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ABSTRACT: Here, we investigate the association and dissociation
mechanisms of a typical intrinsically disordered region (IDR),
transcriptional activation subdomain of tumor suppressor protein
p53 (TAD-p53), with murine double-minute clone 2 protein
(MDM2). Using a combination of cycles of association and
dissociation parallel cascade molecular dynamics, multiple standard
molecular dynamics (MD), and the Markov state model, we were
successful in obtaining the lowest free energy structure of the
MDM2/TAD-p53 complex as the structure closest to the crystal
structure without prior knowledge of the crystal structure. This
method also reproduced the experimentally measured standard
binding free energy, and the association and dissociation rate
constants, requiring only an accumulated MD simulation cost of 11.675 μs even though that actual dissociation occurs on the order
of seconds. We identified few complex intermediates with similar free energies; yet TAD-p53 first binds MDM2 as the second lowest
free energy intermediate kinetically with >90% of the flux, adopting a conformation similar to that of one of these few intermediates
in its monomeric state. Even though the mechanism of the first step has a conformational-selection-type aspect, the second step
shows induced-fit-like features and occurs as concomitant dehydration of the interface, side-chain π−π stacking, and main-chain
hydrogen-bond formation to complete binding as an α-helix. In addition, dehydration is a key process for the final relaxation process
around the complex interface. These results demonstrate that TAD-p53 kinetically selects its initial binding form and then relaxes to
complete the binding.

1. INTRODUCTION
Intrinsically disordered proteins (IDPs) and intrinsically
disordered regions (IDRs) of proteins do not form well-
defined 3D structures but rather fold upon binding to their
targets to conduct specific functions.1−6 This contemporary
understanding of molecular recognition is far more advanced
than the traditional lock-and-key mechanism proposed more
than a century ago.7 The intrinsic disordered nature of IDPs
and IDRs allows them to have multiple binding partners and to
act as hubs for signaling networks,8−10 a feature related to their
association with various diseases.11,12 The concept of coupled
folding and binding is commonly accepted,8 but it has not
been experimentally proven whether or not preformed
secondary structural elements are always required.10 Under-
standing the molecular mechanisms underlying IDP/IDR
binding is a key challenge for linking physicochemical
processes and biological phenomena.
The N-terminal region of tumor suppressor protein p53 is a

typical IDR that contains transcriptional activation subdomains
(TAD) and adopts an α-helical conformation upon binding to
murine double-minute clone 2 protein (MDM2) and the 70-
kDa subunit of replication protein A (RPA70).13−15 MDM2 is
a major regulator of p53, leading to inhibition of p53-DNA
binding and the ubiquitination and degradation of p53.16

Disruption of the MDM2/p53 interaction induces increased
p53 levels and holds promise in cancer therapy,17,18 high-
lighting the importance of studying the binding mechanisms of
MDM2/TAD-p53 at the molecular level. Molecular dynamics
(MD) simulation and its variations are useful for investigating
the mechanisms of IDR binding at atomic resolution. For
example, the mechanisms of the MDM2/TAD-p53 binding
have been intensively investigated using advanced molecular
simulation methods and have provided a detailed molecular
picture of the binding,19−21 although the calculated association
rate constants (kon) were higher than the experimental
values.22 Complete understanding of the binding and
unbinding mechanisms using molecular simulations requires
two steps. First, experimentally measured quantities regarding
binding stability and kinetics, such as the standard binding free
energy (ΔG°) and dissociation and association rate constants
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(koff and kon), should be reproduced computationally. Second,
on the basis of these simulation results, the binding/unbinding
mechanisms should be analyzed.
The time scales of the IDPs/IDRs association and

dissociation (milliseconds to seconds for MDM2/p53) are
typically longer than the time scale of conventional MD, and
thus investigating their mechanisms computationally is a key
challenge for molecular simulations. Considerable effort has
been devoted toward uncovering these binding/unbinding
mechanisms with multiple long MD simulations21,23,24 and
advanced molecular simulation methods,20,25,26 which typically
required accumulated computational costs on the order of
submilliseconds to milliseconds of MD time. We recently
investigated the dissociation process of the MDM2/TAD-p53
complex using the PaCS-MD with an accumulated computa-
tional cost of 3.895 μs of total MD time.27 Subsequent analysis
with the Markov state model (MSM) reproduced the
experimentally measured ΔG°, koff, and kon.

22,28 Hereafter,
this combination is called dPaCS-MD/MSM. The previous
method requires a prior knowledge of the actual complex
structure. In this work, a new protocol that does not require
the experimentally determined complex structure is proposed.
We investigate the binding and unbinding process of MDM2/
TAD-p53 with a more advanced version of PaCS-MD, which
consists of cycles of association and dissociation PaCS-MD (a/
dPaCS-MD) and subsequent relaxation MD simulations
starting from the generated multiple MDM2/TAD-p53
complexes poses. We show that the MSM analysis of the
generated trajectories from 11.675 μs in accumulated MD
length predicts the complex structure as the lowest free energy

structure and reproduces well the experimentally measured
ΔG°, kon, and koff values. On the basis of this analysis, we
further elucidate the mechanisms underlying the MDM2/
TAD-p53 association and dissociation. The first step of the
association process is shown to have a conformational
selection-like feature. In contrast, the second step consists of
concomitant dehydration of the interface, formation of side-
chain π−π stacking, and main-chain hydrogen-bond formation,
showing an induced-fit-type mechanism. Our findings demon-
strate that the IDR kinetically selects its initial binding form,
showing a conformational-selection type aspect, and then
relaxes to complete the binding, indicating induced-fit-like
features.

