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Abstract

The dissociation process of the DNA binding domain of p53 (p53-DBD) from a DNA duplex
that contains the consensus sequence, which is the specific target of p53-DBD, was investigated
by a combination of dissociation parallel cascade selection molecular dynamics (dPaCS-MD) and
the Markov state model (MSM). Based on an all-atom model including explicit solvent, we first
simulated the p53-DBD dissociation processes by 75 trials of dPaCS-MD, which required an
average simulation time of 11.2 + 2.2 ns per trial. By setting the axis of the DNA duplex as the Z-
axis and the binding side of p53-DBD on DNA as the + side of the X-axis, we found that
dissociations took place along the +X and —Y directions (—Y directions) in 93% of the cases, while
7% of the cases moved along +X and +Y directions (+Y directions). Toward the —Y directions,
p53-DBD dissociated first from the major groove and then detached from the minor groove, while
unbinding from the minor groove occurred first in dissociations along the +Y directions. Analysis
of the free energy landscape by MSM showed that loss of the minor groove interaction with p53-
DBD toward the +Y directions incurred a relatively high energy cost (1.1 kcal/mol) upon a critical
transition, whereas major groove detachment more frequently occurred with lower free energy
costs. The standard binding free energy calculated from the free energy landscape was —10.9 £ 0.4
kcal/mol, which agrees with an experimental value of —11.1 kcal/mol. These results indicate that
the dPaCS-MD/MSM combination can be a powerful tool to investigate dissociation mechanisms
of two large molecules. Minor groove binding is mainly stabilized by R248, identified as the most
important residue that tightly binds deep inside the minor groove. Analysis of the p53 key residues
for DNA binding indicates high correlations with cancer-related mutations, confirming that
impairment of the interactions between p53-DBD and DNA can be frequently related to cancer.



1. INTRODUCTION

pS53 was first discovered and considered as an oncogene in 1979, but its main role was
identified in the 1990s to be as a tumor suppressor'-2. p53 is a transcriptional factor that regulates
cell response to a variety of stresses, including DNA damage, hypoxia, oncogene activation, and
other stress signals®>. As a transcription factor, p53 binds to DNA promoters in a sequence-
specific manner and initiates the transcription of genes involved in cell cycle arrest, apoptosis, and
DNA repair®’. Binding of p53 to specific DNA sequences is necessary to activate gene
expression>?, indicating the importance of the p53 DNA binding domain (p53-DBD) (residues 94—
292) to its function compared to the other functional domains of p53: the transactivation (1-44),
tetramerization (325-356), and the C-terminal (357-393) domains’. p53-DBD consists of a B-
sandwich scaffold and a DNA-binding domain that includes a loop-sheet-helix (LSH) containing
Loop 1 (L1), and two large loops (L2 and L3) stabilized by a zinc atom bridging one His and three
Cys residues. The LSH motif and these loops form the p53 DNA-binding surface and contact with
the DNA minor and major grooves, respectively, and intermediate regions between them. However,
the accumulation of mutations in p53-DBD can cause destabilization and unfolding of the structure,
resulting in loss of p53 function as a “guardian of the genome” by inhibiting the ability of p53 to
recognize and bind to its target, specific sequence, which has the general form RRRCWWGYYY
(R = A/G, W=A/T, Y=C/T)’ and is conserved in all organisms (consensus sequence). Since p53-
DBD specifically recognizes the consensus sequence, mutations in p53-DBD can result in
oncogenicity!'%!!,

About a half of all human tumors are thought to contain p53 mutations. According to the
IARC TP53 Database (https://p53.iarc.fr)'?, p53 has many mutations (approximately 30,000), of
which ~75% are single missense mutations. In addition, ~95% of the p53 mutations occur in p53-
DBD!'?>"', indicating the potential importance of understanding the roles of p53-DBD key residues
in DNA binding. The p53-DBD mutations are classified into two groups. One group affects the
3D-structure of the p53 native conformation important for its defensive role, and these mutations
are termed ““structural mutations”. The other group affects the direct contact between pS3 and DNA,
and these mutations are called “contact mutations”. Reportedly, 30% of all p53-DBD mutations
occur in six well-known “hotspot™ mutation sites. Of these, R248 (L3) and R273 (LSH) are contact
mutations and R175 (L2), G245 (L3), R249 (L3), and R282 (LSH) are structural mutations®!>. The
two contact mutations have the highest mutation rates and are associated with more aggressive
malignancies, which indicates the vital role of retaining the binding ability of p53-DBD to DNA
to prevent oncogenesis®!. Consequently, elucidating the roles of these residues in stabilizing the
p53-DBD/DNA complex structure and the energy of binding of the complex are essential for
understanding the sequence recognition mechanisms of the specific DNA consensus sequence by
p53-DBD. These mechanisms remain unclear. Thus, more detailed information is required on the
essential residues that maintain sequence-specific binding of p53-DBD with DNA. In addition,
understanding the association/dissociation processes of p53-DBD to DNA would provide
important information on the mechanisms of binding and the key residues that control binding.

Molecular dynamics (MD) simulation is a standard technique to study the structure and
function of biological macromolecules, to comprehend the mechanisms underlying complex
processes, to analyze experimental findings, and to make predictions!”'°. MD simulation can
provide a comprehensive and quantitative interpretation of protein-protein, protein-DNA, and
protein-ligand interactions. In particular, MD simulation allows the calculation of free energy
landscapes (FEL), which can quantify interactions between biological molecules?’. A typical MD
simulation with atomistic empirical force fields that includes explicit solvent (all-atom MD) can



