
©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

 Extra Views

www.landesbioscience.com	 Cell Cycle	 3727

Cell Cycle 12:24, 3727–3735; December 15, 2013; © 2013 Landes Bioscience

Extra Views Extra Views Extra Views

The stereoselective affinity of small-
molecule binding to proteins is 

typically broadly explained in terms of 
the thermodynamics of the final bound 
complex. Using Brownian dynamics 
simulations, we show that the prefer-
ential binding of the MDM2 protein 
to the geometrical isomers of Nutlin-3, 
an effective anticancer lead that works 
by inhibiting the interaction between 
the proteins p53 and MDM2, can be 
explained by kinetic arguments related 
to the formation of the MDM2:Nutlin-3 
encounter complex. This is a diffu-
sively bound state that forms prior to 
the final bound complex. We find that 
the MDM2 protein stereoselectivity for 
the Nutlin-3a enantiomer stems largely 
from the destabilization of the encounter 
complex of its mirror image enantiomer 
Nutlin-3b, by the K70 residue that is 
located away from the binding site. On 
the other hand, the trans-Nutlin-3a dia-
stereoisomer exhibits a shorter residence 
time in the vicinity of MDM2 compared 
with Nutlin-3a due to destabilization of 
its encounter complex by the collective 
interaction of pairs of charged residues 
on either side of the binding site: Glu25 
and Lys51 on one side, and Lys94 and 
Arg97 on the other side. This destabili-
zation is largely due to the electrostatic 
potential of the trans-Nutlin-3a isomer 
being largely positive over extended con-
tinuous regions around its structure, 
which are otherwise well-identified into 
positive and negative regions in the case 
of the Nutlin-3a isomer. Such rich insight 
into the binding processes underlying 

biological selectivity complements the 
static view derived from the traditional 
thermodynamic analysis of the final 
bound complex. This approach, based on 
an explicit consideration of the dynamics 
of molecular association, suggests new 
avenues for kinetics-based anticancer 
drug development and discovery.

Introduction

Symmetry is an important feature 
of biological systems, particularly at the 
molecular level.1-4 A given topological con-
figuration of a molecule can be identical in 
terms of composition, but can differ in its 
3-dimensional structure in terms of spa-
tial symmetry characteristics. In a chemi-
cal context, these structures are denoted as 
stereoisomers and may be broadly placed 
into 2 groups: enantiomers and diastereo-
isomers.5-7 The stereochemistry of small 
molecules is key to their chemical reactiv-
ity and biological function.8-10

Interestingly, the stereochemical 
nature of drug molecules has been largely 
neglected in drug development strategies, 
with approximately 25% of marketed 
drugs11 being generally racemates of syn-
thetic chiral compounds, i.e., mixtures of 
stereoisomers rather than single chemical 
entities. Use of racemates as drugs can 
have several drawbacks in terms of adverse 
side effects and dosage.12 However, the 
increasing availability of single-enantio-
mer drugs promises to provide clinicians 
with safer, better-tolerated, and more effi-
cacious medications for treating patients.13 
For example, use of racemic dopa for the 
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treatment of Parkinson disease results in 
a number of adverse effects, including 
nausea, vomiting, anorexia, involuntary 
movements, and granulocytopenia.14 In 
contrast, use of pure L-dopa isomer results 
in a reduction both in the dose required 
and in the number of patients experienc-
ing adverse side effects.15

Recently, Nutlins (cis-4,5-Diaryl-
2-imidazolines; Fig.  1A and B) have 
been shown to have potential to be devel-
oped as potent anticancer drug candi-
dates.16-20 Nutlins disrupt the binding of 
the E3-ligase MDM2 protein to the pro-
apoptotic transcription factor p53, result-
ing in the activation of apoptotic pathways 
in cancer cells.21 The corresponding trans-
Nutlins (trans-4,5-Diaryl-2-imidazolines; 
Fig. 1C and D), however, have been found 
to inhibit the anti-apoptotic transcription 
factor NFkB concurrent with induction of 
programmed cell death, thus inhibiting 
anti-apoptotic pathways.22 The enhanced 
efficacy of the cis-diastereisomer as an 
anticancer drug, compared with its trans 

isomer, has been confirmed by NMR-
based screening.23,24 Due to the asymme-
try at the 4,5 diaryl substituent positions, 
each of the cis and trans isomers exists as a 
racemic mixture.

