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Abstract

p53, a tumor suppressor protein, is essential for preventing cancer development. Al-
though individual domains of the human p53 have been well analyzed, no study has ex-
perimentally revealed a full-length structure of human wild-type p53 protein at atomistic
level. The presence of all human p53 domains in one structure will help in showing the
correlated interactions among these domains, thus, leading to enhance our understanding
about the dynamics of this protein and its mutant forms. In this study we have modeled
five human p53 forms, namely, inactive, distal-active, proximal-active, distal-mutant, and
proximal-mutant forms. These forms have been investigated in this study by gaussian
accelerated molecular dynamics simulations in OPC water model at physiological temper-
ature and pH. On the basis of the observed dynamical patterns, all wild-type forms can
achieve better conformational stability through dimerization or tetramerization process.
The dynamical patterns and free-energy profiles of the wild-type forms highlight the most
vulnerable sites to mutations; that is, p53–DNA and p53–p53 interfaces. On the other
hand, principal component and clustering analysis methods on Arg175His mutant forms
reveal two distinct conformational states (clusters); extended and compact clusters. The
two clusters of each mutant form reveal negative cavities near the mutation site, which can
be used for drug screening studies. The observed compact structures in the conformations
of Arg175His mutant forms may indicate formation of aggregation.
Keywords: p53 monomer · Arg175His mutation · Free-energy · GaMD · PCA

2 Introduction

Worldwide, lung cancer is the leading cause of cancer deaths in men, whereas breast cancer
is the leading cause of cancer deaths in women [1, 2]. To understand the molecular biology
of cancer, we have to be able to identify and understand the underlying mutations. Because
somatic mutations are more frequent than germline mutations, they become significant research
targets. The most frequently altered gene in human cancers is TP53, which is either directly
inactivated by somatic mutations in about 50% of these human cancers or indirectly inactivated
in the remainder through binding to viral proteins or having impaired pathways [3, 4].

p53 protein functions primarily as a transcription factor that can either activate or repress
the expression of a large number of DNAs and microRNAs [5, 6] and as a mediator for integrat-
ing appropriate cellular signals via protein–protein and protein–DNA interactions [7]. When
p53 tumor-suppressor gene fails to function properly, uncontrolled growth and division of cells
arises causing genomics instability, a sign of cancer [4]. Therefore, p53 is essential for prevent-
ing cancer development via complicated interactions, which are mediated by p53 independently
folded and fundamentally disordered functional domains [8].

The monomeric form of p53 protein consists of 393 amino acid residues and has a mod-
ular domain structure consisting of three major functional domains: the N-terminal domain
(NTD), which functions mainly as a transcription-activation domain [8], the core domain, which
functions as a sequence-specific DNA binding domain (DBD) [9], and the C-terminal domain
(CTD), which functions as a modulator for the transcriptional activity of p53 protein and as a
binding domain to different target proteins or nonspecific DNA [8].

The boundaries of the major p53 domains and their subdomains are demonstrated in Figure
1 according to the discovered p53 isoforms and the pinpointed structural–functional features
of human p53 protein. The p53-NTD, spanning residues (1–93) [8], contains 3 subdomains:
transcription-activation domain 1 (TAD1), spanning residues (1–39) [10, 11], transcription-
activation domain 2 (TAD2), spanning residues (40–60) [8], and proline-rich domain (PRD),
spanning residues (64–93) [8]. The p53-DBD has spanning residues (94–292) [12]. The p53-
CTD, spanning residues (293–393) [8], contains 2 subdomains: oligomerization domain (OD),
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spanning residues (325–356) [13], and regulatory domain (RD), spanning residues (358–393)
[14–18].