investigate a variety of biological processes that occur within a relatively short timescale, including
conformational change?! 3, ligand binding®*, and fast folding events of proteins®>*$, Unfortunately,
other vital biological events, such as protein-ligand, protein-protein, and protein-DNA
binding/unbinding, which represent most protein folding events, as well as protein aggregation,
often occur over much longer timescales and cannot generally be observed by all-atom MD
simulations. This is because MD simulation is crucially limited to conformational sampling around
specific energy minima that are unable to overcome high energy barriers in a reasonable
computational time?”?®. Consequently, biological processes with longer timescales currently are
not within full reach of typical all-atom MD simulations. To address this, a large variety of
innovative “enhanced sampling methods” have recently been developed to accelerate the
observation of these slow processes and of rare events!’?’?%, Some of these methods apply
artificial bias to enhance sampling, and include free-energy perturbation?’, umbrella sampling®®3!,
replica exchange umbrella sampling®?, metadynamics®**, steered MD?®, accelerated MD?*%*7, and
adaptive biasing force®®. Other methods can enhance sampling to explore rare events during
simulation without applying any biasing force, such as parallel cascade selection molecular
dynamics (PaCS-MD)***°, milestoning**>, weighted ensemble*’, and forward flux sampling**.
All these approaches, with or without application of an artificial bias, enhance conformational
transitions between different states of the system during most biological processes.

In particular, PaCS-MD is a powerful technique for efficiently estimating the standard
binding free energy difference (AG®) of various biological complexes using the Markov state
model (MSM)**7 as a tool for analyzing the PaCS-MD-generated trajectories. PaCS-MD
encompasses cycles of multiple independent parallel short all-atom MD simulations accompanied
with selection of initial structures for the next cycle based on a certain quantity. Here, we used the
inter-center of mass distance between p53-DBD and DNA (Inter-COM distance, d) as a quantity
for ranking the snapshots generated in each cycle. By repeating a series of cycles for the selected
top ranked snapshots, dissociation PaCS-MD (dPaCS-MD) generates structures with larger Inter-
COM distances than those found in the previous cycle, which significantly enhances the
probability of transitions from the bound to unbound states*****°. Short MD trajectories, a series
of molecular configurations, connect the initial bound and final unbound states along the
dissociation pathways, and the MD trajectories from many trials of dPaCS-MD can be combined
to generate different dissociation pathways, which mutually overlap in conformational space.
Using these trajectories, we can construct an MSM which describes the dynamics of a biochemical
process as a sequence of transitions between metastable conformational states (microstates)®* 2.
Our group recently established the dPaCS-MD/MSM combination to simulate protein-ligand*’ and
protein-protein fracment*>¢ dissociation, and to accurately calculate AG® in good agreement with
experimental values. Therefore, we were motivated to extend the dPaCS-MD/MSM combination
for larger biomolecular complexes such as protein/DNA systems. Here, we investigated the
dissociation process of the p5S3-DBD/DNA complex by dPaCS-MD/MSM.

The goals of this study can be summarized into three main points. 1) Dissociation
simulation of the p53-DBD/DNA complex to investigate the dissociation process. To our
knowledge, this is the first report of a successful simulation of this process, at least using enhanced
sampling techniques with all-atom models with explicit solvent. 2) Identification of the key
residues of the p53-DBD/DNA binding interface. These residues play major roles in the
dissociation process and impact the binding free energy of the complex. 3) Generation of preferred
dissociation pathways and calculation of binding free energy, which remain computationally
challenging. Using dPaCS-MD, here we investigated the dissociation process of the p53-



DBD/DNA complex, and the native and non-native contacts released/formed during dissociation.
PaCS-MD/MSM overcomes challenges in simulating the dissociation process of large complexes
and enables calculation of the binding free energy of p53-DBD to DNA. The key residues, such as
R248 and R280, identified by the contact probability during the dissociation process, play
important roles for maintaining tight binding of p53-DBD with DNA. We determined the
mechanisms of the two main dissociation pathways of the p5S3-DBD/DNA complex identified from
the FEL obtained by MSM. The AG® value deduced from free energy analysis is in good agreement
with the experimental value. The utility of dPaCS-MD/MSM for investigating the direction of
dissociation and for reproducing the experimentally measured binding free energy can open new
possibilities for future study, relating the effects of mutations to the dissociation pathways and to
the binding free energy value.

2. MATERIALS AND METHODS
2.1. Interactions between p53-DBD and the DNA consensus sequence in the crystal
structure

In this work, we investigated the fundamental mechanisms of DNA consensus sequence
recognition by p53-DBD and thus focused on the interactions of the p53-DBD monomer with
DNA. An earlier study revealed that p53-DBD (residues 80-290) binds to the consensus sequence
only as four monomers>. We searched the p53-DBD/DNA complex structures deposited in the
Protein Data Bank (PDB) and selected the one (PDB ID: 1TSR®) as a suitable structure for our
purpose. 1TSR contains a p53-DBD trimer. One monomer is bound extensively with the consensus
sequence (Chain B), a second monomer binds to a non-consensus site on the DNA, and the third
does not bind to DNA but makes protein-protein contacts, stabilizing the crystal packing. This
complex is thus called a monomeric p53-DNA complex. Of the other complex structures in the
database (PDB IDs: 2GEQ>*, 2ADY¥,3EXL, and 3KMD>’), p53-DBD binds with DNA as a
dimer in 2GEQ and a dimer of dimers in the other complexes. We chose Chain B of 1TSR, p53-
DBD residues 94289, as it forms the most native-like monomer interactions with both the major
and minor grooves of the DNA’. This p53-DBD monomer binds to a DNA duplex containing the
consensus sequence and the complementary strand. The sequences are

5'"-TTTCCTAGACTTGCCCAATTA -3'

3'- AAGGATCTGAACGGGTTAATA-5'
where bold characters indicate the decamer consensus sequence. It should be noted that notation
of the DNA residue numbers in this paper starts from the 5'- (T1) to 3'-end (A21) of the upper
strand, continues to the 5’-end of the second strand (A22), and finally reaches the 3'-end (A42).
The previously mentioned six hotspot mutation sites (contact mutations: R248 and R273; structural
mutations: R175, G245, R249, and R282) are indicated in Fig. 1 A. The interactions on the binding
interface between p53-DBD and DNA are of three types: (1) major groove contacts with LSH; (2)
minor groove contacts with L3; and (3) phosphate contacts with L3 and LSH (Fig. 1B). L2 does
not make significant interactions with the DNA in the crystal structure, but does form several stable
interactions after equilibration in the simulation. R280 and R283 of LSH form hydrogen bonds
with the DNA major groove and K120 of LSH forms both hydrogen bonds and m-cation
interactions. R248 of L3 forms hydrogen bonds with the minor groove as well as a salt bridge with
a phosphate group, consistent with R248 being the most frequently mutated p53 residue in human
cancers and is widely assumed to be involved in DNA binding®®. The phosphate groups of the
DNA backbone interact with p53-DBD residues such as K120, R273, and R283 (LSH), and S241
(L3), by forming salt bridges, as shown in Fig. 1B.



