems are stable along the entire MD trajectory for MDM2/8 and
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MDM2/5 complexes, as well as the other ten complexes. The root-mean-square deviations
(RMSD) of backbone atoms compared to those of the initial minimized complex structures
are obtained over 3 ns trajectories. Figure 6a shows the RMSD for the MDM2/5 and
MDM2/8 complexes. An obvious fluctuation is observed in MDM2/8 complex before 1.5
ns, and then it flattens out after that. Figure 6b shows the distances between backbone atom
of key residues and atom of G4 group. Figure 6b indicates that the G4 group move from its
original position to another position during the first 0.5 ns simulation. The RMSD of
MDM2/5 complex is flatter than that of MDM2/8 complex. This implies that the starting
structure of MDM2/8 has some unreasonable contact. In order to relieve the unreasonable
binding, the active site atoms adjust their position until the system reaches stable. The
structure is relaxed during the first 1.5 ns MD simulation, and is equilibrated from the 1.5
ns. The averaged RMSD values of the six complexes are below 1.3 Å over the entire
simulation. Particularly, the MD simulations appear to be well equilibrated for MDM2/5 and
MDM2/8 complexes, with average RMSD values of 1.02 and 1.11 Å over the last 1 ns,
respectively. In order to show the conformation of A-ligands and B-ligands are not changing
during the MD simulations, comparison between the relative location of G3 group in A-
ligands and B-ligands of inhibitors 5 and 8 from the averaged last 1 ns MD simulations is
performed (Fig. 7). We conclude that the different conformations of the same ligands are
kept during the MD simulations.

Figure 8 shows the superimposition of the averaged structure from the last 1 ns MD
simulation of MDM2/8 complex with MDM2/5 complex. It shows that the two structures
agree with each other very well. In addition, comparison of the two average MD structures
between the MDM2/8 and MDM2/5 complexes results in a RMSD of backbone at 0.43 Å.
This suggests that the strarting structure of MDM2-inhibitors is reasonable with direct
modification of the MDM2/8 complex.

Calculated binding free energies
To further examine the starting structure and gain more insights into the contributions of
each component to MDM2-inhibitors, MM-PBSA method has been performed to calculate
binding free energies (Table 1). The calculated binding free energies (0) are averaged from
100 snapshots which are taken at even intervals from the last 1 ns of MD trajectories for
analysis. For B-ligands, a correlation coefficient r = 0.94 between the calculated and
experimental binding free energies is obtained (Fig. 9b). However, the correlation
coefficient drops to r = −0.01 for A-ligands (Fig. 9a). By comparing Fig. 9a, b, one can see
that B-ligands are more consistent with the experimental results. According to intrinsic
relative stability and the binding free energies of the two group inhibitors, only B-ligands
were selected for the following discussion. Zero also shows the individual energy
components contributing to the total calculated binding free energies. The favorable
electrostatic terms show higher correlation with experimental affinities (r = 0.66): however,
it is offsetted by the unfavorable polar solvation energies. The resulting balance of the two
contributions, ΔGele+pol, is unfavorable to binding interactions in all six systems. The
correlation coefficients of the free energy terms with the binding experimental affinities are
0.63 for the sum of van der Waals energies and nonpolar solvation energies (ΔGvdw+nonpol),
0.10 for the electrostatic energies and polar solvation energies sum (ΔGele+pol), and 0.34 for
the entropy compensation (TΔS), respectively. Despite the low level correlation for
ΔGele+pol and TΔS, adding it to ΔGvdw+nonpol term improves the quality of the fit, with an
overall correlation coefficient of 0.94 for the total binding free energies. This suggests that
although the ΔGvdw+nonpol is important for binding, but the binding free energy arises from a
more complex interplay between all of these components. The van der Waals energies are
the largest component of the binding free energy for each complex (−30 to −44 kcal/mol).
This indicates that the affinities of these inhibitors for MDM2 are dominated by shape
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complementarity. In Kollman’s work [13], computational alanine scanning results show that
the four residues of p53 interaction with MDM2 is driven mainly by van der Waals energies.
Overall, these inhibitors may mimic the roles of the four residues in p53 (Phe19, Leu22,
Trp23 and Leu26).