2. METHODS

2.1. Three-Step Procedure to Investigate Associa-
tion/Dissociation Pathways and Their Kinetics. We
investigated the association and dissociation processes of the
MDM2/TAD-p53 complex by employing a three-stage
procedure (Figure 1). An all-atom model with explicit solvent
was used in the first two stages to fully consider all degrees of
freedom in the system. In stage 1 (Figure 1a), PaCS-MD was
used to generate multiple association/dissociation trajectories
starting from an unbound state. PaCS-MD is an enhanced
conformational sampling simulation that generates conforma-
tional transition pathways using cycles of multiple independent
MD simulations without bias29 and was successfully used to
generate dissociation pathways of lysozyme/triNAG30 and the
MDM2/TAD-p53 complexes.27 In these cases, complex
dissociation was achieved within a few nanoseconds of

Figure 1. Proposed flexible docking procedure. (a) Stage 1: MDM2 (white) and TAD-p53 (magenta) are shown as a cartoon model. Dots indicate
the generated COM positions. Colors of the dots, starting from blue, change upon the switching between the association and association modes in
the simulation. (b) Stage 2: Left image, initial 190 poses of TAD-p53 shown with different colors. Middle image, the sampled COM positions of
TAD-p53 in a periodic boundary box. Right image, other TAD-p53 poses bound to MDM2 during this stage. (c) Stage 3: The lowest free energy
structure (magenta) and the crystal structure (green) of TAD-p53 bound to MDM2 (white) are shown. All of the protein images in this Article
were created using the VMD software program.64 (d) The workflow of a/dPaCS-MD for stage 1.
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PaCS-MD by selecting the snapshots with longer intercenter of
mass (inter-COM) distances between the two molecules, d,
from the MD trajectories of the current cycle as the initial
structures for the next cycle. With this procedure, the
probability of rare event occurrence toward dissociation was
drastically enhanced by the selection and rerandomization of
the initial velocities. Stage 1 in this work consists of repeats of
association and dissociation modes (a/dPaCS-MD) to
generate candidates of the complex structure. The detail of
a/dPaCS-MD workflow is shown in Figure 1d. In the
association mode, PaCS-MD was conducted so that d becomes
shorter by selecting the snapshots with the shortest d values in
each cycle. In contrast, the dissociation mode was conducted
by selecting the snapshots with the longest d values, similar to
the previous dPaCS-MD.27

The generated complex structures were used in stage 2
(Figure 1b), in which a 60 ns standard MD simulation without
bias was conducted to relax each decoy (complex model)
structure obtained in stage 1. As will be shown later, the
complex structure was more relaxed and the complex interface
was more dehydrated during this stage when the decoy
structures were close to that of the complex structure
determined by X-ray crystallography.31 When the decoy
structures were not stable, TAD-p53 dissociated, diffused
around MDM2, and sometimes rebound MDM2 at different
positions.
Stage 3 (Figure 1c) is the analysis stage in which all of the

trajectories generated in stages 1 and 2 were gathered and
analyzed by MSM. These trajectories mutually overlap in
conformational space. We conducted a least-squares fitting of
MDM2 onto its crystal structure (PDB 1YCQ31 and Figure
S1), followed by translation/rotation of the Cα positions of
TAD-p53, and we analyzed these Cα coordinates with MSM
(Cα-MSM). The following procedure to construct MSM and
to calculate ΔG°, koff, and kon was the same as the Cα-MSM
conducted for the dPaCS-MD of the MDM2/TAD-p53
complex.27

2.2. Generation of Initial Structures. We generated the
unbound structure of MDM2 (residues 25−109) and TAD-
p53 (residues 17−27) as the initial structure for the sampling
procedure by conducting a dissociation simulation of the
MDM2/TAD-p53 complex starting from the crystal structure
(PDB 1YCQ)31 as follows.
First, the complex was solvated into a 15.98 × 10.05 × 9.02

nm3 box filled with TIP3P water molecules after hydrogen
atoms were added. Sodium and chloride ions were added to
provide an ion concentration of 0.15 M and charge neutrality.
The inter-COM vector from MDM2 to TAD-p53 was oriented
to be parallel to the x axis, and thus initial dissociation should
occur roughly in this direction. We used the AMBER99SB-
ILDN force field32 for the proteins, and all of the simulations
were performed using GROMACS 5.1.2.33 Before the
dissociation simulation was conducted, the system was first
energy minimized and then equilibrated for 13 ns at 300 K and
1 atm using the NPT ensemble with the MTTK method34 with
Δt = 1 fs. In the PaCS-MD simulations, the backbone atoms of
MDM2 not included in the binding interface with TAD-p53
(based on the definition of the interface according to the
CAPRI criteria35) were weakly restrained (force constant of
100 kJ/mol·nm2), and thus the overall tumbling of MDM2 was
suppressed.
2.3. Details of Stages 1−3. The starting structure of stage