Figure 1.

A) Crystal structure of p53-DBD (Chain B of PDB ID: 1TSR’) and six hotspot mutation sites
indicated by spheres: two contact (magenta) and four structural mutation sites (pink). The regions
important for DNA binding (LSH (green) L2 (brown), L3 (light blue)) are shown. B) Chain B of
p53-DBD in complex with the DNA duplex in the crystal structure (PDB ID: 1TSR®). The region
of the DNA duplex containing the consensus sequence and the complementary strand, and other
regions, are shown in cyan and blue, respectively. The orientation of p53-DBD is different from
that in A, so as to best visualize the interactions between p53-DBD and DNA. Key residues are
shown in red (R residues), yellow (K), blue (S), and white (A). Grey and orange spheres represent
phosphorus and oxygen atoms of the phosphate groups interacting with these amino acid residues,
respectively. VMD was used to create all the structural images shown in this work™.

2.2. Conventional MD simulations

To generate the initial model of p53-DBD, the N- and C- termini were capped with acetyl
(ACE) and N-methlyamide (NME) groups using CHARMM-GUI®. Next, we solvated the
complex in a 124 x 109 x 94 A3 box filled with 4343 TIP3P water molecules®'. The total charge
of the system was then neutralized with 150 mM potassium chloride (KCl) ions to mimic
physiological conditions. The axis of the DNA duplex was aligned to the Z-axis so that the 5’-end
of the DNA strand with the consensus sequence was oriented toward the —Z direction and p53-
DBD was bound to the +X direction of the DNA. As the accuracy of the force field model is
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fundamental to successful application of computational methods, the AMBER ff14SB% and
OL15% force fields were used for the protein and DNA respectively. As this complex contains a
zinc ion, the Zinc AMBER Force Field (ZAFF)* was used to optimize the zinc interface. These
preparation steps for the system were performed using the LEaP program of the Amberl6
package®>66,

To start the simulation, the system was equilibrated in three successive steps. (1) Energy
minimization: the energy of the prepared system was minimized by the steepest descent method
followed by the conjugate gradient method. (2) NVT equilibration: the temperature of the system
was equilibrated at 300 K for 10 ns using a Langevin thermostat®’. This step was conducted under
isothermal and isochoric conditions (NVT ensemble). (3) NPT equilibration: the pressure was
adjusted to 1 bar using the iso-thermal-isobaric (NPT) ensemble for 10 ns with a Berendsen
barostat®. We applied positional restraints (force constant: 10 kcal/mol A?) on the heavy atoms of
p53-DBD and DNA during the NVT and NPT equilibration steps. After equilibration, the box
dimensions of the system were 118 x 104 x 89 A3 During the MD simulation, the SHAKE
algorithm® was used to constrain covalent bonds involving hydrogen atoms, and the SETTLE
algorithm’® was employed to keep the water molecules rigid. The electrostatic interactions were
calculated with a real-space cutoff of 10 A using the particle mesh Ewald (PME) method’'.

After equilibration, NPT MD simulation of the complex was further conducted for 1 ps
without any positional restraints to sufficiently sample the conformational space. The MD
trajectory was used to inspect the stability of the complex and the distance between p53-DBD and
the DNA during the simulation time. Next, clustering was performed using the hierarchical
algorithm to choose the most populated cluster as the starting structures for PaCS-MD. GPU
implementation of the PMEMD module of the Amberl6 package®® was used to perform all the
MD simulations, with the integration of equation of motion every 2 fs. The analyses were
performed using the cpptraj module of the Amber Tools 16 package®®.

To observe sufficient dissociation, the simulation box of the most populated cluster of the
1 us conventional MD simulation was extended to a box of 176 x 136 x 136 A® and the gap was
filled with ~95,000 TIP3P%! water molecules and 150 mM KCI. The total number of atoms in the
system was ~290,000 atoms, including water molecules and ions. Then, short energy minimization
was performed, followed by equilibration at 300 K and 1 bar for 10 ns. Afterwards, the size of the
simulation box was 171 x 132 x 132 A3

2.3. Dissociation simulation by dPaCS-MD

PaCS-MD?*° is an efficient conformational sampling technique that can generate
conformational transition pathways using cycles of parallel short MD simulations without applying
external force. Each cycle starts by the selection of starting conformations, each of which is used
for a distinct replica. For each replica, short-time MD simulation is started with regeneration of
the initial velocities with Maxwell-Boltzmann distributions. These cycles are repeated until
complete dissociation is achieved. Our group recently succeeded in generating the dissociation
pathways of protein/ligand complexes such as tri-N-acetyl-d-glucosamine from hen egg white
lysozyme*’, the transactivation domain of the p53 protein from murine double-minute clone 2
protein (MDM2)®, and a fragment of the flagellar motor protein FliM from the chemotaxis
signaling protein CheY“°. In the current work, we extended this method to a larger biomolecular
complex, p5S3-DBD/DNA.