The different variants of Nutlin 
(Nutlin-1, Nutlin-2, and Nutlin-3)19 
assume similar binding modes when com-
plexed to the MDM2 protein as revealed 
by X-ray crystallography19,25 and NMR.26 
Nutlin-3 is the most biologically active 
among the Nutlin variants and is cur-
rently undergoing phase-I clinical trials as 
an anticancer lead candidate.20 Nutlin-3a 
is a Nutlin-3 enantiomer, (−)-Nutlin-3, 
that is 150-fold more potent as an inhibi-
tor of p53-MDM2 interactions than the 
other enantiomer, (+)-Nutlin-3, widely 
known as Nutlin-3b.27 The designation 
of the Nutlin-3 enantiomers as Nutlin-3a 
and Nutlin-3b is based on the order of 
their peaks in chiral purification of race-
mic Nutlin, and the absolute configura-
tion of the active Nutlin-3a enantiomer is 
largely not known.28 Due to the lack of a 

crystal structure of Nultin-3 in complex 
with MDM2, the configuration of the 
Nutlin-2 enantiomer (Nutlin-3 analog 
with the 4-[S],5-[R]-imidazoline stereo-
chemistry) bound to the MDM2 protein,19 
is commonly adopted as the active enan-
tiomer in computational studies.29-31

The ability of proteins to discriminate 
between optical isomers is vital for living 
systems and is therefore exploited in drug 
design.32,33 The stereospecificity of drug 
optical isomers viz. enantiomers, is usu-
ally explained on the basis of a 3-point 
attachment model34 assuming a flat bind-
ing surface, or a 4-location model35 for a 
more general binding mode. Both of these 
models employ thermodynamic argu-
ments in order to explain the favorable 
binding of one optical isomer relative to 
the other.

Thermodynamic arguments have been 
widely used to rationalize the relative 
binding characteristics of molecular struc-
tures.36 Indeed, the thermodynamic bind-
ing affinity is well established as the key 
biophysical parameter driving drug devel-
opment. This thermodynamic approach 
implicitly assumes closed-system condi-
tions, in which the target is exposed to an 
invariant concentration of the drug, and 
equilibrium is assumed.37-40 However, in 
vivo conditions are very different, as the 
drug concentration is no longer invari-
ant due to factors such as circulation, 
absorption, metabolism, and interaction 
with other cellular constituents.39 Under 
these conditions, it is becoming increas-
ingly clear that the kinetics of drug bind-
ing, as measured by the association and 
dissociation rate constants (k

on
 and k

off
) of 

drug-target interactions are of significant 
relevance to biological activity.39,41 For 
example, the development of resistance 
in EGFR has been associated with altered 
kinetics,42 while p53 DNA site-specific 
recognition was found to rely more on 
differences in the kinetic off-rate rather 
than on differences in thermodynamic 
affinities of binding.43 These observa-
tions, among others, have led a number 
of recent studies to stress a greater role 
for drug binding kinetics in therapeutic 
differentiation strategies,44 thereby miti-
gating off-target mediated toxicity and 
leading to improved drug safety and tol-
erability.41 It is becoming clear that the 

Figure 1. Four Nutlin-3 geometrical isomers: (A) Nutlin-3a, (B) Nutlin-3b, (C) trans-Nutlin-3a, and 
(D) trans-Nutlin-3b. The 4 geometrical isomers arise from asymmetry at the C4 and C5 positions 
of the imidazoline ring, resulting in the enantiomeric pairs of isomers a and b, and isomers c and d
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off-rate k
off