1 was generated after the equilibration of the complex

structure. For this purpose, we performed 10 trials of PaCS-
MD in dissociation mode with 10 independent MDs (replicas).
The MD length of each cycle was 0.1 ns. The cycle was
repeated until TAD-p53 completely dissociated from MDM2
(d = 7.0 nm), similar to the case of the lysozyme/triNAG
complex.30 Of the 10 trials, we selected the unbound structure
of TAD-p53 whose helix was partially unfolded and the
binding interfaces of TAD-p53 and MDM2 did not face each
other. Starting from this structure, 10 independent MD
simulations were conducted for 1 ns with different initial
velocities and used as the 10 initial structures for PaCS-MD in
stage 1.
In stage 1, we initially started PaCS-MD in the association

mode from a completely dissociated state of TAD-p53 at d = 5
nm. PaCS-MD switches to the dissociation mode if the top-
ranked snapshot is selected in the first 20 ps (τselect < 20 ps) of
the 0.1 ns MD trajectories, at which the approaching speed
significantly slows or gets stuck. The choice of τselect < 20 ps
was decided on the basis of the results of our previous work,30

in which snapshots in the bound state were mostly selected
from the initial 20 ps of the trajectories. In the dissociation
mode, if d increases more than 3 nm from the previous
switching point, PaCS-MD again switches to the association
mode. This condition was decided on the basis of the
difference in d between the bound and unbound states where
the free energy profile is almost flat.27,30 When TAD-p53 made
contact with MDM2 in the top-ranked snapshot in each cycle,
the structure was stored as a bound pose. The generated poses
were considered as candidates (decoys) of the MDM2/TAD-
p53 bound states. Stage 1 consisted of 275 cycles of PaCS-MD
(association, 11 times; dissociation, 11 times). The total
simulation time was 27.5 ns (275 cycles × 0.1 ns MD), and the
accumulated cost was 275 ns (27.5 ns × 10 replicas). 190
structures were selected and used in stage 2. To select these
structures, we first identified the cycles during which TAD-p53
contacted MDM2, and then we selected the highest-ranked
snapshot in each cycle. Although the simulation box was large
so that TAD-p53 could dissociate sufficiently in stage 1, in
stage 2, the simulation box was reduced for more efficient
optimization of the complex structure. The new box
maintained a distance of least 2 nm between the box face
and the complex. The systems were relaxed for 1 ns at 1 atm
and 300 K with 1000 kJ/mol·nm2 positional restraints applied
on the heavy atoms of the complex, and then a free production
run for 60 ns without restraints was performed (60 ns × 190 =
11 400 ns in total). We recorded snapshots every 0.5 ps in both
stages 1 and 2. The total accumulated MD simulation cost of
stages 1 and 2 was 11.675 μs. The coordinates were
transformed using time-structure independent component
analysis (TICA)36 to reduce the considered dimension from
33 to 30, keeping 90% of the fluctuations in the reduced space.
In this space, we used K-Means clustering37 with K-Means++38

to initially guess the cluster centers to define the microstates
and build the MSM. The maximum likelihood estimator was
employed to construct MSM with a detailed balance condition.
The cluster centers were carefully checked for the convergence
over extensive trials. The free energy landscape was calculated
using the stationary distribution of the microstates. The
microstate with the lowest free energy was considered as the
best candidate structure for the complex determined by this
simulation procedure, as compared to the crystal complex and
MD equilibrated structures. We used pyEMMA for the MSM
analysis.39
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2.4. Control Simulations. Because TAD-p53 is an
IDR,13−15 we also examined its conformational space as a
monomer in solution by well-tempered metadynamics40 using
the end-to-end distance and radius of gyration as collective
variables. The frequency for hill addition was 500 time-steps,
the height of the Gaussian was set to 0.5 kJ/mol, and sigma
was 0.1 nm for both collective variables. The bias factor was set
to 10.0, and the temperature was set to 300 K. We also carried
out 1 μs MD simulations of the MDM2 monomer and
MDM2/TAD-p53 complex to examine the stabilities of both
structures. We further conducted the MD simulations with the
AMBER99SB-disp force field with the TIP4P-D water model41

of the MDM2/TAD-p53 complex that exhibits the folding
upon binding to confirm the binding mechanism of TAD-p53
to MDM2. The AMBER99SB-disp force field together with the
four-point charged TIP4P-D water model has been proved
suitable for both IDP and non-IDP.

3. RESULTS
3.1. Flexibility of the TAD-p53 and MDM2 Monomers

and Their Complex. Before showing the association/
dissociation process of the complex, we first present the free
energy landscape of the TAD-p53 monomer in solution
investigated by well-tempered metadynamics40 as functions of
the radius of gyration and end-to-end distance (Figure 2). As

expected from its intrinsically disordered nature, TAD-p53
adopted very different conformations within a small range of
free energy differences of ∼1 kcal/mol. The global free energy
minimum (monomer native, labeled as MN in Figure 2) was
only slightly more stable than the second, third, and fourth free
energy minima (monomer intermediates, MI1, MI2, and MI3,
respectively). In MN, residues 18−21 were assigned as a helix,
and no residues were judged as helical in the intermediates.
The radius of gyration of MN was comparable to that of MI3,
but MN adopted a less packed structure than MI1 and MI2.
The end-to-end distance of MN was almost the same as that of

MI2. MI1 (0.63 kcal/mol higher in free energy as compared to
MN) is similar to the native MDM2-bound form (Cα rmsd is
0.22 nm from CN (complex native) in Figure 2). Hereafter, we
describe residues in TAD-p53 and MDM2 by the prefixes “p”
and “m” before the residue name, respectively. pPHE19 and
pTRP23 are considered to be two important aromatic residues
for binding.31 It should be noted that pPHE19, pTRP23, and
mTYR63 participate in π−π stackings in the native complex
structure.
Next, we analyzed a 1 μs MD simulation of the MDM2/

