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Abstract

Molecular docking is widely used to obtain binding modes and binding affinities of a molecule to
a given target protein. Despite considerable efforts, however, prediction of both properties by
docking remains challenging mainly due to protein’s structural flexibility and inaccuracy of
scoring functions. Here, an integrated approach has been developed to improve the accuracy of
binding mode and affinity prediction, and tested for small molecule MDM2 and MDMX
antagonists. In this approach, initial candidate models selected from docking are subjected to
equilibration MD simulations to further filter the models. Free energy perturbation molecular
dynamics (FEP/MD) simulations are then applied to the filtered ligand models to enhance the
ability in predicting the near-native ligand conformation. The calculated binding free energies for
MDM2 complexes are overestimated compared to experimental measurements mainly due to the
difficulties in sampling highly flexible apo-MDM2. Nonetheless, the FEP/MD binding free energy
calculations are more promising for discriminating binders from nonbinders than docking scores.
In particular, the comparison between the MDM2 and MDMX results suggests that apo-MDMX
has lower flexibility than apo-MDM2. In addition, the FEP/MD calculations provide detailed
information on the different energetic contributions to ligand binding, leading to a better
understanding of the sensitivity and specificity of protein-ligand interactions.
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INTRODUCTION

Accurate characterization of ligand binding mode and affinity to a target receptor is essential
for rational drug design with optimized sensitivity and specificity. A receptor-ligand
complex structure provides atomic-level descriptions of molecular recognition between
them. However, it is often elusive to make quantitative correlations between protein-ligand
structures and their binding affinities. Therefore, various computational tools have become
crucial components in drug discovery projects, although accurate prediction of ligand
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binding mode and affinity remains challenging mainly due to protein’s structural flexibility
and inaccuracy of scoring functions.1,2

When a high-resolution structure of a protein target is available, molecular docking is a
typical choice to predict the bound-conformation of a given small molecule in the target. In
general, a ligand pose is finally selected in terms of a docking score that represents the
binding affinity. There are a number of docking programs currently available (e.g.,
AutoDock,3 AutoDock Vina,4 DOCK,5 FlexX,6 GLIDE,7 GOLD,8 ICM,9 Surflex10) and
new programs with advanced docking algorithms and scoring systems are constantly being
developed.

Many studies have evaluated the available docking programs to assess their ability in
reproducing a ligand pose close to that found in an X-ray structure. The docking programs
are able to reproduce ligand poses when a ligand is re-docked into a ligand-binding site
whose conformation was determined in the presence of the identical ligand (so-called
cognate-receptor docking). The best performing docking programs such as ICM and GLIDE
yielded the top scoring pose with root mean squared deviations (RMSDs) of less than 2.0 Å
for 72.1% and 69.1% of the tested complexes for cognate-receptor docking.11 Noncognate-
receptor docking, where a small molecule is docked into a receptor whose conformation was
determined without ligands or with a structurally different ligand, is more practical, but the
pose prediction accuracy is severely deteriorated. Widely-used programs typically show
about 20% success rates in noncognate-receptor docking,12 which results from difficulties in
incorporating receptor flexibility. The cognate- and noncognate-receptor docking results
indicate that the pose selection algorithms adopted in current docking programs can be
unsatisfactory in accurate prediction of near-native ligand poses, suggesting the need of
alternative approaches.

Free energy perturbation molecular dynamics (FEP/MD) simulations can be a promising,
alternative approach to quantitatively estimate absolute binding free energies of ligands with
explicit treatments of solvent and natural handling of protein flexibility.13,14 Nonetheless,
high computational costs of the FEP/MD method have impeded its wide application. In
order to tackle the computational cost issue, intermediate approaches have been utilized, in
which explicit solvent molecules are only considered in a small region of interest, and the
influence of the surrounding solvent is represented with an effective solvent-boundary
potential.15,16 In addition, to enhance the conformational sampling and to facilitate the
calculation convergence, various restraint potentials are applied for orientational,
translational, and conformational degrees of freedom of the ligand, and their biasing effects
are removed rigorously at the end of simulations. Indeed, recent calculations for some
benchmark sets have shown that the FEP/MD calculations based on crystal structures
reliably reproduced the experimental ligand binding free energies at moderate computational
costs.17–19 It is expected that the FEP/MD calculations could become a critical approach to
accurately predict binding affinities in drug design projects.