The number of parallel MD simulations (replicas (nrp)) typically ranges from 10 to 100.
We selected nrp= 10, as this was expected to give sufficient data to build the MSM if trajectories



from multiple PaCS-MD trials were merged. The snapshots of the trajectories of the current cycle
were ranked based on the Inter-COM distance between interface residues of pS3-DBD and those
of DNA, d, and the top 10 snapshots were selected for the next cycle. To decide the optimal choice
of defining the interface residues, we conducted trials with different heavy atom-heavy atom
distances and found that 5 A efficiently allowed dissociation. When the Inter-COM distance was
defined as the distance between whole molecules, dissociation was also observed but required
longer cycles because this distance includes the effect of fluctuations in parts of the protein and
DNA other than the interface. In this case, we also observed sliding of p53-DBD along the DNA,
but this is beyond the scope of this work and we intend to investigate this observation further in
the future.

As the initial structures for PaCS-MD, five snapshots were selected from the last 5 ns
trajectory of the equilibration MD in the large box with 1 ns gap. In other words, we conducted
the dissociation simulation from five different initial conformations to obtain more statistics to
build the MSM. During dissociation by PaCS-MD, we applied positional restraints (force constant:
1 kcal/mol A?) for the three base pairs at each end of the DNA strands. This treatment mimics p53-
DBD binding to a longer DNA duplex, where fluctuations of the ends of the simulated DNA are
expected to be less pronounced than in shorter DNA sequences. For each of the top 10 snapshots,
a 0.1 ns MD simulation was performed, and the trajectory was recorded every 200 fs, and thus
each trajectory contained 500 frames. Finally, we repeated the cycles until d = 70 A to complete
the dissociation. For each snapshot, we conducted 15 trials of PaCS-MD dissociation. Therefore,
the total number of trials collected was 75, which is equal to 5 (restart files) % 15 (the number of
PaCS-MD trials for each restart file).

2.4. Analysis of pS3-DBD/DNA interactions

Since the inter-molecular interactions at the binding interface of p53-DBD and DNA are
essential for stabilizing the complex, we compared the interactions of all five different
conformations in solution with those in the crystal structure. We also investigated the interactions
for the intermediate conformations during the dissociation process, which might give insights into
key residues that bind longer with the DNA than other residues. We used Protein Ligand
Interaction Profiler (PLIP) to define these interactions and easily identify nonbonded interactions
between p53-DBD and DNA’. Also, we checked the top 50 missense mutations, as ranked by
their frequencies in diverse human cancers derived from human cancers in the JARC TP53
database R18'%38 to check whether losing any of these interactions might cause cancer.

2.5. Free energy analysis by MSM

The Markov state model (MSM) is widely used in computational biology as a technique to
identify stationary states and afford kinetic information on protein dynamics from molecular
dynamics simulation data’®. The MSM can provide important insights into the mechanisms of
biological processes because it highlights transitions between microstates’®, in our case providing
insights into dissociation pathways. The dissociation pathways of p53-DBD from the DNA
generated by PaCS-MD were analyzed by MSM, as shown previously by our group®. Since MD
simulations of a new cycle originate from snapshots of the previous cycle, the unbiased trajectories
from one trial of PaCS-MD overlap in conformational space along the dissociation pathway. By
generating a large number of PaCS-MD pathways, trajectories from different trials also closely
overlap, enabling construction of an MSM that covers larger conformational space. Here, for the
merged trajectories of 75 trials of PaCS-MD, we built an MSM model based on three-dimensional



(3D) Inter-COM vector coordinates between p53-DBD and DNA interface residues, hereafter
referred to as 3D-MSM. In other words, the COM position of the DNA interface residues was
employed as the origin of the 3D coordinates, and the relative COM position of the p53-DBD
interface residues was used as the coordinates for the MSM. The 3D-MSM protocol is established,
and experimental values of AG® and kinetic rates are well reproduced*. We examined the root-
mean-square deviation (RMSD) of p53-DBD and DNA during the dissociation simulations. The
RMSD values were mostly in the range of 1-2 A, indicating that the conformational changes of
both p53-DBD and DNA were relatively small. This result also supports our assumption that the
free energy change of dissociation can be mainly characterized by the position of p53-DBD relative
to the DNA.

After choosing 3D COM as the metric, the next step to building the MSM is clustering the
MD snapshots into microstates using the appropriate clustering algorithm. Construction of the 3D-
MSM used the snapshots with Inter-COM distances d < 65 A. Here, we employed k-means’ with
an initial guess of the cluster center position using k-means++'°. We tried different numbers of
cluster centers until a reasonable result was obtained with 800 cluster centers. To determine the
best lag time (or observation interval) for the MSM model, we constructed MSMs with various lag
times and investigated the relation between the implied time scales (ITS) versus lag time. ITS of
the slowest 100 processes at different lag times is shown in Fig. S1. Based on this analysis, a lag
time of 50 ps was identified as the best value to provide Markovian behavior. Next, the transition
probability matrix was estimated, followed by calculation of the stationary probabilities of the
microstates, as described in the literature”>. 3D-MDM provides the stationary probability of the
microstate i in 3D space as p;(X, Y, Z), and is converted to the FEL as — kgTInp;(X,Y, Z) where
ks is the Boltzmann constant and T is the absolute temperature. We used the PYEMMA package
to construct 3D-MSM.

A free energy difference between two states depends only on the starting state and the end
state. Therefore, binding free energy is defined as the free energy difference between the bound
and unbound states. Although the bound state is a well-defined complex state, the unbound state
can be any state in which interactions between p53-DBD and DNA are negligible. Even in the
cases where p53-DBD dissociated to very different positions, all dissociated states are equivalent
in free energy and all can be considered as unbound states as long as interactions between the
protein and DNA can be ignored. The calculation methods for standard binding free energy based
on the 1D free energy profile are well established’”-’8, The bound and unbound states are defined
from the FEL. Using the probabilities of the bound (Pb) and unbound (Pu) states, the binding free
energy difference from the potential of mean force (PMF), AGprmr, was calculated by

P
AGPMF = — kBT lnp_b (1)

u
To calculate the standard free energy difference of binding, AG®, AGewmr is corrected by adding the
volume correction’’, which corresponds to the free energy of taking p53-DBD from the standard-
state volume V° = 1661 A3 (1 M solute concentration) to the sampled unbound volume V.. The
value of AG® is estimated as follows:

AG® = AGpys — kgTIn (E) )
PMF B Vo

where the second term is the free energy of the volume correction. The volume of the convex hull
defined by the 3D COM coordinates of p53-DBD in the unbound state relative to the DNA was



used as the value of Vy using Qhull”. The obtained values of Vu, Py, and Pu were used for the AG®
calculation.