 (or the drug-target residence 
time τ ~1/k

off
) is an important and perhaps 

crucial property for drug lead optimiza-
tion,37-39,41,45 thereby providing an alterna-
tive route to improving the therapeutic 
utility of a drug.44

In a previous work, we showed that 
the residence time of the drug protein 
encounter complex could be a crucial met-
ric for explaining the preferential binding 
of Nutlin and p53 to the MDM2 pro-
tein.46 In this work we focus on the ori-
gin of the difference in biological activity 
of the Nutlin-3 isomers. We employ the 
methodology we developed previously46 to 
show that the preferential activity of the 

Nutlin-3 geometrical isomers toward the 
MDM2 protein can be explained, for the 
first time, in terms of differential binding 
kinetics. We perform Brownian dynamics 
(BD) simulations of the Nutlin-3 isomers 
and identify their encounter complexes 
with the MDM2 protein. We then com-
pare the spatial densities of the diffusively 
bound ligands and their associated resi-
dence times to the known activity of the 
isomers. As a test of our hypotheses of the 
origin of differential binding, we perform 
mutations on the MDM2 protein in order 
to uncover the residues that are detrimen-
tal for the stereoselectivity of the MDM2 
protein toward the Nutlin-3 isomers.

Results and Discussion

The diffusion characteristics of the 
Nulin-3 isomers toward the MDM2 pro-
tein were probed using a large number 
of BD trajectories (50 000 trajectories). 
Because of the asymmetry at the C4 and 
C5 positions on the Nutlin imidazoline 
ring, it was necessary to carry out the BD 
simulations for 4 different Nutlin-3 iso-
mers (Fig.  1). Two of these isomers are 
enantiomers with a cis configuration at 
C4 and C5, which are widely known as 
Nutlin-3a and Nutlin-3b (Fig. 1A and B), 
while the other 2 are enantiomers of 
the trans isomer, which we will refer to 

Figure 2. Radial profiles of the residence time of (A) Nutlin-3a, (B) Nutlin-3b, (C) trans-Nutlin-3a, and (D) trans-Nutlin-3b isomers relative to the distance 
between the center of mass (COM) of the isomer and the center of mass of the MDM2 protein. The residence time profiles were spatially normalized 
by dividing the total residence time at a radius r by the spherical volume slab 4πr2 and then averaged over the total number of Brownian dynamics 
trajectories, N.
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throughout as trans-Nutlin-3a and trans-
Nutlin-3b (Fig. 1C and D).

Radial residence time profiles of 
the Nutlin isomers around the MDM2 
protein

Ligand residence time is increasingly 
being recognized as an important kinetic 
parameter that is directly related to bio-
logical activity in vivo.37,39-41,45 Analysis 
of the diffusion trajectories of each of the 
Nutlin isomers toward the MDM2 pro-
tein reveals that the radial residence time 
profiles (Fig.  2) of the 2 trans-Nutlin-3 
isomers are much lower than those of 
the cis isomers. The greater association 
of the cis isomers with MDM2 is con-
sistent with the observed higher activity 
of the cis isomers relative to their trans 
counterparts.23,24 The radial residence 
time profiles of the cis-isomers, however, 
shows that both Nutlin-3a and Nutlin-3b 
have very similar residence times around 

the MDM2 protein (verified by numeri-
cal integration of the radial residence time 
profiles).

Basins of attraction of Nutlin-3 iso-
mers around the MDM2 protein

Identification of diffusive binding sites
Previously,30,46 we showed how the 

ligand–protein encounter complex land-
scape can be partitioned into individual 
basins of attraction, defined as spatial 
regions that exhibit a higher rate of ligand 
association relative to the rate of ligand 
dissociation. Within the basins of attrac-
tion, the ligand experiences an enhanced 
residence time, such that they can be 
thought of as diffusive binding sites. The 
ligand receptor encounter complex is a 
precursor to any bound (non-diffusive) 
complex.47,48 Unlike the bound complex, 
the encounter complex is stabilized mainly 
by long-range ligand-receptor electrostatic 
interactions49 that dominate over other 

short-range interactions, such as van der 
Waals interactions and desolvation effects.