In this study, we propose an integrated computational protocol combining docking, pose
clustering, equilibration MD, and FEP/MD binding free energy calculations for accurate
characterization of ligand binding mode and binding affinity. To illustrate its efficacy, the
integrated approach is applied to the small-molecular-weight antagonists of MDM2 and
MDMX that inhibit the protein-protein interactions (PPI) between the transactivation
domain of p53 and MDM2/X (see MATERIALS AND METHODS for more information on
p53-MDM2/X interactions). Applying advanced computational methodologies to PPI-
inhibitor/receptor systems will be a valuable approach in PPI-based drug discovery fields
that are recently gaining more attention as new drug targets.20–22 In the following, the
computational methodologies and theory are first presented. Based on detailed comparisons
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of the calculated binding free energies with experimental measurements, the advantages and
disadvantages of current FEP/MD calculations as well as inherent differences in MDM2 and
MDMX protein dynamics are also discussed.

MATERIALS AND METHODS

Selection of test systems

The p53 protein acts as a transcription factor regulating a variety of genes involved in cell
cycle arrest, DNA repair, senescence, and apoptosis.22,23 Because p53 is an essential
mediator required for suppression of cancer development, its loss of function is involved in
many human cancers. The p53 pathway is inactivated by MDM2 and its close homolog
MDMX proteins through direct binding between the transactivation domain of p53 and
MDM2 or MDMX.23 In addition, MDM2 induces p53 ubiquitination and thus promotes p53
degradation.24 It has been known that MDMX acts independently, but functions as an
integral complex with MDM2 in p53 control.25 The crystal structures of MDM2 and
MDMX in complex with a helical peptide from the transactivation domain of p5326,27 have
revealed that MDM2 and MDMX possess a relatively deep hydrophobic pocket that is
occupied primarily by three side chains from the p53 helix. Recently, low-molecular weight
antagonists of MDM2 and MDMX with biologically potent activity have been reported
along with their structures.28–31

All available crystal structures of MDM2 and MDMX in complex with small ligands were
taken from the Protein Data Bank (PDB, http://www.rcsb.org/pdb). The collected set
consists of five MDM2 structures and one MDMX structure, each containing structurally
different ligands. We excluded MDM2 with MI-63-analog inhibitor (PDB entry: 3LBL)
because a part of the ligand structure was not determined. The crystal structures of MDM2
and MDMX with the p53 transactivation domain peptide were also taken from the PDB for
noncognate-receptor docking experiments. The final test set is listed in Table 1, and the
ligand structures in the test set are shown in Figure 1.

Molecular docking

AutoDock Vina4 was used for virtual ligand docking. Maestro32 was used to assign the bond
orders of the ligands and to add hydrogen atoms. Preprocessing of ligand and receptor
structures for the docking experiments was implemented using Raccoon.33 The cognate-
receptor docking experiments were performed within a cubic box with a length of 20 Å
centered at the geometric center of each ligand. For the noncognate-receptor docking
experiments, the receptor structures with the p53 transactivation domain peptide were first
superposed onto each protein-ligand structure, and the same box center as in the cognate
docking experiments was used. The ligand conformations extracted from the PDB files were
randomized to avoid the bias of ligand conformation sampling towards the experimental
structure during docking. Twenty independent docking runs were implemented with
different random seed numbers to obtain 400 pose decoys of each ligand docked into both its
cognate receptor conformation (cognate-receptor docking) and the p53-bound conformation
(noncognate-receptor docking).

Structure models and equilibration MD simulations

All MD simulations were carried out with the CHARMM program.34 The template input
files for equilibration MD simulations were generated through Quick MD Simulator in
CHARMM-GUI (http://www.charmm-gui.org/input/mdsetup).35

The CHARMM2236,37 and CHARMM General Force Field (CGenFF)38 were used for the
proteins and the ligands, respectively. The TIP3P model was used for explicit water
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molecules. All bonds involving hydrogen atoms were fixed with the SHAKE algorithm.39

The integration time-step was 2 fs. The van der Waals interactions were smoothly switched
off at 10–12 Å by a force-switching function, and the electrostatic interactions were
calculated using the particle-mesh Ewald method40 with a sixth-order B-spline interpolation
for a grid of 72 × 72 × 72. The initial structures were solvated in a 64 × 64 × 64 Å3 water
box with 150 mM KCl, and were minimized for 1,000 steps using the steepest descent
method followed by 1,000 steps using the adopted basis Newton-Raphson method. NVT
(constant volume and temperature) dynamics at 300 K was carried out for 100 ps to relax the
water molecules and ions with positional restraints on protein Cα atoms and ligand heavy
atoms with a harmonic force constant of 1.0 kcal/(mol·Å2). Starting from the equilibrated
structure, 300-ps CPT (constant pressure and temperature) dynamics at 300 K were carried
out without any restraints. The pressure was kept constant at 1.0 atm using the Langevin
piston method41 with a piston collision frequency of 20 ps−1. The temperature was held at
300 K with the Nose-Hoover thermostat.42 The average ligand structure of the last 100-ps
was used as the reference conformation to apply translation and conformation restraints to
the ligand for the FEP/MD calculations.