3. RESULTS AND DISCUSSION
3.1. Structure of the pS3-DBD monomer/DNA complex in equilibrium

We first examined the stability of the p53-DBD monomer/DNA complex during a 1 us MD.
The RMSD of the heavy atoms of p53-DBD and DNA from the starting conformation during the
1 us MD was calculated, as shown in Fig. S2A. The RMSD of p53-DBD slightly fluctuated around
2-3 A, indicating the stability of p53-DBD during the simulation, whereas the RMSD of DNA
was larger (3—5 A). This is consistent with the B-factor values of DNA being roughly 3-fold that
of p53-DBD in 1TSR, indicating larger fluctuations of DNA by 1.7-fold (square root of 3) in
amplitude. The larger conformational change of DNA may be related to the removal of two
monomers in the crystal form of 1TSR, which contains trimers packed together around the DNA,
as well as to the solution environment in the simulation compared to that in the crystal. A 20° bend
in DNA is induced by binding of the p53-DBD dimer>*. Also, partial disordering of the DNA ends
was reported during a structure refinement calculation upon solvation of the crystal structure of a
p53 core domain tetramer assembled on full consensus sites without any constraints on the DNA®’.
It should be noted that a significant change in the DNA RMSD was observed around 240-310 ns
and is correlated with a sudden change of the Inter-COM distance between the interface residues
of p53-DBD and DNA, d, from ~13 A to a stable value of around 8 A during the remainder of the
simulation (Fig. S2B). This indicates tighter binding of p53-DBD with the DNA after the transition.
Interestingly, the RMSD of p53-DBD did not particularly change in this time range, showing that
p53-DBD binds with the DNA deeper after the transition, changing the DNA structure and
interactions between p53-DBD and DNA without significant change in the p53-DBD
conformation. The corresponding changes in intermolecular interactions are reported in section
3.2.

3.2. p53-DBD/DNA interactions before dissociation

After the 1 us conventional MD simulation, the structure of the most populated cluster was
equilibrated in an extended box with sufficient space to accommodate the dissociation of p53-
DBD from the DNA, as described in section 2.2. Five different conformations around the most
stable structure during the MD simulation were then chosen as starting conformations for PaCS-
MD, as mentioned in section 2.3.

Since multiple starting conformations should be used for efficient sampling?, we chose
different conformations for the initial structure of dPaCS-MD rather than relying only on different
initial velocities for one conformation to sample a wider range of p53-DBD dissociation pathways
from DNA. Before starting the dissociation process, we identified the key residues in the binding
interface of p53-DBD/DNA by PLIP’2, which revealed differences from the crystal structure.

As shown above, the structure of the p53-DBD/DNA complex was slightly changed
compared to the crystal structure. We investigated the interactions between p53-DBD and DNA
for the five starting conformations of PaCS-MD by PLIP and compared them to those in the crystal
structure, as shown in Table 1. These changes mainly occurred as the result of the aforementioned
tighter binding of p53-DBD with the DNA at around 240-310 ns. R248, R273, R280, and R283
bind to the DNA during MD as well as in the crystal, suggesting their importance for binding. At
the major groove, K120 was altered by its neighbor S121 in the MD simulation. This result is
consistent with other p53-DBD structures, in which K120 and other residues of the L1 loop in LSH
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do not make a significant contribution to DNA binding>**’. At the minor groove, in addition to
R248, R249 interacts with the DNA, and this is expected to play an important role in binding
because the R249S mutation (PDB code: 2BIO) changes the structure of the L3 loop changed, and
DNA binding affinity is drastically reduced®**!. Q165 and S166 make contacts with the phosphates
but no mutation related to these residues is listed among the 50 most common missense mutations>®.

Below, we discuss the roles of these two residues.

Table 1.
Comparison of p53-DBD residues that make contacts with DNA in at least four out of five starting
conformations obtained by MD simulation and in the crystal structure, 1TSR”.

Type of contact
Major groove Minor groove Phosphate
Both R280, R283 R248 R248, R273, R283
Only in MD S121 R249 Q165, S166
Only in 1TSR K120 - K120, S241

3.3. pS3-DBD dissociation pathways from DNA

We successfully generated 75 different dissociation pathways of p53-DBD from DNA by
conducting 15 trials of dPaCS-MDs from each of five starting conformations. Figure 2 shows d as
a function of the number of PaCS-MD cycles. To assure complete dissociation, each trial was
continued until d reached 70 A, which required an average of 112 + 22 cycles (the value after ‘+’
shows the standard deviation) and 11.2 & 2.2 ns of dPaCS-MD time. Since each cycle contains 10
parallel MD simulations for 0.1 ns, the accumulated computational cost is 8.4 us (0.1 ns x 10 X
112 x 75). The variation in the number of cycles is relatively large due to the use of 10 replicas,
as we previously showed*.

The dissociation of the p53-DBD/DNA complex can be divided into three stages: bound,
partially bound, and unbound states. In the bound state (d < 15 A; below the dotted line in Fig. 2),
major key interactions between p53-DBD and DNA were maintained, whereas a part of p53-DBD
dissociated from the DNA in the partially bound state (15 > d > 35 A, between the dotted and
dashed lines in Fig. 2). In the unbound state (d > 35 A; above the dashed line), p53-DBD
completely dissociated, and d increased linearly until it reached the threshold value.
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Figure 2.