TAD-p53 complex starting from the crystal structure (Figure
S1). We calculated the fraction of native ( f nat), ligand root-
mean-square deviation (L-rmsd), and interface root-mean
square deviation (I-rmsd) as compared to the crystal complex
structure (Figure S2). These quantities are used in CAPRI35 to
evaluate predicted protein/peptide complex structures42 by
following the instruction for CAPRI sixth edition. During the 1
μs MD, f nat and the L- and I-rmsd’s were 0.74 ± 0.09, 0.20 ±
0.04, and 0.11 ± 0.02 nm, respectively. Hereafter, average
values and their standard deviations are shown before and after
“±”, respectively, unless otherwise indicated. Looking at Figure
S2 in detail, fnat fluctuated greatly between 0.4 and 1.0. Large
fluctuations were also observed in L- and I-rmsd’s. Therefore,
we mainly used the mean values of f nat and L- and I-rmsd’s
from the 1 μs MD simulation to judge if the obtained bound
conformations were native-like or not, rather than the CAPRI
criteria.
We also carried out a 1 μs MD simulation of the MDM2

monomer and examined structural differences between the
monomer and complex states of MDM2. Fluctuations of
MDM2 were slightly suppressed in the complex form, but the
overall structure of MDM2 did not show large differences
between the monomeric and complex forms.

3.2. Association/Dissociation PaCS-MD Generates
Pathways and Bound Poses. In stage 1, cycles of
association and dissociation PaCS-MDs (a/dPaCD-MD)
were conducted 11 times to generate multiple association
and dissociation pathways, creating many TAD-p53 poses
contacting MDM2. The trajectory of the COM positions of
TAD-p53 during stage 1 covered the large volume around the
binding site of MDM2 (Figure 1a). Movie S1 shows a
concatenated PaCS-MD trajectory that connects the fragments
of trajectories containing the top-ranked snapshots from the
initial to the final structures in stage 1. As shown in this movie,
the TAD-p53 structure changed significantly during stage 1:
the helical content of TAD-p53 fluctuated greatly, consistent
with the intrinsically disordered nature of TAD-p53. TAD-p53
approached MDM2 from different directions, and the complex
dissociated in diverse directions. The orientation of TAD-p53
greatly changed during this process. We compared this
structure to that of the TAD-p53 monomer by mapping the
sampled conformational space in stage 1 onto the conforma-
tional space of the TAD-p53 monomer as show in the inset of
Figure 2. TAD-p53 explored broad conformational space,
especially the regions near MN, MI1, and MI3, except for the
area corresponding to short end-to-end distance/radius of
gyration. Interestingly, MI2, whose end-to-end distance and
radius of gyration were both the shortest of the structures
investigated, was not sampled, suggesting that this structure is
unfavorable in the vicinity of MDM2 probably because this
compact structure mainly optimizes intramolecular interactions
and is unsuited for making favorable interactions with MDM2.
As shown in Figure S1, the binding interface of MDM2

Figure 2. Free energy landscape of monomeric TAD-p53 investigated
by metadynamics. The gray region in the inset shows the
conformational area of TAD-p53 sampled in stage 1. The energy
level of the global minimum is set to 0. Representative TAD-p53
structures of the monomeric native (MN) and the first (MI1), second
(MI2), and third intermediates (MI3) are shown. The values in
brackets indicate the free energy relative to MN in kcal/mol. CN and
CI2 represent the complex native and second intermediate of the
TAD-p53/MDM2 complex, respectively.
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contains both positively charged and hydrophobic residues,
and thus a specific peptide structure is required for complete
binding.
Next, we examined f nat and L- and I-rmsd’s, with d as a

function of the number of cycles during stage 1 (Figure 3a−d).

We also show the number of helical residues in TAD-p53
versus f nat in Figure S3a, indicating that its helical content
significantly fluctuated during stage 1. The L- and I-rmsd’s
were highly correlated, and fnat was anticorrelated with d,
respectively. After several association events, TAD-p53
adopted conformations similar to the crystal complex structure.
Snapshots of cycles 89 and 107, whose structures are shown in
Figure 3e and f, achieved the lowest L-rmsd of 0.36 and 0.34
nm, the lowest I-rmsd of 0.20 and 0.19 nm, and the highest f nat
of 0.31 and 0.44, respectively. In the structures at around
cycles 128−132 and 244, f nat also reached 0.44, but I-rmsd was
slightly higher than in the former cases, and L-rmsd reached
the range of acceptable quality in CAPRI. The best snapshots

(cycles 89 and 107) adopted relatively helical structures. We
noticed many water-mediated contacts between MDM2 and
TAD-p53, but the binding interface should be more
dehydrated to achieve the complete binding. In addition,
Figure 3e shows that, at cycle 89, pPHE19 pointed toward the
opposite side of the binding interface, and TAD-p53 had fewer
water-mediated contacts as compared to those at cycle 107
(Figure 3f), while the hydrophobic interactions with MDM2
were better formed at cycle 107. These results show that TAD-
p53 found reasonable binding poses in stage 1 without using
any guiding force.