FEP/MD calculations

The FEP/MD calculations are based on the theory and protocol described previously.17–19

The current study is also based on input files generated by CHARMM-GUI Ligand Binder
(http://www.charmm-gui.org/input/gbinding), which provides the standardized FEP/MD
inputs for protein-ligand absolute binding free energy calculations. The theory and protocol
for the FEP/MD calculations used in this study are briefly described in the Supporting
Information.

To reduce the system size of the FEP/MD simulations, the generalized solvent boundary
potential (GSBP)16 and the spherical solvent boundary potential (SSBP)15 were used for the
FEP/MD calculations in the binding site and the bulk solution, respectively. The radius of
the spherical inner region of GSBP and SSBP was set to 18 Å from the center of mass of
each ligand, which was at least 10 Å larger than the extents of each ligand. In the current
scheme, the FEP/MD calculations are divided into 137 independent simulations (see
Supporting Information) and we carried out 10 cycles of each simulation for better
convergence. Each cycle consisted of 10-ps equilibration and 100-ps production for
repulsive, dispersive, and electrostatic contributions, 10-ps equilibration and 40-ps
production for translational/rotational contributions, and 100-ps production for ligand
conformational contribution. Each cycle was started using the last coordinates of the
previous cycle with random initial velocities. The free energy values and the errors were
presented using the average and the standard deviation of the last five cycles, respectively.

RESULTS AND DISCUSSION

Optimizing initial pose-selection method

Many docking programs use various clustering methods to reduce the number of similar
decoy conformations generated from docking calculations. In this study, we examined four
different clustering/pose-selection methods to obtain a minimal number of most probable
docking models (poses) for subsequent equilibration MD simulations and the FEP/MD
calculations.

Method 1—Top N poses are selected from decoy conformations sorted by their scores
without clustering.
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Method 2—Decoy conformations are clustered by the average linkage clustering
algorithm43 using an RMSD tolerance value of 2 Å and then sorted by the best docking
score of each cluster. Top N poses are selected from the best-scored pose in each of the top
N clusters.

Method 3—Decoy conformations are clustered by the same algorithm as in Method 2 and
then sorted by the cluster size. Top N poses are selected from the best-scored pose in each of
the top N clusters.

Method 4—Decoy conformations are clustered by the same algorithm as in Method 2 and
then sorted by the cluster size. Top N poses are selected from the centroid pose in each of
the top N clusters.

The performance of each pose-selection method is summarized in Table 2. For N = 1, in the
cognate-receptor docking experiments, Methods 1 and 2 based on the best-scored poses
yielded native-like ligand conformations with RMSDnat below 2.0 Å except for ligand X-1
(see Table 1 for system names); RMSDnat represents the RMSD of a docked ligand from its
native pose. For the noncognate-receptor docking, however, both methods failed to yield a
pose with an RMSDnat below 2.0 Å for T-4 and X-1. This result indicates the difficulties in
obtaining proper rank ordering based on the docking score, particularly when a noncognate-
receptor conformation is used for docking experiments. While it has been documented that
near-native poses can be well mimicked from the best-scored pose within the largest cluster
of docking decoys (Method 3),44 our results show that for the MDM2/X complexes, the
best-scored pose in the largest cluster did not present near-native poses. The average
RMSDnat were 6.25 and 5.70 Å for cognate- and noncognate-receptor docking, respectively.
Similarly, the centroid poses of the largest cluster (Method 4) did not correspond to any
near-native poses.