Binding model prediction of MDM2/inhibitors
In order to obtain the information about the specific active site residues that influence the
relative affinities, the analysis of structure and binding mode have been performed to
complement the energy analysis. The binding free energy is decomposed into inhibitor-
residue pairs in order to generate an inhibitor-residue interaction spectrum which is shown in
Fig. 10. The van der Waals energies of key residues are shown in 0. The decomposed
approach is not only extremely useful to elucidate the drug-resistant mechanism at the
atomic level, but also helpful to locate residues which contribute to the protease-inhibitor
interaction [30,50,51]. Comparison between the interaction spectrums of MDM2/8 and
MDM2/5 complexes is performed, and the spectrums suggests that five residues (Leu54,
Gly58, Ile61, Val93 and Ile99) contribute larger energies in both complexes and three
residues (Phe55, Gln59 and Met 62) also contribute larger contribution in MDM2/8
complex.

In MDM2-p53 complex, the nitrogen atom of the side chain of Trp23 forms a hydrogen
bond with the oxygen atom of the main chain of Leu54 [17]. This information is also
demonstrated by the strongest interaction between Trp23 of p53 and Leu54 of MDM2 in
Ding’s work [22]. In order to examine if this hydrogen bond is kept or not in these MDM2-
inhibitors complexes, the hydrogen bond is examined based on the trajectories of the last 1
ns MD simulation. The oxygen atom of the backbone of Leu54 forms a hydrogen bond with
the nitrogen atom of inhibitors (0). The hydrogen bond in each complex shows high %
occupied with similar distances and angles. The hydrogen bond between MDM2 and
inhibitor 8 is shown in Fig. 11. Therefore, Leu54 must have stronger interaction energy with
the inhibitors, especially the electrostatic interaction (−3.79 kcal/mol for MDM2/8
complex). This is confirmed by the inhibitor-residue interaction spectrum (Fig. 10).

The residues Ile61 and Gly58 contribute larger energies as shown in interaction spectrum
(Fig. 10). Crystal structure (PDB code: 1YCR) reveals that Phe19 of p53 makes van der
Waals contacts with Gly58 and Ile61 of MDM2, while Trp23 makes van der Waals contacts
with Gly58 and Ile61 [17]. The van der Waals energies of these two residues are −2.37 and
−1.24 kcal/mol, respectively (0). Gly58’s interaction energy is mainly from the backbone
van der Waals energy, and Ile61 from the side chain van der Waals energy (0). As shown in
Fig. 11, the residues Gly58 and Ile61 are close to the G1 and G3 group, which means that
the van der Waals energies of Gly58 and Ile61 are from the interactions with G1 group and
G3 group (Table 2 and Table 3). Figure 12 shows the superimposition of the averaged
structure of inhibitor 8 from the last 1 ns MD simulation to p53 peptide conformation in
MDM2-p53 crystal structure. One can see that the G1 group of inhibitor 8 in averaged
structure agrees with the indole group of Trp23 and the G3 group is in good agreement with
the benzene group of residue Phe19. The information implies that the G1 group mimics not
only the hydrogen bond but also the van der Waals interaction between the residue Trp23 of
the peptide p53 and MDM2, and the role of Phe19 of p53 is kept in this group inhibitors.

Alanine scanning demonstrates that Leu26 interaction with MDM2 is mainly driven by the
van der Waals energy [13]. The crystal structure and the quantum mechanical calculation
show the residue His96 interacts with Leu26. Our calculated results show that the van der
Waals energy is the main force which drives the binding of inhibitor with His96 (0). The
position of G2 group in inhibitor 8 overlaps well with the side chain of Leu26 (Fig. 12),
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which enables us to draw a conclusion that the G2 group of inhibitor mimics the Leu26 side
chain.