Both p53-TAD and p53-RD are natively unfolded; that is, they are highly flexible and
unstructured [5]. The natural disordered state of both p53-TAD and p53-RD facilitates binding
p53-TAD to different target proteins or nucleic acid partners, and binding p53-RD to different
target proteins or nonspecific DNA [5]. Consequently, both p53-TAD and p53-RD undergo,
upon binding, conformational changes causing their disorder-to-order transition [5]. The p53-
PRD is essential for the apoptosis function of p53 and for efficient growth suppression; however,
it does not participate in p53’s upstream regulation by DNA damage [19]. The low-natural-
thermodynamic stability of human p53–DBD (with a half-life of 9 minutes) allows p53 to rapidly
cycle between folded and unfolded states, facilitating binding of p53 protein to different partner
proteins, and makes p53 susceptible to deleterious mutations [5].

In general, several particular challenges contribute in tackling full-length structure of a wild-
type form of human p53 protein at the atomic level including [8]: p53 protein has a low-natural
stability, p53 protein is expressed in normal cells at very low concentrations, p53 protein has
a large size to be studied by conventional NMR spectroscopy method and a small size to be
studied by the cryo-electron microscopy, and p53 protein has a high proportion of naturally
disordered regions that impedes crystallization.

The low-stability issue of human p53 protein has been solved by designing stabilized forms
of human p53 through introducing naturally occurring mutations in the human p53 domains,
making this protein more amenable to structural studies [8]. These stabilized forms of human
p53 have revealed valuable structural information [20–34]. Nevertheless, the structures of these
forms are virtually identical with the structure of the wild-type form away from the mutated
sites. On the other hand, numerous computational studies [35–42] have been conducted on
the human p53 protein without introducing any stabilized mutation in the p53 domains, yet
significant observations and conclusions have been reported. Specifically, structural and dy-
namical properties of full-length human p53 as well as its interdomain interactions have been
studied in a model of full-length p53 using molecular dynamics method at 300 K [41].

It is known that a biologically active form of the human p53 protein is formed by a homote-
tramer comprising four identical chains [5]. Accordingly, a model of full-length p53 bound to
DNA has been proposed [43]. In the proposed model, two p53-RD units are far from the DNA
(distal p53-RD) and the other two are close to the DNA (proximal p53-RD). The proximal p53-
RD allows an additional stabilization of a p53–DNA complex through nonspecific electrostatic
interactions between the positively charged proximal p53-RD and a DNA backbone. In this
way, the proximal p53-RD aids in docking DNA onto a p53-DBD tetramer; that is, positively
regulating p53 binding to its DNA response elements; consequently, the transcriptional activa-
tion is enhanced. In a cryo-electron microscopy study [44], the relative arrangement of p53-OD
and p53-DBD structures has been revealed; consequently, this orientation facilitates modeling
of the natively folded domains.

Determining the full-length structure of a wild-type human p53 protein is not only crucial
for understanding the role of p53 protein in the cell cycle and in other activities, but also
it is necessary in the design of drugs that target mutant forms of the p53 protein [5]. In
general, the mutant forms of the human p53 protein are classified into 2 categories: contact
site mutants (hotspot mutations: Arg248 and Arg273) or conformational mutants (hotspot
mutations: Arg175, Gly245, Arg249, and Arg282) [8]. Contact site mutants are mutated at
residues crucial for the p53–DNA interaction, whereas conformational mutants fail to stabilize
the β sandwich in the human p53-DBD; consequently, these mutants lack the appropriate
scaffold for the proper interaction with DNA [8].

In breast cancer, the top three p53 somatic mutations are Arg248Gln, Arg273His, and
Arg175His [45]; therefore, Arg175His mutant is one of the designated hotspot mutations in
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p53 protein. The Arg175His mutant perturbs the zinc-binding region, which causes structural
instability, rapid exchange between folded and unfolded states, and hydrophobic aggregation
at physiological temperature [8, 46, 47].

Despite several computational studies on p53-DBD, many dynamical and structural aspects
of p53 function are remained mysterious. For instance, will introducing both p53-NTD and p53-
CTD with p53-DBD in a computational study affect the results obtained from computational
studies of p53-DBD alone? How the roles of the individual domains are integrated with each
other to facilitate the protein function? What is the impact of maintaining the tetrahedrally
coordinated Zn2+ ion by Cys176 from L2 loop, His179 from α1 helix, Cys238, and Cys242 from
L3 loop on the dynamics of Arg175His mutant?