3.3. Coupled Dehydration/Structure Relaxation Is
Essential for the Formation of the Native Complex
Structure. For stage 2, 190 decoys of the MDM2/TAD-p53
complex were selected from the PaCS-MD trajectories
generated in stage 1 by the procedure described in the
Methods. These structures shown in the left panel of Figure 1b
were independently optimized by 60 ns standard MD
simulations without any extra bias. TAD-p53 dissociated in
many cases when TAD-p53 was weakly bound to MDM2.
Therefore, a broad range of conformational sampling around
MDM2 was performed. The middle panel of Figure 1b shows
the COM positions of TAD-p53 during this stage, which
indicate that TAD-p53 mostly visited the space around MDM2
in the periodic box. After dissociation from the original
positions, TAD-p53 also bound to the MDM2 surface very far
from the native complex interface (see the right panel of Figure
1b). We also examined the number of helical residues in TAD-
p53 versus f nat in Figure S3b, indicating that its helical content
significantly fluctuated also during stage 2. We further
observed TAD-p53 diffusion on the MDM2 surface as
shown in Figure S4.
By merging all of the trajectories generated in stages 1 and 2,

we could analyze broad conformational space including both
bound and unbound states. After MD, the structures of the last
5 ns were evaluated with f nat and L- and I-rmsd’s (Figure S5).
We first examined if decoy structures similar to the crystal
complex structure were generated in this stage. Of 190 decoys,
17 of them overlapped with the range of f nat fluctuation during
the MD of the crystal complex structure (gray shaded area:
0.74 ± 0.09), and six and four decoys overlapped with the MD
ranges of L- (0.20 ± 0.04 nm) and I-rmsd’s (0.11 ± 0.02 nm),
respectively. Two structures in the snapshots of these decoys
showed f nat = 1.0, while L- and I-rmsd’s were 0.26 and 0.18 nm
and 0.30 and 0.15 nm, respectively. There were two additional
structures with 1.0 > f nat ≥ 0.9, and 11 additional ones with 0.9
> f nat ≥ 0.8. These snapshots are in the CAPRI acceptable
range for L- and I-rmsd’s. These results clearly indicated that
the decoys similar to the crystal complex structure were
generated in stage 2.
Next, we looked into details of the generated structures in

stage 2. Figure 1c shows a representative structure of the
generated decoys as compared to the crystal structure. The
TAD region (pGLU17−pLEU22) well-reproduced the native
helical structure, while the side-chain orientation of pTRP23 is
slightly different, as Salmaso et al. reported using the
supervised molecular dynamics (SUMD) approach.26 The
position of pLEU26 was shifted, but this shift was also
observed during the 1 μs MD simulation of the crystal
MDM2/TAD-p53 structure, suggesting that this difference
may be due to the force field or differences in the crystal and
solution environments, which is discussed later in the
Discussion and Conclusions. We then analyzed the time

Figure 3. Evolution of parameters and structures in stage 1. (a) The
inter-COM distance d, (b) the fraction of native contacts ( f nat), (c)
the ligand (L-), and (d) interface root-mean-square deviations (I-
rmsd’s). (e,f) Representative structures at (e) cycle 89 and (f) cycle
107 indicated by arrows in (a)−(d) are shown. Blue and red solid
lines in (a)−(d) denote the association and dissociation modes,
respectively. The thinner and thicker lines show the maximum and
minimum at each cycle. Gray shaded areas show the range of standard
deviations during the 1 μs MD simulation starting with the crystal
complex structure. Red, green, and blue horizontal lines show the
ranges of high, medium, and acceptable qualities in CAPRI. In (e) and
(f), the key residues pPHE19, pTRP23, and pLEU26 are shown as
cyan stick models. Water molecules bound to TAD-p53 are also
shown.
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evolution of f nat and L- and I-rmsd’s in this stage. Figure 4
shows the dehydration of the complex interface and the final
relaxation process to reach the lowest and second lowest free
energy microstates (assigned by MSM in section 3.4). Figure
4a,b and movie S2 show a case where the starting structure (a
snapshot from cycle 92 of stage 1) already had good contacts
and MD significantly improved the quality of the decoy. In the
beginning, TAD-p53 did not take a helical form, and its N-
terminal side including pPHE19 protruded into the solvent.
Upon helical formation of the central region of TAD-p53,
pPHE19 moved between mTYR63 and pTRP23. At the same
time, the complex interface was dehydrated, and π−π stackings
of pPHE19, pTRP23, and mTYR63 were formed. In some of
the best snapshots, f nat reached the high-quality range in
CAPRI, and L-rmsd reached in the medium range. In contrast,
Figure 4c,d and movie S3 show a typical case in which the
initial structure (a snapshot from cycle 88) had almost no
native contacts, but all of the quantities improved after 10 ns,
reaching the high-quality range in f nat, and the other quantities
almost reached the acceptable range. As was already shown in
Figure S2, even in the case in which MD simulation was started
from the crystal structure, the complex structure was judged to
be in the medium range using the CAPRI criteria. Overall, we
conclude that MD in stage 2 successfully optimized the decoy
structures in some cases, including structures very similar to
the crystal structure. In both cases shown in Figure 4,
dehydration of the complex interface as well as final relaxation
and fitting of the interface side chains occurred during this
stage. TAD-p53 cannot relax to the lowest free energy state

without dehydration, indicating that hydration is the key for
completing complex formation.

3.4. Native Structure Can Be Predicted as the Lowest
Free Energy Structure. We merged all of the MD
trajectories generated in stages 1 and 2 to obtain a set of
unbiased and mutually overlapping conformational samples
that connect significantly different structures, including near-
native bound poses, incorrectly bound poses, and various
unbound structures as was already shown in Figure 1a,b. In
stage 3, the merged trajectory was analyzed by Cα-MSM. We
judged that the optimum number of microstates was 3000,
consistent with the previous MSM studies.27,43,44 We carefully
checked the implied time scale versus lag time (Figure S6a)
and chose 50 ps as the optimum lag time using the condition
for short trajectories.45 Furthermore, we examined the quality
of MSM using the Chapman−Kolmogorov test46,47 with three
macrostates assigned by the PCCA+ algorithm48 correspond-
ing to the bound, partially bound, and unbound states. Figure
S6b shows that the estimated probability was in good
agreement with the predicted probabilities, indicating con-
struction of a good MSM. The global minimum of the free
energy landscape (denoted as complex native, CN) showed a
free energy value of −11.4 kcal/mol relative to the highest
energy state set to 0. The corresponding structure at the global
minima ( fnat = 0.94 ± 0.02, L-rmsd = 0.17 ± 0.04 nm, and I-
rmsd = 0.19 ± 0.01 nm) is very similar to the crystal complex
structure, as shown in Figure 1c. Therefore, the current
procedure can select a native-like complex structure as the