Nutlin-3a vs. Nutlin-3b
Comparison of the Nutiln-3a and 

Nutlin-3b behavior reveals that each 
of the isomers has 2 basins of attraction 
around the MDM2 protein with similar 
topography (Fig.  3A and B). However, 
there are differences: one of the basins of 
attraction of the Nutlin-3b isomer, the 
CTER basin, is more extended (relative 
to that of Nutlin-3a), with a taper toward 
the K70 residue and away from the Nutlin 
crystallographic binding site. This distinc-
tive difference offers a potential explana-
tion for the observed lower affinity of 
Nutlin-3b relative to Nutlin-3a27 by pro-
viding a route for ligand depletion50 away 
from the crystallographic binding site. 
Modeling the K70A mutation (Fig.  3D) 
results not only in the disappearance of 
the tapering end of the Nutlin-3b basin 
but, also, in the disappearance of the 
basin on the other side of the binding site, 
the NTER basin. This is suggestive of a 
flux between the 2 basins that is medi-
ated by K70 and signals a crucial role 
for this residue in channeling Nutlin-3b 
around the MDM2 binding site. In con-
trast, for Nutlin-3a, the K70A mutation 
leads to complementary behavior, with 
the disappearance of the CTER basin of 
attraction with no effect on the NTER 
basin of attraction—on the other side 
of the binding site (Fig. 3C). The K70A 
results reveal that Nutlin-3a and its mirror 
image Nutlin-3b assume different modes 
of interaction with the MDM2 protein 
and suggest that Nutlin-3b has a higher 
mobility between the basins of attractions, 
while Nutlin-3a is more localized. Further 
testing of this hypothesis requires going 
beyond the time-averaged results we pres-
ent here, to an extensive analysis of the 
dynamics of individual ligand trajectories 
(work in progress). 

Nutlin-3a vs. trans-Nutlin-3a
Inspection of the basins of attrac-

tion of Nutlin-3a and trans-Nutlin-3a 
isomers (Fig. 4A and C) reveals that the 
Nutlin-3a isomer forms 2 basins of attrac-
tion, the CTER and NTER basins, in the 
vicinity of the MDM2 binding site. The 
trans-Nutlin-3a isomer, however, shows 
only 1 basin of attraction, the NTER 
basin, in a location similar to its Nutlin-3a 

Figure 3. The basins of attraction of (A) Nutlin-3a and (B) Nutlin-3b enantiomers around the MDM2 
protein (yellow) (PDBid 1YCR). The basins of attraction around the K70A MDM2 mutant of Nutlin-3a 
and Nutlin-3b are shown in (C and D). The MDM2 protein and its mutants are shown in yellow and 
the K70 residue is shown in blue. The K70A mutation is shown in brown in (C and D). For reference, 
Nutlin bound to the MDM2 binding site is shown in cyan. The basin of attraction that appears on 
the LHS of these figures is referred to as NTER in the text; the one on the RHS is referred to as CTER.
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counterpart. Given the lack of any crys-
tallographic structure of trans-Nutlin-3a 
bound to the MDM2 protein, this is sug-
gestive that the NTER basin may not lead 
to the formation of a final bound com-
plex. In order to investigate this further, 
we performed a series of simulations that 
involve mutations of the MDM2 charged 
residues that are located nearby the basins 
of attraction of Nutlin-3a.