When multiple top N models were used for the performance comparison, the best ligand
RMSDnat from Methods 1 and 2 gradually decrease as the number of top N models
increased. In contrast, when the cluster size was used for sorting (Methods 3 and 4), the
ligand RMSDnat remain constant after selecting the top five poses. In addition, when the
centroid conformations of the most populated clusters (Method 4) were used as a
representative model, the average RMSDnat is the lowest for cognate-receptor docking and
comparable to Methods 2 and 3 for noncognate-receptor docking. With the top five poses
selected by Method 4, nine out of 10 targets were predicted with ligand RMSDnat below 2
Å. The only target whose near-native pose was not predicted was the X-1 ligand docked into
the noncognate MDMX conformation. Among all 400 decoys from X-1 noncognate-receptor
docking, the smallest RMSD was 4.11 Å, indicating a potential issue of the docking program
in predicting a near-native ligand pose despite slight structural deviation from cognate-
receptor45,46 (binding-site Ca RMSD = 0.59 Å between cognate- and noncognate-receptor
structures). Explicit incorporation of receptor flexibility during the docking calculation is an
approach to tackle this problem, although it is computationally very expensive. Another
approach is to use the low-resolution model of ligand and receptor to tolerate the structural
deviation. However, accounting for receptor flexibility during ligand docking remains
challenging.47

Ligand stability as a descriptor for pose-selection

The top five models of each target obtained from the docking and clustering (Method 4)
were further filtered in terms of the structural stability of the bound ligand during
equilibration MD simulations. Two representative plots are shown in Figure 2A to illustrate
the relationship between the ligand stability during the equilibration MD and the RMSDnat.
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For a model structure whose ligand has a near-native pose (RMSDnat = 0.20 Å), the ligand
RMSD from the initial docked pose (RMSDMD) remained small during the equilibration
MD. In contrast, an incorrectly docked pose (RMSDnat = 7.15 Å) immediately started to
drift away from its initial position after the positional restraints on the ligand’s heavy atoms
were removed at 100 ps. The results suggest that the smaller RMSDMD during short
equilibration MD simulations can be a representative feature of stable receptor/ligand
complexes. To quantify the ligand stability, we measured the average ligand RMSDMD from
the last 100-ps equilibration MD trajectory. For the crystal structures, the average RMSDMD
were below 2.0 Å with the minimum value of 0.89 Å and the maximum value of 1.93 Å
(Figure 2B). Based on this observation, we have determined an RMSDMD of 2.0 Å as a
cutoff value to filter the five models obtained from the docking and clustering (Method 4).

Filtering by the RMSDMD cutoff downsized the number of candidate ligand poses by 48%
(Table 3). In particular, all near-native ligand poses of each system are included in the
selected models, except the case of the noncognate receptor docking of ligand X-1 in which
a ligand conformation of RMSDnat below 2.0 Å was not sampled from the docking
calculations. The filtering performance by RMSDMD in selecting near-native poses among
docking decoys was compared to that by the docking score (Figure 3). When a maximum
docking score (−6.9 kcal/mol) was used as a cutoff value to encompass all the near-native
poses, the number of selected poses was 33 out of 50 (66%). In contrast, when a maximum
RMSDMD (1.69 Å) was used as the cutoff value (to be consistent with the maximum
docking score cutoff of −6.9 kcal/mol), 18 poses (36%) were selected. This result indicates
that docking poses filtered by RMSDMD is an efficient approach to improve the accuracy of
near-native pose prediction.

Performance of FEP/MD calculations on binding mode prediction

The absolute ligand binding free energies calculated by FEP/MD were considered for final
selection of the near-native poses from the model complexes obtained from RMSDMD
filtering. The final near-native pose in each system was chosen as a pose with the most
favorable binding free energy. The results in Table 3 indicate that the binding free energy is
a useful descriptor to discriminate near-native poses from docking decoys. Among the nine
docking systems, the near-native poses were successfully predicted for eight systems. In the
cognate-receptor docking of ligand T-4, the binding free energy of the near-native pose was
slightly more unfavorable than that of the incorrect docking pose with RMSDnat of 5.41 Å.

As shown in Figure 4, the conformations of the two poses are very similar except that their
4-chlorobenzyl and benzene rings have opposite orientations centered on 6-chloroindole.
When the sum of the repulsive and dispersive contributions (ΔΔGrep+ ΔΔGdis) for each
pose was compared, the difference was slight: −26.0 and −25.3 kcal/mol for the near-native
and the non-native poses, respectively. This result illustrates that the two poses have similar
contacts with the receptor and the unsuccessful prediction may arise mainly from the
inaccurate assignment of the atomic partial charges of the ligand. In this study, we used the
CGenFF partial charges without further optimization, but more accurate partial charges can
be obtained from more expensive quantum calculations. Restricted sampling of ligand/
receptor conformations in the current FEP/MD simulations may also be a cause of the
inaccuracy (see the “Conformational flexibility of MDM2” section below). In addition, it
should be noted that the standard deviations of the last five FEP/MD cycles are high and,
therefore, the relative rankings between these two poses based on the free energy are not
statistically significant.
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Overview of pose-selection approach used in this study