Figure 4. Examples of the dehydration/structure relaxation process starting from transiently bound poses to the lowest free energy poses in stage 2.
(a,b) The lowest and (c,d) the second lowest free energy microstates. (a,c) Time evolution of the number of water molecules around TAD-p53,
fraction of native contacts ( f nat), and ligand (L-) and interface rmsd’s (I-rmsd’s). Cyan thin lines show actual instantaneous values, and black thick
lines show smoothed averaged values. The meaning of the gray shaded areas, and the horizontal red, green, and blue lines, are the same as in Figure
3b−d. (b,d) The initial (left) and final (right) MD structures. Note that the orientations of the protein structures are hereafter rotated 180° for
better visibility of the binding process. Water molecules bound to TAD-p53, the key residues in TAD-p53 (cyan: pPHE19, pTRP23, and pLEU26),
and their interacting partners in MDM2 (green: mTYR51, mTYR63, and mTYR96) are shown as licorice models.
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structure with the lowest free energy, indicating that this
method can be used as a flexible docking procedure.
3.5. The Calculated ΔG°, koff, and kon Reproduce

Experimentally Measured Values. ΔG°, koff, and kon values
were calculated by the same procedure as used in the Cα-MSM
analysis conducted for the dPaCS-MD of MDM2/TAD-p53,27

as was already mentioned in the Methods. MSM analysis
allows estimation of the mean first passage time (MFPT), the
association and dissociation rate constants, kon and koff, and the
standard binding free energy ΔG°.23 Because kon and koff are
much more sensitive to the choice of lag time and the number
of clusters as compared to ΔG°,27 we examined the
dependence of kon and koff on these parameters (Figure 5a).

kon exhibited good convergence with a lag time longer than 20
ps independent of the number of clusters, while koff fluctuated
more around the experimental data, but the most stable
behavior was obtained with 3000 clusters and lag times of 40
ps or longer. We chose 3000 clusters and a lag time of 50 ps as
the optimum parameters. We conducted the volume correction
to obtain ΔG° as proposed by previous papers,23,49 using the
estimated sampling concentration of 0.041 M. The final kinetic
rates and standard binding free energy are given in Figure 5b
and are in agreement with the range of reported experimental
values,22,28 indicating that this procedure can accurately predict
binding affinity and kinetic rates. Although kon is still in the
range of the experimental values, it is smaller than values

obtained in our previous work,27 probably due to the current
broader conformational sampling, including non-native bind-
ing poses, which slows the association process.

3.6. Association/Dissociation Intermediates and
Pathways. The free energy landscape of MDM2/TAD-p53
association/dissociation was mapped onto the first two time-
independent components (TICs 1 and 2) and is shown in
Figure 6a. The transition matrix elements of the microstates

are visualized in Figure S7. The overall features of the
landscape agree with our previous work (see Figure S6 of ref
27) and with the work by Zhou et al. (see Figure 2 of ref 21)
and have features similar to a folding energy landscape of
proteins approaching the native conformation.50,51 Five
MDM2-bound intermediates whose free energies were lower
than or equal to −10.0 kcal/mol were identified (Figure 6a)
and were rank-ordered from the lowest free energy as CI1−CI5.
As will be shown later, CI2 is the dominant intermediate on the

Figure 5. Calculated binding free energy (ΔG°) and kinetic rates, kon
and koff. (a) Lag time dependence of kon and koff with different number
of clusters. The gray area denoted for the range of experimental
values.22,28 (b) ΔG°, koff, and kon as compared to our previous work27

and experimental values.22,28 The values after “±” are the standard
error. The numbers in the brackets show the residue range of p53.

Figure 6. Association/dissociation process of the MDM2/TAD-p53
complex. (a) Free energy landscape of the complex projected onto the
space spanned by the first two TICs. Representative structures of
seven macrostates and their positions are shown. UB (unbound),
CI1−CI5 (complex intermediates rank ordered from the lowest free
energy), and CN (complex native). The key residues pPHE19,
pTRP23, and pLEU26 are shown as stick models. The red “★” on the
TAD-p53 structures denote the C-terminus. (b) Fraction of the flux
of TAD-p53 association to MDM2 calculated from a coarse-grained
MSM with seven macrostates. Relative positions of the macrostates
along the abscissa show committor probabilities. The value near each
arrow shows the fraction of the flux. Pathways with high fractions are
shown by black lines. (c) Visualization of the transition matrix among
the macrostates. The line thickness is proportional to the probability,
and the major pathways are shown in black.
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path toward CN. In CI1, TAD-p53 formed a relatively
extended structure, and its orientation was very different
from that of CN. In this case, pASP21 formed a salt bridge
with mHIS52, and pPHE19 and pTRP23 formed hydrophobic
contacts with MDM2, which probably led to the lowest
binding free energy among the CIs but an incorrect
hydrophobic core. In CI2, TAD-p53 adopted a structure
without regular main-chain hydrogen bonds, and the key
hydrophobic residues, pPHE19 and pTRP23, did not make
good contacts with MDM2, similar to the structures shown on
the left of Figure 4b,d due to the presence of many water
molecules at the complex interface. We noticed that, in CI2,
pLEU26 contacted mILE50, resulting in initial hydrophobic
interactions on the path toward CN. The free energy of CI2 is
∼2 kcal/mol higher than that of MN in the monomeric state.
CI2 is structurally similar to MI3 whose free energy is ∼1 kcal/
mol higher than that of MN (Figure 2). The Cα rmsd between
CI2 and MI3 is 0.28 nm. In CI3, pPHE19 and pTRP23 pointed
more to MDM2. In addition, the interface of CI3 was more
dehydrated as compared to that of CI2, but TAD-p53 was
more extended. TAD-p53 in CI4 mostly formed an α-helix but
was bound to the bottom of the binding site. This complex was
stabilized by a non-native aromatic cluster formed by pPHE19,
pTRP23, and mTYR96. TAD-p53 in CI5 bound to MDM2
with an extended structure and upside down. In this case,
pPHE19 contacted MDM2, pTRP23 nearly made CH-π
interactions with mTYR51, and pLEU26 formed hydrophobic
interactions with mILE50. Our free energy landscape shows
similarity with the predicted kinetic maps of MDM2
complexed with PMI peptide.23 One of the unfolded-bound
basins reported by Zhou et al.21 appears to be equivalent to
CI2, but we found more macrostates with free energy values
comparable to that of CI2.
We obtained a clearer view of the transitions from state to