Nutlin-3a and trans-Nutlin-3a basins of 
attraction around mutant MDM2 proteins

Previously30 we showed that the Glu25 
and Lys51 residues are important determi-
nants of the topographical features of the 
electrostatic potential of the MDM2 pro-
tein that lead to channeling of Nutlin-2 (a 
close analog of Nutlin-3) directly toward 
the binding site through one of its basins 
of attraction (Fig. 4A; left column; NTER 
basin). Mutation of both Glu25 and Lys51 
to alanine leads to a diminishing of the 
basins of attractions of both Nutlin-3a 
and trans-Nutlin-3a. It is interesting that 
although the Glu25 and Lys51 residues lie 
at one side of the binding site, their muta-
tion leads to a diminishing of the 2 basins 
of attraction of Nutlin-3a, lying on 2 dif-
ferent sides of the binding site (Fig. 4A). 
The CTER basin of attraction, however, 
is in proximity to another pair of charged 
residues, Lys94 and Arg97 (Fig. 4A; left 
column; CTER basin), suggesting that 
interaction with these residues could be 
important for channeling Nutlin-3a and its 
trans isomer toward this basin. Mutation 
of Lys94 and Arg97 to alanine leads to the 
disappearance of both basins of attraction 
for Nutlin-3a and the appearance of only 
one basin of attraction, the NTER basin, 
for the trans-Nutlin-3a isomer (Fig. 4A). 
This indicates that Lys94 and Arg97 resi-
dues play a key role in stabilizing the chan-
neling of Nutlin-3a toward the MDM2 
binding site while destabilizing the chan-
neling of the trans-Nutlin-3a isomer. The 
origin of this behavior can be traced to the 
topography of the electrostatic potential of 
the 2 isomers. Inspection of the projection 
of the electrostatic potential of Nutlin-3a 
and its trans isomer (Fig. 5) reveals that the 
Nutlin-3a isomer exhibits a single broad 
and intense region of positive potential, 
while the trans-Nutlin-3a isomer exhibits 
2 connected regions of positive potential. 
The presence of these 2 regions of positive 

potential accounts for the destabilization 
of the trans isomer encounter complex by 
the positively charged Lys94 and Arg97 
residues.

Conclusion
Brownian dynamics simulations were 

used to probe the diffusional encounters 
of Nutlin-3 geometrical isomers with the 
MDM2 protein. Characterization was 
principally through decomposition of the 
encounter complex landscape into basins 

of attraction, representing diffusive bind-
ing sites.

Both Nutlin-3a and 3b exhibit 2 dis-
tinct basins of attraction (NTER, CTER) 
that are situated either side of the observed 
binding site. Nutlin-3b shows a long taper 
on one of its basins (CTER) that extends 
away from the binding site. This taper is a 
potential channel for ligand depletion and 
may account for the observed low affin-
ity of the Nutlin-3b enantiomer relative 

Figure  4. Basins of attraction (gray) of Nutlin-3a (left column) and trans-Nutlin-3a (right col-
umn) around: (A) wild-type MDM2, (B) MDM2 E25A/K51A, (C) MDM2 K94A/R97A, and (D) MDM2  
E25A/K51A and K94A/R97A. The MDM2 protein and its mutants are shown in yellow. In wild-type 
MDM2 (panel a) the E25, K51, K94 and R97 residues are shown in blue, red, green, and violet, respec-
tively. Upon mutation to alanine (B–D) these residues are shown in brown. For reference, Nutlin 
bound to the MDM2 binding site is shown in cyan (PDBid 1YCR).
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to Nutlin-3a. We found that the K70A 
mutation had a pronounced effect on 
this binding behavior, selectively remov-
ing a different basin of attraction for each 
ligand (CTER for Nutlin-3a and NTER 
for Nutlin 3b).

Analysis of the encounter complex for 
the trans-Nutlin-3a diasteroisomer reveals 
a diminished residence time relative to 
Nutlin-3a. This difference manifests in 
trans-Nutlin-3a exhibiting only 1 basin of 
attraction (NTER) in the vicinity of the 
binding site rather than the 2 exhibited by 
Nutlin-3a.