Therefore, in this study we have built our forms by utilizing the relative orientation of
p53-OD to p53-DBD [44]; thus, enhancing the credibility and realisticity of our forms to be sol-
vated with an OPC water model and be studied by Gaussian Accelerated Molecular Dynamics
(GaMD) technique at physiological temperature and pH. Our focus in this study is to explore
the dynamics of an inactive form, active forms, and mutant forms (Arg175His) to reveal their
dynamical patterns for future computer-aided drug design studies.

3 Methods

3.1 Molecular Modeling

The starting structures for the wild-type p53-DBD forms were taken from chain B of PDB
entry 2OCJ [48], an inactive (DNA-free) structure, and from chain A of PDB entry 4HJE [49],
an active structure. An initial structure for a wild-type p53-OD form was chosen from the first
conformer of chain D of PDB entry 3SAK [50]. In the next three paragraphs, the modeling
steps were done using UCSF Chimera [51], version 1.14, and its built in Modeller, version 9.23,
functions [52].

The two PDB structures of p53-DBD were superposed along with the PDB structure of
p53-OD on a Cryo-EM structure, the PDB entry 5XZC [44], using Cα atoms. Superposition
on chain B of PDB entry 5XZC generated two models, inactive and proximal-active models,
whereas superposition on chain C of PDB entry 5XZC generated distal-active model. After the
superposition process, a flexible loop (FL) between a p53-DBD and the p53-OD structures was
modeled. Because of the natural disordered state of human p53-TAD, p53-PRD, and p53-RD
[5], these parts were modeled at Robetta web server [53, 54], a de novo protein-structure-
prediction server. The generated p53-TAD, p53-PRD, and p53-RD models were superposed on
each p53-DBD–p53-OD model using Cα atoms. Loop refinement was applied on each model;
thus, three full-length p53 forms were obtained, namely, inactive, distal-active, and proximal-
active p53 forms.

Two mutant forms were generated using wild-type distal-active and proximal-active p53
forms. The mutation process, mutating Arg175 residue to His175 residue, was achieved with
the pdb4amber program in Amber 20 [55–57]. To remove residue–residue clashes because of
the mutation process, minimization in vacume was applied on each mutant. The minimization
process consisted of 50 cycles; 20 cycles of steepest-descent energy minimization process followed
by 30 cycles of conjugate-gradient energy minimization process.

To fulfill the physiological pH condition (i.e., pH = 7.4) [58] in each full-length p53 form,
Asp and Glu residues were deprotonated, Arg and Lys residues were protonated, and His
residues kept neutral. To model the coordinated Zn2+ complex state [38], three Cys residues
were deprotonated (i.e., Cys176, Cys238, and Cys242). Both N- and C-termini of each full-
length p53 form were capped with acetyl (ACE) and N-methyl (NME) groups, respectively to
keep them neutral. The ACE and NME groups were obtained from RCSB Protein Data Bank
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[59, 60].
The LEaP module of Amber 20 [55–57] was used for adding missing atoms, applying ff14SB

protein force field [61], solvating the protein in a truncated octahedron box of OPC water
molecules [62] with a buffering distance set to 12.0 Å, loading Li/Merz ion parameters (12-6-4
set) for monovalent [63] and +2 [64] ions in the designated water model, and neutralizing the
modeled system with charge neutralizing counter ions (i.e., Na+ ions). Unlike the widely used
TIP3P water model [65], the OPC water model was recommended to be used with ff14SB
protein force field in biomolecular simulations [57]. Combining OPC water model with ff14SB
protein force field in molecular dynamics simulations has improved the accuracy of atomistic
simulations and given better modeling sequence-specific behavior, protein mutations, and ra-
tional protein-design results [66].

3.2 Gaussian Accelerated Molecular Dynamics Simulations

GaMD simulations were performed using PMEMD engine within the Amber 20 software
suite [55–57]. The total preparation simulation time for each system with positional and distant
restraints was 11.5 ns (Table 1). In Table 1, system preparation protocol included several
conjugate-gradient energy minimization processes, heating from 0 to 310.15 K, and several
equilibration processes at different periodic boundary conditions.