Based on the results described so far, we propose an integrated approach of MD simulation
with docking to predict near-native ligand pose (Figure 5). First, a large number of pose
decoys are generated by docking calculations. All ligand conformations are clustered using
an RMSD tolerance value of 2 Å. The five largest clusters are selected and then each
cluster’s centroid is subjected to short equilibration MD simulations in a fully solvated
system (400 ps in this study). The average ligand RMSDMD is calculated using the MD
trajectories (the last 100-ps trajectory in this study). Among the five models, the models
showing the average ligand RMSDMD of ≤ 2 Å are used for absolute ligand binding free
energy calculations using the FEP/MD method (in a reduced system using GSBP/SSBP in
this study; see Supporting Information for details). The FEP/MD calculations are started
from the last configuration of the equilibration MD simulation. The final ligand-binding
mode is determined in terms of the calculated binding free energies.

Docking scores and ligand stability for binding mode prediction

In AutoDock Vina, the docking score is the predicted binding affinity in kcal/mol. Table 3
shows that the docking score without further filtering by RMSDMD appears not to be a good
descriptor for discriminating near-native poses from decoys (see also Figure 3). The lowest
docking scores corresponded to the lowest RMSDnat for only six out of 10 systems tested.
However, the filtering by RMSDMD improved the ability of the docking score in prioritizing
the near-native pose (nine out of 10), indicating that considering ligand stability during
equilibration MD in combination with the docking score can be a potential descriptor for
near-native pose-selection. For the T-4 cognate-receptor case, in which the FEP/MD
calculations were not able to predict the near-native pose, a model having both smaller
average ligand RMSDMD and docking score corresponded to the near-native pose. The
results suggest that the integrated evaluation of RMSDMD and docking scores with ligand
binding free energies by FEP/MD can improve the ability of pose selection.

Performance of FEP/MD calculations in discriminating binders from nonbinders

A goal of virtual screening experiments is to downsize the compound library through
discrimination between molecules that bind to the target protein (binders) and molecules that
do not bind to the target protein (nonbinders). Figure 6 shows a relationship between the
docking score and the calculated absolute binding energy for near-native and non-native
poses. Producing points close to the diagonal line indicates that the method is not able to
discriminate near-native poses from non-native poses. The result shows that there are more
targets far below the diagonal line, and the energy gaps between near-native and non-native
poses are larger in the FEP/MD calculations than in docking calculations. This clearly
demonstrates that the binding free energies calculated by FEP/MD are more sensitive to the
structural differences of the ligands at the binding site than the AutoDock Vina score,
implying a higher potential of the FEP/MD calculation for discriminating binders from
nonbinders. Malmstrom and Watowich evaluated free energy rescoring by the FEP/MD
calculations for a small T4 lysozyme L99A control set, showing that the screening set was
highly enriched when the absolute binding free energies were used to rank the library
compounds instead of the AutoDock docking scores.44 Their results are in good agreement
with our analysis.

Conformational flexibility of MDM2

To evaluate the prediction accuracy of binding affinity by the FEP/MD calculations, the
binding free energies ( ) for the crystal structures and the docking models with a near-
native ligand pose were compared with experimental measurements in Table 4. The
calculated binding free energy for the MDMX/X-1 crystal structure was similar to the
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experimental value, but most calculated free energies for MDM2 systems were
overestimated. It has been known that the FEP/MD calculations are largely affected by
structural difference, and thus accurate starting structures are necessary to precisely
calculate the binding free energies. In general, the binding free energy calculated for model
structures poorly correlated with the experimental measurements, compared to those from
crystal structures.18,44 Nevertheless, our results show that the absolute binding free energies
calculated by FEP/MD are much more favorable than experimentally measured values
particularly for the MDM2/ligand complexes.

Uhrinova et al. determined the solution structure and dynamics of apo-MDM2 using nuclear
magnetic resonance (NMR) techniques.48 Figure 7A is an overlaid structure of a holo-
MDM2 with the ensemble of the apo-MDM2 structures, showing that the apo-form is
conformationally mobile and has a narrower ligand-binding groove. The compact binding
pocket of the apo-form can also be clearly observed from the surface structures between
apo- and holo-form in Figure 7B. The apo-MDM2 structure reveals the nature of the
conformational changes in MDM2, i.e., an expansion of the ligand-binding groove upon
ligand binding. Two pseudo-symmetrically related sub-domains are rearranged, resulting in
outward displacements of the secondary structural elements that comprise the walls and
floor of the ligand-binding region. This structural change opens the binding site groove and
exposes the deeper hydrophobic residues. MDM2 also becomes more rigid and stable upon
ligand binding.48 The energy needed for such conformational changes and the entropy loss
resulting from the rigidity upon ligand binding will make the ligand binding free energy
unfavorable. This observation strongly implies that the overestimation of the absolute
binding free energies by FEP/MD may mainly result from inefficacy in sampling highly
flexible apo-MDM2 due to the restriction of receptor atom movements by GSBP and short
simulation time for free energy calculations starting from holo-MDM2. A previous study by
Deng and Roux had also observed the favorable free energy caused by structural differences
between holo- and apo-form in the FEP/MD calculations of aromatic molecules in the T4
lysozyme L99A mutant.17