Double alanine mutations of pairs of 
charged residues on either side of the bind-
ing site reveal that MDM2 interaction 
with the trans-Nutlin-3a isomer (presence 
of NTER basin of attraction) is stabilized 
by the electrostatic influence of Glu25 and 
Lys51. For the Nutlin-3a isomer, mutation 
of either pair of charged residues destabi-
lizes its interaction with MDM2.

The picture that emerges is of a distribu-
tion of MDM2 surface residues, away from 
the binding site, that collectively channel 

Nutlin-3a into diffusive binding sites in the 
vicinity of the MDM2 binding site while 
serving to destabilize diffusional encoun-
ters with other Nutlin geometrical isomers. 
This, in part, explains the low affinity 
of these isomers for the MDM2 protein 
compared with Nutlin-3a22-24,27 and likely 
accounts for the lack of crystal structure 
data of their complexes with MDM2.

This work is intended to demonstrate 
the kind of insight into the binding pro-
cess that comes from an analysis of the 
diffusive binding in the encounter com-
plex landscape. At present the analysis is 
focused on the location of distinct basins 
of attraction and their electrostatic deter-
minants. Further work is necessary to 
fully exploit this dynamical approach, in 
terms of examining and quantifying the 
inter-basin dynamics of individual ligand 
trajectories, which will provide much 
more detailed insight. However, we hope 
the current results highlight the impor-
tance of kinetic considerations in pur-
suing a more detailed understanding of 
drug receptor interactions that accounts 

for affinity characteristics, even in the 
absence of traditional (non-diffusive) 
binding sites. Such an approach could be 
an important avenue for a new breed of 
kinetics-based drug discovery and devel-
opment strategies.

Materials and Methods

Modeling the ligand protein diffu-
sional association

Brownian dynamics simulations can-
not account for the flexibility of the whole 
molecular system, and therefore we used 
a set of representative static structures 
for the MDM2 protein and the Nutlin-3 
isomers. Fifteen snapshots of the MDM2 
protein were extracted from an MD simu-
lation of the Nutlin–MDM2 complex31 
and were used as the starting structures for 
the MDM2 protein in Brownian dynam-
ics (BD) simulations. Representative 
structures of the Nutlin-3 isomers were 
obtained by analysis of MD trajectories 
of the isomers using the Merck Molecular 
Force Field (MMFF) within CHARMM.51 

Figure 5. The average electrostatic potential of Nulin-3a (left) and trans-Nutlin-3a (right) in a 1-Å radial slab projected onto a plane defined by the 
phi and theta spherical coordinates of a 12-Å sphere, which is centered at the center of mass of each structure. The electrostatic potential color ramp 
changes smoothly from –kT (red) to +kT (blue) (kT is ~0.6 kcal mol−1 at 298K). The phi and theta angles are computed relative to orthogonal axes whose 
orientation was optimized as to minimize the RMSD between the 2 electrostatic potentials in the phi–theta plane.
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Principal component analysis (PCA) was 
used for constructing a collective coordi-
nate subspace52 for each Nutlin-3 isomer 
based on MD data wherein the isomer 
density was analyzed and partitioned into 
different basins using the contour follow-
ing algorithm.53 Structures corresponding 
to maximum density within each con-
formational basin were used as starting 
structures for the Nutlin-3 isomers in BD 
simulations.

BD simulations of the diffusional 
association of the Nutlin-3 enantiomers, 
(Nutin-3a and Nutlin-3b) and their trans 
diastereoisomers with the MDM2 pro-
tein were performed for the association 
schemes (1) and (2) (Table 1) using the 
SDA package.54,55