The applied position restraints were relative to the initial coordinates of the modeled system.
In the DNA-free form and at 300 K [37], it was observed that the Zn2+ binding site did not
have a stable structure; the spontaneous Zn2+ release leads to dissociation of His179 from
Zn2+; thus, increasing the thermal fluctuation of L2 loop. Therefore and to maintain four-
ligand coordinations of zinc in the protein at physiological temperature and during long-time
simulations, the distance restraint approach was chosen [38, 41], but the bond lengths were
selected relative to the bond lengths in the PDB structure of the modeled system, and the force
constant parameters were interpolated from the zinc Amber force field data [67]. For active and

mutant forms, the utilized force constant for Cys-SG–Zn bond was 56.36 kcal/(mol·Å2
), and for

His-ND1–Zn bond was 51.53 kcal/(mol · Å2
). For inactive form, the utilized force constant for

Cys-SG–Zn bond was 25.93 kcal/(mol·Å2
), and for His-ND1–Zn bond was 58.98 kcal/(mol·Å2

).
The temperature was maintained at physiological value of 310.15 K using Langevin dynamics

[68] with a collision frequency of 5 ps−1. The pressure was maintained at 1 bar with isotropic
position scaling using Berendsen barostat [69] with pressure relaxation time of 1 ps. The
nonbonded cutoff was assigned to 9.0 Å. The Particle Mesh Ewald method [70] with its default
parameters was used to calculate the full electrostatic energy of the unit cell in a macroscopic
lattice of repeating images. The SHAKE algorithm [71] was used in all simulation processes, but
minimization processes, to omit bond interactions involving hydrogen atoms. Consequently, the
time step was assigned to 2 fs for dynamics integration except at specific processes mentioned
in Table 1, where it was assigned to 1 fs to maintain system stability.

In Table 1, the last equilibration process was necessary for conducting GaMD simulation
[72]. A dual boost on both dihedral and total potentials was applied on the last equilibra-
tion process and production runs. The last equilibration process involved 4 stages: 2.0 ns of
preparatory stage as conventional molecular dynamics (no statistics were collected), 3.0 ns of
initial stage as conventional molecular dynamics (potential statistics were calculated for GaMD
pre-equilibration stage), 2.0 ns of GaMD pre-equilibration stage as preparation biasing molecu-
lar dynamics simulation (boost potential was applied but boost parameters were not updated),
and 3.0 ns of GaMD equilibration stage as biasing molecular dynamics simulation (boost po-
tential was applied and boost parameters were updated). The average and standard deviation
of potential energies were calculated every 0.5 ns, and the rest of GaMD parameters were as-
signed their default values. To enhance sampling simulations and free energy calculation of
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biomolecules, GaMD was applied on each system for a simulation time of 200 ns. The GaMD
production trajectory files were written every 2.0 ps.

3.3 Data Analysis

Both R [73], version 3.6.3, and Python [74], version 3.7.3, languages were used for composing
analysis scripts and for generating analysis figures. Analysis scripts included root-mean-square
displacement (RMSD), root-mean-square fluctuation (RMSF), radius of gyration, principal
component analysis (PCA), and free-energy profiles.

3.3.1 Root-Mean-Square Deviation

RMSD reflects the degree of similarity between three-dimensional protein structures. It
can be computed [75–77] by measuring the RMSD between backbone atoms of superimposed
protein structures (the protein structure in trajectory frame i and the restart frame from the
last equilibration process).

3.3.2 Root-Mean-Square Fluctuation

RMSF reveals the conformational variance of the protein. It can be measured [75–77] by
calculating the deviation between the position of atom i (usually Cα) with respect to its average
position over the whole simulation trajectory.

3.3.3 Radius of Gyration

In biological molecules, radius of gyration indicates the protein structure compactness [78].
It can be determined [75–77] by measuring the root mean square distance from protein atoms
(usually Cα) to their center of mass. Among the major protein classes (i.e., α, β, α/β, and
α + β) and when protein size is larger than 300 amino acid residues, α proteins have the highest
radius of gyration indicating the least tight packing character as compared with the character
of other classes, whereas α/β proteins have the lowest radius of gyration indicating the tightest
packing character as compared with the character of other classes [78]. Maintaining a relatively
steady value of radius of gyration over time reveals the stability of the protein folding state.