state by performing coarse-graining of MSM into the seven
macrostates corresponding to CN, CI1−CI5, and UB. The
association flux from UB to CN is shown in Figure 6b, and the
transition matrix elements are visualized in Figure 6c. Starting
from UB, the binding of TAD-p53 to CI2 occurred with 99.8%
of the flux. As was previously mentioned, the free energy of CI2
as a monomer is ∼2 kcal/mol higher than that of MN (Figure
2), indicating that a minor but relatively low free energy
conformation in the monomeric state is selected in the first
step of binding. From CI2, a major pathway directly led to CN
(94.5%), and other pathways via CI5 (4.8%) and CI1 (0.5%)
are very minor. Therefore, UB−CI2−CN is the dominant
TAD-p53 association pathway. In the dissociation pathway, the
opposite CN−CI2−UB direction is also dominant (>90%) due
to the fact that the CI2−UB transition is overwhelmingly
dominant in transition probability as compared to the
transitions from the other states to UB, as is the UB−CI2
transition as compared to the transition from UB to the other
states in the association pathway. Close examination of the
detailed transitions between CIs and CN shows that the CI2−
CN transition probability is double that of CI1−CN and CI3−
CN, and the CI5−CN transition probability is 1 order of
magnitude smaller upon association. Upon dissociation, the
CN−CI2 transition probability is 1 order larger than those of
CN−CI1, CN−CI3, and CN−CI5. As compared to these
probabilities, the CI4−CN and CN−CI4 transition proba-
bilities are negligibly small. Some of the pathways are involved
with the TAD-p53 diffusions (CI4−CI1, CI4−CN) and
reorientations (CI1−CN, CI5−CN) around the MDM2

surface. In conclusion, several complex intermediates have
comparable free energies, but most of these intermediates are
not selected kinetically.

4. DISCUSSION AND CONCLUSIONS
The a/dPaCS-MD procedure in stage 1 enables a trial-and-
error search over the protein surface. This scenario is strongly
supported by the ultralong simulation trajectories for searching
the target binding site of drug molecules by Shan et al., in
which the ligands are trapped in local energy minima,
dissociate, and reassociate until they find the global minimum
of the free energy landscape.52 We also note that stage 1 can be
started from different initial positions of TAD-p53. Here, we
performed three additional trials in which TAD-p53 was
initially situated on the back side of the complex interface for
500 cycles (50 ns × 10 replicas). In these trials, MDM2 was
simulated without positional restraints in a cubic periodic
boundary box, allowing free rotational/translational diffusion
in an isotropic boundary condition. TAD-p53 can easily find
the binding interface because touch-and-go processes to search
the other areas of the MDM2 surface are rapid (movie S4). In
this work, conformational space, which was not sampled by
stage 1 (Figure 1a), was further investigated in stage 2 as
shown in Figure 1b. Alternatively, multiple trials of a/dPaCS-
MD can also explore broader conformational space in stage 1.
Because of the intrinsically disordered nature of TAD-p53,