Inter-COM distance between p53-DBD and DNA, d, as a function of the number of PaCS-MD
cycles for 75 trials. The values of d are plotted only for the replica per cycle whose change in d is
the largest among the 10 replicas. Each of the five starting conformations is colored differently,
with these colors matching the colors used for the dissociation pathways shown in Fig. 3. The
dotted and dashed lines indicate the borders between the bound, partially bound, and unbound
states.
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To visualize the 75 dissociation pathways of p53-DBD from the DNA, we used the COM
positions of the p53-DBD interface residues relative to those of DNA, as shown in Fig. 3.
Inspection of the dissociation pathways indicates that the sampled space formed a cone-like shape
around the DNA. Around 93% of the sampling pathways (70 pathways) dissociated along the +X
and —Y directions (namely, the —Y directions), while the other pathways moved along +X and +Y
directions, which only occupy 7% (5 pathways), hereafter called the +Y directions. Therefore, the
X-axis is considered to correspond to the main reaction coordinate for dissociation, while the other
two coordinates (corresponding to the Y- and Z-axes) are considered as secondary coordinates.

To investigate the main differences between the —Y and +Y directions, we inspected the
trajectories of both directions in detail. The first trajectory represents a typical dissociation
pathway along the —Y directions (see Movie S1), while the second trajectory represents that along
the +Y directions (Movie S2). We noticed that toward the —Y directions, p53-DBD dissociated
from the DNA major groove and subsequently dissociated from the minor groove. In contrast,
along the +Y directions, p53-DBD first dissociated from the minor groove and later dissociated
from the major groove.
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Figure 3.

Dissociation pathways of 75 PaCS-MD trials of p53-DBD (pink cartoon model) from DNA (blue)
represented by the COM positions of p53-DBD relative to the DNA in the trajectories. The
coloring of the pathways is identical to that in Fig. 2. A) Front view and B) view rotated by 90°
around the X-axis (in the YZ-plane).

3.4. Key interactions during the dissociation process and their relation to cancer mutations
To obtain insights into the essential interactions between p53-DBD and DNA during
dissociation, we calculated the contact probabilities for 41 contact pairs of p53-DBD and DNA
residues as a function of the Inter-COM distance d. These contact pairs were selected from the
pairs of p53-DBD and DNA residues whose inter-atom distances were within 3.5 A for at least
one pair of atoms in at least one snapshot among the equilibrated trajectories just before the 1%
cycle of the PaCS-MD trials. To calculate the contact probabilities, we generated a reactive
trajectory for each trial of PaCS-MD, comprising a series of molecular configurations connecting
the initial bound and final unbound states along the dissociation pathway, and calculated the
probabilities from all the 75 trials with a bin size of 1 A as a function of d. The result for all 41
pairs is shown in Fig. S3 for the range of bound and partially bound states (d < 35 A). Of these
pairs, we selected 19 native contact pairs that include the pairs that started with high probabilities
(> 80%) and which occupy 46% of all the pairs (Fig. 4A) and two transient contact pairs whose
probabilities were low in the bound state (<20%) but increased to around 30~40% before and after
the border of the bound and unbound states, as shown in Fig. 4B. We noticed that 63% of the
native contact pairs (12 pairs) contain an Arg residue of p53-DBD. Arginine is an amino acid
residue essential for binding that has a positively charged guanidinium group at the end of a polar
region, making it suitable for binding a phosphate anion, a main constituent of DNA strands. This
also explains why five of the top six hotspot mutation sites are Arg residues, all of which are
situated in the p53-DBD/DNA interface bound to the DNA consensus sequence (Fig. 1A).
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Figure 4.

Contact probabilities as a function of the Inter-COM distance between p53-DBD and DNA, d. A)
19 native contact pairs whose initial probabilities were greater than 80%. B) Two transient pairs
whose initial probabilities were smaller than 20% but showed a significant increase during the
dissociation process.

L2 A : —+— Q165.T34 —¥— R248 Ti1 R273_G12
) d —e— Q165 C35 —— R248 G12 —&— C277 A24
—— S166.C35 —m— R248 A32 R280_T25
—e— S240 G12 —e— R248 G33 R280_T26
#- S241 C13 —+— R248.T34 —e— R283 T25

1.0

—— N247_G12 R249 T34 —m— R283 T26
—e— R248 T10

0.8\

0.6

=)
)

- O
N O

—&— M243 G33 —&— N247_T11
B) 3 :

Contact probability
o o =
(=)} (o=} o

=
IS

=
¥

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
Inter-COM distance (4)

o
=)

R248 and R273 are the two most highly mutated sites in the p53 protein (6.79 and 6.55 %
respectively)!? and both are considered as contact residues, as shown in Fig. 1. We found that R248
maintained binding with the DNA base pairs for a much longer time before complete dissociation.
R248 was identified as the last residue to dissociate from DNA in 75% of the trials (56 cases out
of 75). On the other hand, R273 completely dissociated at d = 14 A within the bound state. This
indicates the major role that R248 plays to maintain the tight binding of p53-DBD to the DNA
until the final step of the dissociation process. As mentioned in section 2.1, R248 is situated in L3
and is bound to a deep part of the DNA minor groove, and is stabilized by a variety of non-bonded
interactions with the DNA. This residue is situated in this position, contributing to the stabilization
of L3%2. A closer look revealed that R248 binds to the DNA minor groove by seven different
contacts with three nucleotide residues (T10, T11, and G12) from one strand and with four (A31,
A32, G33, and T34) from the other strand (Fig. S3). Six of these contacts are considered as the
native contacts. It should be noted that T10—G12 are in the middle of the consensus sequence (A7—
C16), indicating the central role of R248 in sequence recognition. Three of the contacts (R248—
T10, R248-G12, and R248-T34) are maintained with probabilities around 30% until 4 = 20 A,
while the other three interactions (R248-T11, R248-A32, and R248—G33 tend to be lost at shorter
d. These findings could explain why the R248Q mutation, which is both a contact and a structural
mutation®, causes a decrease in binding affinity to DNA. The result of MD simulation suggested
that the p53 binding affinity to DNA is reduced in the R248Q mutant but that the complex is_not
dramatically destabilized®*®°. In contrast, R273 binds with the DNA major groove’’*¢, R273 only
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has two nonbonded interactions with DNA (R273—T11 and R273—G12) and only one of them
showed a probability greater than 80% and quickly dissociated. This could explain why mutations
of R273 (R273H and R273C) do not contribute as much to binding affinity as the mutation of
R248 (R248W), but these two mutations together are directly associated with impaired DNA
binding, probably due to loss of the arginine guanidinium group®’.