3.3.4 Principal Component Analysis

Conducting PCA reveals the most important motions of a biological system over a broad
range of time and spatial scales [79]. PCA is a multivariate statistical technique that reduces
the number of dependent motions needed to describe the dynamics of a biological system
into a smaller number of independent motions called principal components [79]. The first
principal component, the eigenvector with the highest corresponding eigenvalue, reflects the
most identifying motion patterns in the simulation. The eigenvalues show the contribution of
the corresponding eigenvectors to the global fluctuations of a biological system.

In our GaMD simulations, PCA was performed [75–77] on all heavy atoms of the protein
after removing all global translations and rotations about the center of mass and orienting all
structures with respect to the restart frame from the last equilibration process.

3.3.5 Clustering Analysis

Clustering analysis is a technique that finds patterns within data by locating clusters of
geometrically similar conformers in ensembles of chemical conformations [80]. Most cluster-
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ing algorithms measure distance between objects to compute the dissimilarity matrix; thus,
clustering algorithms can be divided into partitional and hierarchical clustering methods.

In this study, k-means clustering method [75–77] has been used because of its one of the
fastest and most widely used techniques, and it has apparent good performance in analyzing
molecular dynamics trajectory data [80]. k-means clustering method aims at dividing n obser-
vations into non-overlapping k clusters in which each observation belongs to the cluster with
the closest centroid, and each centroid depicts the conformation that best represents the con-
formations within a cluster [80]. The quality of a k-means partition is evaluated by calculating
the percentage as indicated by Eq. 1 [80], where BSS stands for between sum of squares, TSS
stands for total sum of squares, and CQ stands for cluster quality.

CQ =
BSS

TSS
× 100% (1)

The higher the percentage, the better the score (and thus the quality). Thus, the optimal
number of clusters for a k-means approach has been determined by NbClust function [81] built
in R language [73]. The utilized arguments in NbClust function included: scores of the supplied
coordinates on the PCs as dataset, euclidean as the distance measure to be used to compute the
dissimilarity matrix, k-means as the cluster analysis method to be used, silhouette as the index
to be calculated. In k-means function, Hartigan-Wong was used as an algorithm for k-means
calculations.

3.3.6 Free-Energy Analysis

GaMD method facilitates unconstrained-enhanced sampling of a biomolecular system by
adding a harmonic boost potential to smooth the system potential energy surface [57]. By
constructing a harmonic boost potential that follows Gaussian distribution, potential of mean
force (PMF) (i.e., a free-energy profile) can be extracted by accurate reweighting of the GaMD
simulations [57].

In the reweighting method, cumulant expansion can be used to approximate the ensemble-
averaged Boltzmann factor, 〈eβ∆V (r)〉, where β = 1

kBT
, kB is Boltzmann constant, and T is

the system temperature [82]. To recover the most accurate free-energy profile, let ∆V (r) be
the added non-negative boost energy to the system when the system potential is lower than
a reference energy, where r denotes the atomic positions [82], and 〈eβ∆V (r)〉i be the ensemble-
averaged Boltzmann factor of ∆V (r) for simulation frames found in the ith bin. Thus, the
cumulant expansion to the third order is given by Eq. 2 [83].

〈eβ∆V (r)〉i =

[
exp

(
∞∑
k=1

βk

k!
Ck

)]
i

=

[
exp

(
βC1 +

β2

2
C2 +

β3

6
C3 + . . .

)]
i

(2)

where the first three cumulants can be calculated by

C1 = 〈∆V (r)〉i (3)

C2 = 〈∆V 2(r)〉i − 〈∆V (r)〉2i ≡ σ2
∆V (r) (4)

C3 = 〈∆V 3(r)〉i − 3〈∆V 2(r)〉i〈∆V (r)〉i + 2〈∆V (r)〉3i (5)
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where σ is the standard deviation of the ∆V (r) distribution in the ith bin. For a GaMD
simulation of a biomolecular system, the probability distribution along a reaction coordinate
A(r) is denoted as p[A(r)], which can be used to calculate the biased PMF, which is denoted
as F b[A(r)], for each bin i as illustrated in Eq. 6.