In Ding’s work [22], the interactions of residue Leu22 with Lys94 and His96 result in
favorable energies. In Ding’s work, the results predicted for inhibitor 4 by the GOLD
program shows the G4 group mimics the role of Leu22 and the charge-charge interaction
between Glu17 and Lys94. Based on the above work, the residue Lys94 and His96 must
have strong interactions with inhibitor 8. However, the interaction spectrum of inhibitor 8
(Fig. 10) shows that the interaction energy of Lys94 is repulsive and the one of His96 is very
small, and G4 group in the averaged MD structure is different from the starting structure
(Fig. 13). The information implies that the location of G4 group is changed in the MD
simulation process and the small interaction energy of His96 is from G2 group. This is
consistent with the larger RMSD fluctuation in the fist 1.5 ns MD simulation compared with
MDM2/5 complex. We conclude that the G4 group can not mimic the residue Leu22.

There are three residues Phe55, Gln59, and Met62 with larger interaction energies in
MDM2/8 complex than in MDM2/5 complex (Fig. 10). These results imply that the
replacement of the N,N-dimethylamine group in inhibitor 5 with G4 group in inhibitor 8
prominently increases the number of residues which interact with the inhibitor. The G4
group in inhibitor 8 doesn’t change the binding model of others group compared with
inhibitor 4 and the G4 group may increase interaction energy with the MDM2. For Phe55,
favorable van der Waals energy (2.47 kcal/mol in 0 and Fig. 11) is produced by the C–H…π
interactions between G4 group in inhibitor 8 and the benzene group of Phe55 and the C–H…
O interactions between the G4 group in inhibitor 8 and the oxygen atom of the Phe55 main
chain. The energies of these three residues mainly arise from the van der Waals energy (0).