To elucidate the origin of the overestimated free energies, we first evaluate the effect of
binding pocket hydration. The current simulations do not reflect the changes in the hydration
state of the binding pocket during the free energy calculation. This is due to the inability of
the GSBP method to adjust the system volume and the number of water molecules during
the FEP/MD calculations. To accurately account for the hydration state during the free
energy calculations, we incorporated the grand canonical Monte Carlo (GCMC) algorithm49

into the FEP/MD calculation protocol for a MDM2 crystal structure in complex with ligand
T-1. For the repulsive, dispersive, and electrostatic stages of every window, water molecules
within the GSBP sphere were constructed by 5 cycles of a GCMC/MD run (10,000 MC
steps followed by 4-ps MD). The MC steps include rigid body translation, rotation, and
GCMC insertion/deletion of water molecules, allowing the number of water to fluctuate
during the FEP calculations. The results are summarized in Table 5. The repulsive
contribution in the binding site became less favorable when better hydration was achieved
by GCMC, whereas the dispersive contribution became more favorable. The electrostatic
contribution remained comparable to that without GCMC. The overall change in the final
absolute binding free energy became less favorable because of the increased repulsive
energy, but the magnitude is not large due to an offset by the dispersive energy. These
results demonstrate that the changes in the hydration state of the binding pocket during the
FEP calculations are not the main factor of the too-favorable free energies.

A straightforward way to remove all the limitations caused by the reduced system (GSBP/
SSBP) is to run the FEP/MD calculation with fully solvated protein using the traditional
periodic boundary conditions (PBC), though this approach needs much more computational
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resources (~13 times more CPU time for our benchmark systems; each cycle took about 2.5
hours for each of 137 FEP/MD simulations in the reduced systems, but about 32 hours in the
fully solvated systems on a single 2.33 GHz processor). The FEP/MD results from the
MDM2/X crystal structures using the reduced system and the fully solvated system (PBC)
are summarized in Table 6. Similar to the case in the reduced system, the calculated free
energy for MDMX/X-1 using the fully solvated system was comparable to the experimental
value. The free energy difference between calculated and measured values was 0.71 kcal/
mol (GSBP/SSBP) and 1.63 kcal/mol (PBC, Run 6–10 column in Table 6). While the
calculated free energies for the MDM2 systems were still more favorable than the
experimental values, the FEP/MD simulations with PBC substantially ameliorated the
problem with the too-favorable free energies from the reduced system. The average free
energy difference of the MDM2 crystal structures (from T-1 to T-4) was 8.68 kcal/mol
(GSBP/SSBP) and 2.56 kcal/mol (PBC, Run 6–10 column in Table 6). We performed longer
simulations with PBC, i.e., 30 cycles FEP/MD calculations, aiming to obtain binding free
energies closer to the experimental measurements, in particular for the MDM2 systems (Run
21–30 column in Table 6). However, significant improvement was not observed, indicating
that the simulation protocol is still not enough for the efficient sampling of highly flexible
receptor during free energy calculation. Accelerated MD simulation techniques can be an
approach to improve conformational sampling.50 Taken together, these results show that the
fully solvated system, which allows the receptor to be fully flexible, makes the calculated
free energy unfavorable compared to the reduced system. It also demonstrates that the
highly favorable free energies obtained from the FEP/MD calculations using the reduced
system mainly results from the restricted dynamics of the receptors.

Conformational flexibility of MDMX

Currently, no experimental apo-structure of MDMX has been reported. Joseph et al. carried
out MD simulations to differentiate binding of p53 and nutilin to MDM2 and MDMX.51

They showed that apo-MDMX has lower flexibility than apo-MDM2, based on the principle
component analysis using MD trajectories. Their conclusion supports our FEP/MD results
that in contrast to MDM2, structural and dynamic changes of MDMX upon ligand binding
are minimal and the calculated ligand binding free energies in both reduced and fully
solvated systems are not significantly different.