F b
i [A(r)] = − 1

β
ln {pi[A(r)]} (6)

Finally, the reweighted PMF, which is denoted as F [A(r)], can be evaluated by Eq. 7 for
each bin i.

Fi[A(r)] = F b
i [A(r)] − 1

β
ln
(
〈eβ∆V (r)〉i

)
(7)

To identify distinct low-energy states of our biomolecule systems, free energy profiles were
obtained by performing reweighting method along PC1 and PC2.

4 Results

4.1 Model Quality Assessment

The quality of our models has been assessed using SWISS-MODEL server tools [84–86] and
Structure Analysis and Verification Server tools [87–91]. Assessment results (Tables S1–S3
and Figure S1) demonstrate through quality estimate, molprobity results, structure analysis,
and verification server tools that the three models are reliable and can be studied via GaMD
simulations.

4.2 Stability of Molecular Structures

In general, the RMSD results for p53-DBD structures (see Figure S2) show reasonable sta-
bility in those regions throughout the first 100 ns production run time scale. Beyond 100 ns, the
RMSD values are slightly higher than those before 100 ns indicating some structural variations
in p53-DBD structures. On the other hand, the RMSD results for the full-length p53 forms
(data not shown) have high values, which are attributed, as expected, to the free movements
of both p53-NTD and p53-CTD [41].

The RMSF results (Figure 2) for all forms confirm the high thermal fluctuations of p53-NTD
and p53-CTD. The most significant thermal fluctuations in p53-NTD regions include p53-TAD2

and p53-PRD. The trend of RMSF results for wild-type p53 forms (Figure 2a) agrees with a
previously reported RMSF trend of a full-length p53 [41]. For p53-DBD thermal fluctuations,
we highlight the differences among the wild-type forms, and list the regions with the highest
thermal fluctuations in mutant forms. As shown in Figures 2a and S3a–c, L1 loop, beginning
of L2 loop, β6–β7 loop, and β9–β10 loop have higher thermal fluctuations in inactive and
proximal-active forms than in distal-active form. The observed similarity in the RMSF values
for an inactive and a proximal-active p53-DBD forms might be due to both structures have the
same DBD–OD orientation. In Figures 2b and S3d–e, the p53-DBDs in the mutant forms have
high thermal fluctuations in β1–β2 loop, L1 loop, β3–β4 loop, L2 loop, β6–β7 loop, β7–β8
loop, L3 loop, and β9–β10 loop.

The protein structure compactness reveals variations in packing character (Figure 3). In
the first 100 ns production run time scale, the radius of gyration has a steady value in the
wild-type systems (Figure 3a). The steady values of radius of gyration indict stability in the
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protein folding state. In contrast and after 100 ns, the tightest packing character in both an
inactive and a proximal-active forms is increased, whereas in the distal-active form is decreased.
Visual inspection of inactive and proximal-active trajectories beyond 100 ns reveals emerging of
compact conformations of p53 proteins. On the other hand, the radius of gyration decreases in
mutant forms (Figure 3b) indicating an increase in the tightest packing character. By visually
inspecting the mutant trajectories, the p53-NTD comes in a direct contact with the p53-CTD
forming a compact structure.

4.3 Dynamics of Protein Domains

Figure S4 shows the PCA scree plot, which indicates the proportion of variance against its
mode index. The first two components together make up 60.9%, 56.8%, 74.8%, 73.2%, and
69% of the variance of the inactive, distal-active, proximal-active, distal-mutant, and proximal-
mutant p53 forms, respectively. The major dynamics of p53 protein can be captured by PC1;
therefore, Movies S1–S5 demonstrate the trajectories of atomic displacements along PC1 for
p53 forms. In all p53 forms, Movies S1–S5 show projection of p53-TAD away from the surface
of p53-DBD by p53-PRD motion, and this observation is consistent with the observation in an
experimental study [92].