BD simulation details
The details of the BD simulations along 

with the algorithm for the identification 
of the basins of attraction were described 
previously46 and are only outlined briefly 
here. The BD trajectories were gener-
ated by solving the translational and the 
rotational diffusion equations, using the 
Ermak–McCammon algorithm56 as imple-
mented in the SDA package version 4.23b. 
The translational and rotational diffu-
sion coefficients were calculated using the 
HYDROPRO software.57 Initially, the 
center of mass (COM) of the protein was 
placed at the origin, and the ligand was 
placed at b = 150.0 Å COM–COM sepa-
ration relative to the protein COM. At this 
separation there is no preferential orienta-
tion of the ligands, since the electrostatic 
potential of the protein is nearly isotro-
pic at distances of about 80 Å from their 
respective centers. A time step of 0.1 ps was 
used when the COM–COM separation of 
the 2 proteins was less than 90 Å. At larger 
separations, the time step was increased 

linearly, with a slope of 0.5 ps Å-1. A total 
of 50 000 trajectories were run for each 
simulation; the simulations were termi-
nated if the ligand–protein COM–COM 
separation exceeded c = 3b Å.

The forces between the ligand and the 
protein derive from steric, desolvation, 
and electrostatic interactions. Steric inter-
actions were implicitly taken into account 
by preventing the ligand and the protein 
from overlapping during the simulations 
using an exclusion grid centered at each of 
them with a grid spacing of 1 Å. The elec-
trostatic force on any atom of the ligand 
was calculated by multiplying its charge 
by the electrostatic potential generated by 
the protein at that atom. The electrostatic 
potential around each protein was calcu-
lated by numerically solving the nonlinear 
Poisson–Boltzmann equation58,59 on a 1 Å 
resolution grid with dimensions 161 × 161 
× 161 Å centered on the ligand/protein 
using the APBS program.60 The solvent 
dielectric constant was set to 78.5, the 
protein interior dielectric constant was set 
to 4, and the salt concentration was set to 
0.15 M. Atomic charges and radii of the 
ligand and the protein were set using the 
PDB2PQR program.61,62 The solute–sol-
vent boundary was defined at the van der 
Waals surface, as the molecular surface 
definition was found to result in signifi-
cant underestimation of the association 
rates in some cases.63 Electrostatic desol-
vation was accounted for empirically by 
calculation of a desolvation penalty grid64 
around the ligand and the protein, using 
the SDA package. Consistent with the 
use of a van der Waals surface definition 
for the solute–solvent boundary, a scaling 
factor of 1.67 was used in the calculation 
of the desolvation grid.63 For the sake of 
computational efficiency, the full set of 

atomic charges of the ligand and the pro-
tein was replaced during the BD simula-
tions by a smaller set of effective charges 
that accurately reproduce their calculated 
electrostatic potential.65 The effective 
charges were derived by the ECM module 
in the SDA package, so as to reproduce the 
electrostatic potential at the accessible sur-
face (defined by a probe of 4 Å) in a 3-Å 
thick layer extending outwards from each 
structure.

The same BD simulation setup was 
used for simulations of MDM2 alanine 
mutants. The alanine mutations were 
performed by construction and optimi-
zation of sidechain orientation using the 
PDB2PQR program.61,62

Analysis of the BD simulations
From the BD trajectory data, the radial 

profiles of the ligand protein residence 
times were computed in spherical concen-
tric radial slabs of 1 Å thickness that are 
centered at the center of mass of the pro-
tein. In order to get a detailed picture of 
the ligand protein interaction landscape, 
a 3D spatial probability density map was 
constructed around the protein by com-
puting the average frequency of the ligand 
COM visiting individual grid cells using 
a grid of 1 Å resolution and dimensions 
200 × 200 × 200 Å . The basins of attrac-
tion within the 3D grid were detected by 
the contour following algorithm described 
previously.46,53
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Table 1. The association schemes of MDM2 interaction with Nutlin-3 geometrical isomers

Protein Ligand Complex Scheme

MDM2 +
Nutlin-3a → MDM2:Nutlin-3a

(1)
Nutlin-3b → MDM2:Nutlin-3b

MDM2 +
trans-Nutlin-3a → MDM2:trans-Nutlin-3a

(2)
trans-Nutlin-3b → MDM2:trans-Nutlin-3b
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