To further validate this observation, we calculated the absolute binding free energy of a
model complex of T-4 ligand bound to MDMX. There is no experimental structure of the
MDMX/T-4 complex. To generate the MDMX/T-4 complex model, we modified the ligand
X-1 in the MDMX crystal structure by removing the N,N-dimethylaminopropyl pyrrolidine
part of the ligand and adding an oxygen atom to form a carboxyl group at the end of the
removed part (see Figure 1 for T-4 and X-1 ligand structures). The structure of the modified
X-1 ligand is identical to that of ligand T-4. Therefore, assuming that ligand T-4 shares a
similar binding mode as in MDMX/X-1, the prepared complex structure is MDMX in
complex with ligand T-4, and named X-2. The calculated free energy of system X-2 (with
MDMX) in Table 4 is much less favorable than that of system T-4 (with MDM2) and
comparable to the experimental value. This result indicates that the solution dynamics of
apo-MDM2 and apo-MDMX is different, and changes in structure and dynamics between
apo- and holo-MDMX are not as large as in MDM2.

Free energy decomposition from FEP/MD calculations

The FEP/MD calculations are also useful in dissecting the total binding free energy with
various contributions. The free energy decomposition in Table 4 shows that net
contributions from the repulsive (ΔΔGrep) and dispersive (ΔΔGdis) interactions are
dominant for all systems, whereas there is a small or unfavorable electrostatic free energy
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contribution (ΔΔGelec). This suggests that the free energy change upon ligand binding to
MDM2/X arises mainly from hydrophobic interactions.

In addition, a comparison between systems T-4 crystal and X-2 model provides the different
energetic contributions between MDM2 and MDMX. All the nonbonded energy
contributions in X-2 were less favorable than those in T-4. The less favorable dispersive and
repulsive contributions (ΔΔGX-2 − ΔΔGT-4 = 3.03 kcal/mol) indicate that K23 ligand has
less shape complementarity within the MDMX binding site (system X-2) compared to the
MDM2 site (system T-4). In addition, the difference in the electrostatic free energy
contributions between X-2 and T-4 (ΔΔGX-2 − ΔΔGT-4 = 4.10 kcal/mol), which results
from less electrostatic complementarity at the K23/MDMX interface, further aggravates the
tight binding of the ligand to the protein. This may explain why most ligands with high
affinity to MDM2 do not bind to MDMX, despite small differences in the overall structures
between MDM2 and MDMX.31,52 It also should be mentioned that our decomposition
analysis needs to be interpreted with care because the individual contributions to the overall
free energy are dependent on the chosen integration path.53

CONCLUSIONS

In this study, we have evaluated the performance of the FEP/MD calculations, mainly
focusing on its applications to obtain a near-native ligand pose and to predict binding
affinity for the small-molecule antagonists of MDM2 and MDMX. An integrated
computational protocol combining docking, pose clustering, equilibration MD simulations,
and FEP/MD calculations is proposed to reliably predict near-native poses. Pose decoys
obtained from docking, which is computationally least expensive, are subjected to clustering
analysis, and then the centroid models of the most populated clusters are selected. The
selected docking models are filtered in terms of the structural stability of a ligand bound to a
receptor during equilibration MD simulations. Absolute ligand binding free energies of the
remaining models are calculated by the FEP/MD calculation, which is computationally most
expensive, for the selection of a final model. This approach enhances the ability in
predicting the near-native ligand conformation from the docking decoys. In particular, the
energy gaps between near-native and non-native poses are larger in the FEP/MD
calculations than those in docking scores, illustrating high sensitivity in recognizing ligand
structures fitting into the binding pocket. This implies the potential of the FEP/MD
calculation in discriminating binders from nonbinders.

A comparison of the calculated binding free energies to the experimental measurements is
described to illustrate the advantages and disadvantages of the current FEP/MD calculations
for MDM2/X inhibitors. The absolute binding free energies calculated for the MDM2
complexes are too favorable. Based on (i) a comparison between apo- and holo-structure, (ii)
simulation results from GCMC solvation and FEP/MD with PBC, and (iii) previous studies,
we suggest that such too-favorable binding energies result from inefficacy of FEP/MD in
sampling highly flexible MDM2 conformations. In contrast, the free energies calculated for
MDMX are comparable to the experimental measurement. These results imply that changes
in the structure and dynamics of apo-MDMX upon ligand binding are not as large as those
of MDM2, indicating significantly different solution dynamics between apo-MDM2 and
apo-MDMX.