Although the binding of p53-DBD to the minor groove mainly relies on R248, the
neighboring R249 was also identified to bind with DNA in all the five starting conformations. In
the 1TSR crystal structure, R249, which is situated in L3, interacts with other parts of the protein,
such as L2, L3, and strands of the 8 sandwich, playing a role in stabilizing the p53-DBD structure’.
In our simulations, due to its neighboring position to R248 in the minor grove, R249 also interacts
with T34 of DNA, maintaining ~40% of the binding probability at the beginning of the partially
bound state and also playing roles in maintaining binding to the DNA. R249S mutations are
extremely common in liver cancer in some developing countries!®. A change in the size of the side
chain and absence of the positively charged guanidinium group in R249S were reported to be the
main reasons for the disruption of the R249 hydrogen bond network, ultimately leading to the loss
of DNA binding®.

R280 and R283 contribute to the binding of p53-DBD with the DNA major groove. R280
forms two hydrogen bonds with the bases of T25 and T26, maintaining contact probabilities around
20~40% at d = 17 A. This residue was identified as the last residue to dissociate from DNA in 20%
of trials (15 cases out of 75). This percentage shows that this is the second most frequent residue
to be the last residue to dissociate from DNA (the most frequent residue is R248). R283 bound
with T25 and T26 dissociated faster (probabilities of < 10% at the same distance). In some crystal
structures, R280 also binds to bases of the major groove and the backbone of DNA and makes
invariant contacts with the conserved guanine base’’*. As a result, R280 is also classified as a
contact mutation site, the same as mutations of R248 and R273. Although R280 is absent from the
listed of the hotspot mutations, prior findings showed that R280 is important in direct DNA
recognition and that mutation of this residue (R280K) impairs DNA transcription, resulting in
various forms of cancer®®?°, We examined the list of the top 50 missense p53 mutations ranked by
their frequencies in diverse human cancers'>>® and found that two R280 mutations are below the
top 25 and the total low percentage is only around 0.8%. In contrast, R248Q and R248W are ranked
in the top five, with a frequency of around 7.9 %.

The native contacts were gradually lost during the dissociation process, but two transient
interactions were formed, as shown in Fig. 4B. The contact probabilities of M243 and N247 were
maximum at d = 11.5 A and 13.5 A, respectively. N247 maintained binding with G12 of the DNA
for a relatively long period of time until it completely lost the contact at d = 25 A in the middle of
the partially bound state. Although the N247 interaction was only detected in one of the five
starting conformations (conformation 5), it can form a transient interaction with G33 at around d
=13-16 A with a probability > 30%. Transient interactions may suppress an abrupt energy change
during the dissociation process by forming interactions to support binding.

C277 maintained binding with a 20% probability until & = 17 A. This residue is a prime
binding target for some anti-cancer compounds that attempt to reactivate mutant p53°!. In the
3KMD crystal structure, C277 contacts with bases of the major groove and the backbone of DNA
by different non-bonded interactions®’. The contacts of C277 to the major groove vary depending
on the DNA sequence®®.
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3.5. Free energy landscape (FEL) of dissociation and two dissociation directions

We obtained the FEL of p53-DBD dissociation from DNA, as described in section 2.5, and
showed the projections onto the XY-, XZ-, and YZ-planes, as shown in Figs. 5A, B, and C,
respectively. The global minimum of the FEL agrees with the bound state. The bound state is a
very deep free energy minimum (red color in FEL) and no other clear minimum is found along the
dissociation pathways. As shown in Fig. 3 and Movies S1 and S2, dissociation mainly (93%)
occurred along the —Y directions on the XY-plane and other dissociations (7%) occurred along the
+Y directions. Therefore, we chiefly focused on the FEL of the XY-plane, shown as Fig. 5A.
Although the —Y directions are the major dissociation pathways, free energy changes along these
directions are steeper compared to those along the + Y directions in Fig. SA. This tendency is also
seen as a left-right asymmetry in the FEL of the YZ-plane (Fig. 5C). Compared to Fig. 5A, Fig.
5B shows better vertical symmetry around Z = ~0 in the FEL of the XZ-plane, indicating
equivalence of dissociations along a variety of Z directions.

Figure 5.

Free energy landscape of p53-DBD dissociation from DNA mapped onto the A) XY-, B) XZ-, and
C) YZ-planes. D) The potential of mean force F as a function of X obtained by averaging
microstate probabilities only in the —Y area. The obtained values of AGpyr and AG® are also
shown.
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To further investigate the reason for this asymmetry we examined the transition
probabilities between microstates around a branch point of the two dissociation directions and the
free energy values of microstates, as shown in Fig. 6A and B. The points indicated by C in these
panels show the microstate that can reach to the +Y directions upon transition to point D, and D
indicates the microstate just after the critical transition toward the +Y directions. Figures 6C and
D show representative snapshots of these critical microstates. In Fig. 6A, the thickness of the line
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between microstates shows the magnitude of the probability. The transition probability from C to
D is significantly less than those going to the —Y directions. This is consistent with a larger free
energy gap from C to D (1.1 kcal/mol) toward the +Y directions compared to those toward the —Y
directions (< 0.5 kcal/mol). These results indicate that, although the +Y directions show overall
shallower free energy changes after the transition to the partially bound state, most dissociations
occur along the —Y directions at the branch point where the dissociation along the —Y directions
is energetically preferable. As is clear from comparison of Figs. 6C and D, the minor groove
contacts were lost upon the transition from C to D, indicating greater importance of p5S3-DBD
binding to the minor groove. This also indicates larger free energy contributions of minor groove
binding compared to the contributions of major groove. As mentioned in section 3.4, R248 plays
major roles in minor groove binding by interacting with seven nucleotide residues, including the
middle of the consensus sequence, and by bridging the two DNA strands, and R248 was the last
residue to detach from the DNA in 75% of the PaCS-MD trials. Also, R248Q and R248W are
ranked in the top five of the top 50 missense p53 mutations, with a frequency of around 7.9%. We

conclude that R248 is essential in recognizing the consensus sequence and in stabilizing p53-DBD
binding with DNA.