In an inactive form, its dynamics is demonstrated by Movie S1. PC1 describes drastic
motions of p53-NTD and p53-CTD, which are consistent with their high thermal fluctuations
(Figure 2a), and a periodic motion of p53-DBD. Both p53-TAD and p53-DBD move closer
to each other, whereas p53-RD moves closer to p53-DBD while p53-DBD moves away from
p53-RD. Thus, the observed correlated motions produce a compact structure of an inactive p53
form, which explains the radius of gyration results for an inactive p53 form (Figure 3a).

In a distal-active form, its dynamics is illustrated by Movie S2. PC1 depicts substantial
motions of p53-NTD and p53-CTD, which are consistent with their high thermal fluctuations
(Figure 2a), and a weak periodic motion of p53-DBD. In addition, there is a noticeable mo-
tion of L2 loop (comprising residues 164–194) in p53-DBD. Moreover, the same movie shows
denaturation of p53-OD and p53-RD regions.

In a proximal-active form, its dynamics is displayed by Movie S3. PC1 shows drastic motions
of p53-NTD and p53-CTD, which are consistent with their high thermal fluctuations (Figure
2a), and a periodic motion of p53-DBD. Both p53-TAD and p53-DBD move closer to each
other, whereas p53-OD and p53-RD move closer to p53-DBD while p53-DBD moves away from
them. Thus, the observed correlated motions produce a compact structure of a proximal-active
p53 form, which explains the radius of gyration results (Figure 3a). In addition, the motions
of L1 (comprising residues 113–123) and L3 (comprising residues 237–250) loops in p53-DBD
have been observed. Moreover, the same movie shows unfolding states of p53-TAD (i.e., losing
their secondary structures).

The dynamics of a distal-mutant form is illustrated by Movie S4. PC1 displays extreme
motions of p53-NTD and p53-CTD, which are consistent with their high thermal fluctuations
(Figure 2b), and a periodic motion of p53-DBD. Surprisingly, both p53-TAD and p53-CTD
move closer to each other in a way that resembles an opening and closing motion. Thus, the
observed correlated motions explain the compactness of the distal-mutant form (Figure 3b). In
addition, the motions of L1 loop and β7–β8 loop (comprising residues 220–229) in p53-DBD
have been observed.

Movie S5 demonstrates the dynamics of a proximal-mutant form. PC1 describes heavy
motions of p53-NTD and p53-CTD, which are consistent with their high thermal fluctuations
(Figure 2b), and a periodic motion of p53-DBD. Unexpectedly, both p53-TAD and p53-CTD
move closer to each other in a way that mimics an opening and closing motion. Thus, the
observed correlated motions explain the compactness of the proximal-mutant form (Figure 3b).
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Moreover, the motion β7–β8 loop in p53-DBD has been observed. Also, the same movie shows
unfolding states of p53-TAD.

Projecting the trajectory frames onto the plane formed by PC1 and PC2 (Figure S5) shows
how similar structures are clustered and reveals random diffusion in a high-dimensional har-
monic potential. The observed patterns can be interpreted as thermal motion along a shallow
free-energy landscape [93]. Even though PCA is a powerful tool for finding global-correlated
motions in atomic simulations of biomolecules, yet it does not partition the frames into distinct
conformational states.

Contrarily, conformational states analysis can be achieved by clustering the PC data; thus,
allowing comparisons of all conformers sampled during the apparent thermal diffusion. Ac-
cording to NbClust function [81] built in R language [73], Figure 4 shows that PC data of each
form consists of two clusters. This observation is also supported by the cluster quality results
(see Figure S6), which shows an identified kink at cluster count of two. In addition, Figure
4 illustrates that approximately the first 60%, 50%, 60%, 30%, and 70% of PCA time scale
correspond to the cluster 1 in the inactive, distal-active, proximal-active, distal-mutant, and
proximal-mutant p53 forms, respectively.