The FEP/MD calculations with the reduced system using GBSP/SSBP boundary potentials
introduce intrinsic (unpredictable) errors due to many approximations adopted in the system,
and thus care in choosing several parameters is often required. Absolute ligand binding free
energy calculations using PBC instead of GSBP/SSBP can naturally remove such
ambiguous errors and thus improve the calculation accuracy. However, this approach is still
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computationally too expensive to apply to a large number of complex structures, and
efficient conformation sampling of highly flexible receptor is still challenging. While the
FEP/MD simulations with PBC will be a standard approach with increasing computing
power and advanced sampling methods, a careful usage of GSBP/SSBP-based reduced
system would increase the application of FEP/MD to a large number of protein-ligand
complexes.

An important feature of the FEP/MD calculations is to provide detailed information on the
energetic contributions of ligand binding, leading to better understanding on the origin of
molecular recognition. The MDM2/X inhibitors bind to the receptor mainly by hydrophobic
interactions. MDMX ligand has less shape complementary match with the MDM2 binding
site, and in particular, the unfavorable electrostatic free energy significantly weakens the
binding affinity in MDMX. This provides the molecular basis of why most MDM2 ligands
are not effective to MDMX, despite the structural homology of these two proteins.

The computational methods presented here could be a promising approach to predict the
binding modes of ligands that are experimentally verified to bind to a target protein in the
absence of an experimental complex structure. It also could be useful for lead optimization.
The application of the combined methods for virtual screening is also encouraging. For the
virtual screening purposes, however, further optimization of the methods (e.g., the number
of pose decoys from docking, the simulation time of equilibration MD, the number of cycles
of FEP/MD calculation) is needed to minimize the computational cost. FEP with replica-
exchange MD simulations can be performed to improve the sampling and thus reduce the
number of cycles of the free energy calculations.54 Our methods may be still
computationally demanding for the calculations of many compounds. One possible solution
could be to improve efficacy in discriminating binders from a compound set downsized by
conventional virtual screening procedures.

(kcal/mol): absolute ligand binding free energy by FEP/MD.
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Figure 1.
Ligand structures used in this study (Table 1): IMZ in system T-1 (PDB:1RV1), DIZ in
system T-2 (PDB:1T4E), YIN in system T-3 (PDB:3JZK), K23 in system T-4 (PDB:3LBK),
and WW8 in system X-1 (PDB:3LBJ).
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Figure 2.
Structural stability of a ligand bound to a receptor during equilibration MD simulations. (A)
Representative plots of ligand RMSD changes from an initial docked pose as a function of
simulations time for near-native pose (RMSD from native pose, RMSDnat = 0.20 Å) and
incorrectly docked pose (RMSDnat = 7.15 Å). These plots were prepared from the
simulation results for T-3 cognate-receptor docking models. (B) Average ligand RMSDs
from the native conformations during last 100-ps simulations (RMSDMD) for the crystal
structures.
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Figure 3.
(A) Comparison of the AutoDock Vina docking score with RMSDs of docked ligands from
the native structure (RMSDnat). (B) Comparison of average ligand RMSDs from the initial
docked poses during last 100-ps equilibration MD (RMSDMD) with RMSDnat. The tested
poses in Table 3 are classified into near-native poses (filled circles) and non-native poses
(open circles).
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Figure 4.
Ligand conformations in the two models selected by the calculated binding free energies for
T-4 cognate-receptor docking: (A) non-native pose (RMSDnat = 5.41 Å) and (B) near-native
pose (RMSDnat = 0.59 Å).
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Figure 5.
Overview of the proposed pose-selection approach.
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Figure 6.
Relationship between docking scores and FEP/MD binding free energies for near-native and
non-native poses. Each data point in the plot represents a pair of docking scores (or free
energy by FEP/MD) for near-native and non-native poses in a system. In the case of T-3
cognate-receptor docking (Table 3), for an example, two pairs can be generated from three
docking poses (near-native pose + two non-native poses) selected by RMSDMD filtering.
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Figure 7.
Structural difference between apo- and holo-form of MDM2. (A) An ensemble of the apo-
MDM2 structures (PDB:1Z1M) are superposed onto a holo-MDM2 in complex with IMZ
(PDB:1RV1). The apo-MDM2 and the holo-MDM2 structures are shown as line and cartoon
representations, respectively. (B) Surface representations of holo- and apo-MDM2
conformations. For the apo-conformation, model 1 in the NMR ensemble structures was
used.
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