the unbound conformations of the protein may have some
dependence on the choice of the force fields. Here, we used
AMBER ff99SB-ILDN and TIP3P. TIP3P overestimates the
diffusion of water and solute,53,54 which might affect the time
scale of the initial binding of TAD-p53 and of the dehydration
processes. Best et al. improved protein conformations in the
disordered state by developing the AMBER ff03ws force field
by scaling the Lennard-Jones interactions between protein and
water.55 Robustelli et al. optimized torsion parameters,
introduced small changes in the protein and water van der
Waals interaction terms starting from AMBER ff99SB-ILDN/
TIP4P-D, and developed the a99SB-disp force field.41 AMBER
ff03ws and a99SB-disp achieved high accuracy in simulating
unfolded states without changing folded states. The unbound
structure of TAD-p53 likely has some force-field dependence,
affecting the free energy landscape of the monomeric TAD-p53
having IDR nature because free energy differences between the
intermediate structures are relatively small (up to 2 kcal/mol;
Figure 2). The dehydration step might also be affected, but we
anticipate that force-field dependence is relatively weak in
folded states, including the intermediates states where many
protein−protein interactions are formed. We would also expect
that the overall features we observed are not greatly dependent
on the force fields used because the calculated ΔG°, kon, and
koff were consistent with the experimental values, and the
lowest free energy structure was very similar to the crystal
complex structure. To examine the effects of force fields on the
results of stage 2, we conducted a 200 ns MD simulation from
the structure shown on the left of Figure 4d (a snapshot from
cycle 88) with a99SB-disp force field41 and TIP4P-D water
model,56 and we observed concomitant dehydration, side-chain
π−π stacking, and α-helix (movie S5; also compare with movie
S4). However, complete dehydration of the interface took 112
ns, which is longer than that with the ff99SB-ILDN/TIP3P
force field. The L-rmsd (0.34 ± 0.03 nm) and I-rmsd (0.24 ±
0.02 nm) of the complex using a99SB-disp/TIP4P-D improved
as compared to those with ff99SB-ILDN/TIP3P, 0.45 ± 0.08
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and 0.26 ± 0.03 nm, respectively. Also, pLEU26 formed better
interactions with MDM2 similar to those in the crystal
complex structure. As was already shown in the Results, with
ff99SB-ILDN/TIP3P, the position of pLEU26 was shifted
from the crystal structure even in the end of stage 2 as well as
in the 1 μs MD simulation of the crystal structure. Overall,
TAD-p53 formed a complete α helix. These results indicate
that a99SB-disp/TIP4P-D can improve the docked structure
accuracy.
Using the MSM analysis that reproduces ΔG°, kon, and koff,

we investigated the association/dissociation pathways of TAD-
p53 toward MDM2. In the dominant association pathway
(more than 90% of the flux), TAD-p53 first binds MDM2 as
the intermediate with the second lowest free energy (CI2),
adopting a structure similar to the monomeric intermediate
MI3 and making contact between pLEU26 and mILE50. In this
intermediate state, both the main-chain and the side-chain
structures of TAD-p53 are significantly different from that in
the completely bound form. Interestingly, few other complex
intermediates with similar free energies were observed, and CI2
is kinetically the only dominant intermediate. This is probably
a key factor why dPaCS-MD/MSM27 was successful in
obtaining ΔG°, kon, and koff with a conformational sampling
narrower than that employed in this work. We speculate that
conformational space essential for association/dissociation is
relatively limited. In the final step of the association process,
dehydration of the interface, π−π stacking between mTYR63,
pPHE19, and pTRP23, and main-chain relaxation/hydrogen-
bond formation all occur to complete the final structure as an
α-helix. Experimentally, Nutlins, inhibitors of the p53/MDM2
binding, were shown to interact with mTYR63,57 while
pPHE19 and pTRP23 have been reported as a part of the
MDM2-binding consensus sequence.16 This π−π stacking
requires precise alignment of three aromatic rings, accompany-
ing dehydration and formation of an α-helix at the same time,
which should be a time-consuming step. Consistent with our
results, Zwier et al. pointed out that pPHE19 is kinetically
important in the binding process.20 In addition, we found that
pTRP23 is also a key residue for final relaxation and
dehydration.
The importance of conformational change upon binding to

the binding mechanism has been debated from the viewpoint
of conformational selection (or population shift) and induced
fit.58−60 Zhou et al. reported that induced-fit pathways
dominate the MDM2/TAD-p53 binding flux.21 Our overall
picture agrees with this in the sense that the final stage of the
association pathway (CI2−CN) mainly involves the relaxation
of TAD-p53, including the formations of intramolecular main-
chain hydrogen bonds for α-helix formation and intermolecular
π−π stacking. However, the first complex intermediate
formation process (UB−CI2) has a conformation-selection or
population-shift-like feature, given that the TAD-p53 structure
selected is similar to the relatively minor third intermediate
(MI3) in the monomeric state and binds to MDM2. In
addition, we clearly showed that dehydration is a key process
for the final relaxation of the complex interface. Therefore, our
results propose a more fine-grained view of the IDR binding
beyond the classical pictures of protein conformational change
upon binding.
Figure S3c shows the free energy landscape obtained by the

alternative MSM constructed on the space spanned by the
number of helical residues in TAD-p53 and fnat. This indicates
that the free energy of high fnat regions tends to be lower,

which is consistent with the proposed mechanism that TAD-
p53 first binds to MDM2 and then fits into the native
conformation. This low resolution MSM constructed with 97
microstates cannot clearly identify the intermediate states
(CI1−CI5) as local minima that were identified by the high-
resolution MSM with 3000 microstates shown in Figure 6a.
Other successful sampling methods, for example, SuMD,61

Weighted Ensemble,62 and WExplore,63 share similar ideas
with PaCS-MD/MSM.30 All of these methods generate
unbiased trajectories by smartly selecting the restart points
to accelerate the conformational sampling toward a target.
Weighted Ensemble and WExplore divide a reaction
coordinate space by multidimensional grids, monitor the
passing over the bins to decide the restart points of the next
step of the simulation, and determine the probabilities of the
branches, which directly provide kinetics. WExplore further
detects revisits to the old sampled regions by adding weights
and spontaneously replicates simulations. SuMD is a widely
used “on-the-fly” method, which mainly aims to efficiently
simulate a process of approaching to a target by serial (tabu-
like) trajectories rather than to determine binding free energy
and kinetics. PaCS-MD does not require predetermined
reaction coordinates/grids but needs a selection quantity to
guide sampling. The reaction coordinates can be determined
after PaCS-MD, but additional MSM analysis is conducted to
calculate free energy and kinetics. Weighted Ensemble and
WExplore are typically designed to monitor the trajectories at
nanosecond-order, while PaCS-MD and SuMD employ
picosecond-order MD.
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