Conclusion
Quantum chemistry calculation is used to decide the reasonable conformation of six
inhibitors. The results show that the B-ligands are more stable than A-ligands. Molecular
docking, combined MD simulations, and MM-PBSA binding free energy calculation are
performed on six complexes to investigate the binding model and to evaluate their binding
affinities. For the B-ligands, the calculated result shows a higher correlation coefficient (r =
0.94) between the experimentally determined and computed binding free energies. The
binding free energy calculation also shows that the B-ligands are consistent with the
experimental results. Further examination indicates that the van der waals energies are the
most component of the total energies, indicating that this group inhibitors may mimic the
four residues of p53 in the term of interaction energy with MDM2. The hydrogen bond
formed between p53 and MDM2 is well kept in this group inhibitors. The structure analysis
and the decomposition of free energies on a perresidue basis show that the G1, G2 and G3
group mimic the role of Trp23, Leu26 and Phe19 of p53, respectively. The G4 group in
average structure is different from in the starting structure. It interacts with the residues
Phe55, Gln59, and Met62 of MDM2 by C–H…π and C–H…O interactions. The binding
mode of G4 group is remarkably different from that proposed previously based on simple
molecular docking tests, and it doesn’t mimic the residues Leu22 of p53. The information
obtained from this study will be valuable not only for future rational design of novel, more
potent MDM2-specific inhibitors as promising anticancer therapeutics, but also for rational
design of drugs targeting other proteins.
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Fig. 1.
Molecular structures of six inhibitors. In inhibitor 8, (G1) for 6-chloro-2-oxo-indole group,
(G2) for 3-chloro-2-fluoro-phenyl group, (G3) for 2,2-dimethylbutane group and and G4 for
2-morpholin-4yl-ethylamine group
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Fig. 2.
Left picture is the conformation A overlapped with conformation B of inhibitor 8. The
conformation A is shown in stick and ball represents with different color of element, the
conformation B is shown in stick represents with blue. The right one is the enlargement for
the G3 group. All the atoms is labeled by different color of element. Two angles are labeled
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Fig. 3.
The differences of energies (ΔGA–B) between A-ligands and B-ligands calculated by
quantum chemistry theory
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Fig. 4.
Superposition of compound 8 to the p53 peptide conformation in the crystal structure of p53
peptide conformation in complex with MDM2. Four residues, Phe19, Leu22, Try23, and
Leu26 in ball and stick representation. The compound 8 is colored in green with stick
representation
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Fig. 5.
The potential energies of MDM2/5 (a) and MDM2/8 (b) complexes observed in MD
simulation as function of time. The red solid line represents a 100 ps running average
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Fig. 6.
a Root-mean-square deviations of all the backbone atoms on MDM2/5 and MDM2/8
observed in MD simulations as function of time; b the distances between atom of residue
and atom of G4 group as function of time, (1) for N of His73 and N2 of G4 group, (2) for O
of Phe 55 and O1 of G4, (3) for O or Phe55 and N2 of G4, (4) for N of His 73 and O1 of G4
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Fig. 7.
The relative position of G3 in the averaged structure of the last 1 ns MD simulations, all the
structures are shown in ball and stick representation with different color of element: a for
inhibitor 5 of A-ligand, b for inhibitor 5 of B-ligand, c for inhibitor 8 of A-ligand and d for
inhibitor 8 of B-ligand
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Fig. 8.
The averaged structure from the last 1 ns MD simulation of MDM2/5 complex
superimposed with the averaged structure of MDM2/8 complex
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Fig. 9.
Comparison between the calculated (ΔGbind) and the experimental (ΔGexp) binding free
energies estimated from Ki: a A-ligands and MDM2 complexes; b B-ligands and MDM2
complexes
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Fig. 10.
Decomposition of ΔGinhibitor-residue on a per-residue basis for the MDM2/5 and MDM2/8
complex. The residues with interaction energy larger than 1 kcal/mol are labeled, the two
residue Lys94 and His96 are also labeled
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Fig. 11.
Geometries of eight residues, which produce major interactions with inhibitor 8, are plotted
in the complex structure determined by the averaged structure from the last 1 ns MD
simulation. The hydrogen bonds are shown in dash line. Inhibitor 8 is shown in a stick
representation. The residues are shown in a line representation
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Fig. 12.
Superposition of the averaged structure of compound 8 to the p53 peptide conformation in
the crystal structure of p53 peptide conformation in complex with MDM2. Four residues,
Phe19, Leu22, Try23, and Leu26 in ball and stick representation. The compound 8 is
colored in green with stick representation
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Fig. 13.
The strarting structure of MDM2/8 complex (A) superimposed with the averaged structure
from the last 1 ns MD simulation of this complex (B)
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Table 2

Decomposition of ΔGvdw on inhibitor 8 and per-residuea

Residue SvdW BvdW TvdW

Leu54 −1.93 −0.24 −2.17

Phe55 −1.39 −1.09 −2.48

Gly58 −0.27 −2.1 −2.37

Gln59 −0.63 −0.9 −1.53

Ile61 −1.01 −0.23 −1.24

Met62 −1.39 −0.24 −1.64

Val93 −1.26 −0.65 −1.91

His96 −0.91 −0.32 −1.23

Ile99 −1.31 −0.13 −1.44

a
Energies shown as contribution from van der Waals energy (vdW) of side chain atom (S), backbone atom (B), and the sum of them (T). Energies

are in kcal/mol
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Table 3

Hydrogen bonds formed by oxygen atom of Leu54 with the nitrogen atom of inhibitor

System Occua Distanceb Angleb

4 99.73 2.874 161.18

5 99.93 2.869 162.18

6 99.2 2.91 160.86

7 99.67 2.883 159.81

8 98.8 2.848 162.50

10 97.40 2.893 160.93

a
% occup: to evaluate the stability and the strength of the hydrogen bonds

b
The hydrogen bonds are determined by acceptor…donor atom distance of less than 3.5 Å and acceptor…H -donor angle of great than 120°
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