Figure 6.

A) Transition probabilities between microstates along the dissociation directions visualized by the
thickness of the lines in a close-up view of the FEL up to X <25 A. When the probabilities are
lower than 0.001, no lines are shown. B) Free energy values are shown for the corresponding
microstates. C) A representative snapshot of the microstate before the critical transition toward
dissociation to the +Y directions and D) a snapshot just after the critical transition. The positions
of C and D are indicated in panels A and B. p53-DBD residues contacting DNA are shown in red.
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To examine the validity of the calculated FEL, we estimated the standard binding free
energy AG° and compared it to the experimental value. As already shown previously in Eq. (2),
AG® is obtained from the probabilities of the bound and unbound states with volume correction.
The unbound state can be any state in which the FEL reaches a plateau, as mentioned in section
2.5. As shown in Fig. 5A, the FEL converged to flat values along the —Y directions. To illustrate
this convergence, the PMF as a function of X obtained by averaging microstate probabilities only
in the —Y area is shown in Fig. 5D. The distribution of these microstates in the COM space is
shown in Fig. S4. During the dissociation process, the PMF increased at a higher rate in the bound
state (d < 15 A), and continued increasing with a lower rate in the partially bound state (15 <d <
35 A) and became flat in the unbound state, especially at around 45-60 A. Regardless of the
direction of dissociation, the PMF converges to a certain value when two molecules are separated
sufficiently and the interactions between these molecules are negligible, as shown previously**#.
Thus, the unbound state was defined as the flat region (d > 45 A). After calculating the unbound
volume of the trajectories, we obtained AG® =—10.9 £ 0.4 kcal/mol (AGpyr = —8.7 £ 0.4 and the
correction value = —2.2 kcal/mol). This value is very close to the binding free energy of p53-DBD
(residues 94-312) with the consensus DNA sequence of —11.1 kcal/mol measured by isothermal
titration calorimetry (ITC)??, suggesting that the calculated FEL is reasonable.

4. CONCLUSION

In this work, we observed the dissociation processes of p53-DBD from DNA that contains
the consensus sequence in the middle of the sequence by dissociation PaCS-MD (dPaCS-MD)
simulations with an all-atom model including explicit solvent. Seventy-five trials of dPaCS-MD
were conducted with an average simulation time of 11.2 £+ 2.2 ns. During the dissociation process,
93% of the trials dissociated along the +X and —Y directions (=Y directions), while 7% moved
along the +X and +Y directions (+Y directions). Along the —Y directions, p53-DBD dissociated
from the major groove first and then detached from the minor groove, while unbinding from the
minor groove occurred first along the +Y directions, followed by dissociation from the major
groove. Since the loss of minor groove interaction with p5S3-DBD has a relatively high free energy
cost (1.1 kcal/mol) upon the critical transition toward the +Y direction, major groove detachment
occurs more frequently with a lower free energy cost (< 0.5 kcal/mol) as the initial step of
dissociation. The standard binding free energy calculated from the free energy landscape was AG°
= —10.9 + 0.4 kcal/mol, which agrees with the value obtained by ITC, —11.1 kcal/mol. These
results indicate that the dPaCS-MD/MSM approach can be a powerful tool to investigate the
dissociation mechanisms of two large molecules, such as a protein and a DNA molecule.

The minor groove binding is stabilized mainly by R248 and R249 and sometimes also by
N247. Among them, R248 is the most important residue that tightly packs deep inside the minor
groove. This residue contacts with 7 nucleotide residues including the middle of the consensus
sequence, bridging the two DNA strands that form the minor groove. Also, R248 was the last
residue detached from the DNA in 75 % of the dPaCS-MD trials. These results explain why R248
mutations significantly affect the binding of p53 to DNA, interfere p53 functions, and finally lead
to human cancer. R248 is one of the most frequently mutated residues in the top 50 list of p53
missense mutations. Two major mutations, R248Q and R248W, loose the charged side chain that
interact with 7 nucleotide residues. Previously, atomistic MD simulations of p53-DBD/DNA also
showed that a few crucial residues, specifically R248, S241, and N239, contribute to binding
energy by using the molecular mechanics Poisson-Boltzmann surface area (MM-PBSA)®. The
binding of p53-DBD to the major groove is stabilized by R280 and R283. R280 was the last residue
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dissociated from the DNA in 20 % of trials while R283 tended to dissociate faster. R280 mutations
are found in the top 50 list but situated below top 25 and the total low percentage is only around
0.8 %. These results show that the p53 key residues for the DNA binding are highly related to the
cancer-related mutations, which confirms that impairments of interactions between p53-DBD and
DNA can be frequently related to cancer.

In summary, the promising combination of dPaCS-MD/MSM can be used not only to
investigate different pathways during dissociations of two large molecules but also to identify key
residues for major dissociation pathways and to quantitatively calculate the binding free energy of
the complex, which should also be useful in elucidating the effects of mutations. The presence of
allosteric roles and inactivating effects of the p53-DBD mutations located distant from the DNA
binding surface that were recently revealed”*° may also be investigated by dPaCS-MD/MSM to
quantitatively analyze mutational effects on binding free energy and binding mechanisms in the
future. We conclude that this combination sheds light on underlying mechanisms, which are highly
necessitated for developing small molecules as anti-tumor drugs that can reactivate functions of
pS53 mutants.
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