Two representative-clustered conformations have been extracted for distal- and proximal-
mutant forms as shown in Figure 5 and 6, respectively. In Figure 5a, cluster 1 in distal-mutant
contains a deep negative cavity near the Arg175His mutation, whereas in Figure 5b, cluster 2
in distal-mutant contains a wide negative cavity near the mutation site. On the other hand,
cluster 1 in proximal-mutant contains a deep and narrow negative cavity near the Arg175His
mutation (see Figure 6a), whereas in Figure 6b, cluster 2 in proximal-mutant contains a wide
negative cavity near the mutation site.

4.4 Free Energy Profiles

The free energy profiles explain the relationship between the conformational change and
energetic change. Figure 7 shows the free energy profiles for p53 forms. More energetic wells
(blue regions) represent the protein undergo larger conformational change. Noticeably, distal-
active form experience large conformational changes as revealed by the deeper well (see Figure
7b). Despite the observed interactions between p53-TAD and p53-CTD (Movies S4 and S5),
both distal- and proximal-mutant forms encounter medium conformational changes as revealed
by Figure 7d and 7e. However, as illustrated in Figure 7, all p53 forms are not confined to a
major energetic deep well throughout the simulation, highlighting ensembles of different confor-
mational states distributed over a large free energy landscape. Under physiological conditions,
these results, obtained by GaMD simulations, indicates that high flexibility conformations
have high thermal fluctuations, which leads to high elastic transition from one conformation
to another.

5 Discussion

It has been suggested that maintaining the stability of the Zn2+-binding site decreases the
thermal fluctuation of L2 loop and prevents aggregation [37]. By maintaining the stability of
Zn2+ binding site, the structural and dynamical properties of full-length human p53 as well
as its interdomain interactions have been studied by classical molecular dynamics method at
300 K for 850 ns [41]. In a good agreement with classical molecular dynamics results [41], our
study shows strong stability in all p53-DBD forms with major flexibility in both p53-NTD and
p53-CTD (2), and shows strong correlated motions involving p53-TAD, p53-PRD, p53-DBD,
p53-OD, and p53-RD (Movies S1–S5). The observed stability of p53-TAD secondary structure
in this study is consistent with the observation in another study at 310 K [40] and at 298 and
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400 K [36]. That is, p53-TAD1 has natively compact and folded structure that possesses a stable
α-helix composed by residues Phe19–Leu26 [40]. Moreover, it is observed that α1 helix in the
middle of L2 loop spontaneously unfolds in all simulations, and this observation is consistent
with the other observation in a previous computational study at 300 K [37].

We are able to observe several amazing conformational changes in a short period of simu-
lation time scale using novel GaMD method. For instance, the noticeable motion of part of L2
loop in distal-active form may demonstrate how L2 loop explores the right conformation for
forming dimer–dimer interface [94]. Also, the observed motions of L1 and L3 loops in proximal-
active form may illustrate how L3 loop searches for the right conformation that is useful for
dimer–dimer interface [94], and how L1 loop seeks the right rearrangement to allow DNA bind-
ing [48]. For instance, the observed compact structures in an inactive and proximal-active
forms may indicate a possibility of a loss in p53 functionality due to aggregation. Our findings
could indicate that proximal-active form will dock on the DNA surface to prevent formation of
compact structures then followed by docking of distal-active form.

The most frequently mutated residues in the human p53 protein are at or near the p53–DNA
interface, specifically, the 2 large loops and the loop-sheet-helix motif (L1 loop, β2–β2´ turn,
the 4 C-terminal residues of β10 strand, and the α2 helix) [95, 96]. In a molecular dynamics
simulation study [97] of Arg175His mutant, a hydrophobic patch has been suggested as a
druggable site to prevent unfolding and aggregation by stabilizing the zinc binding region.

Contrarily, conducting GaMD simulations on a hotspot mutation (Arg175His) while main-
taining the stability of Zn2+ binding site can reveal further information. The observed compact
structures in the conformations of Arg175His mutant forms (Movies S4 and S5) may indicate
formation of aggregation. The association of structure compactness with negative cavities near
the mutation site may reveal conformations that are suitable for drug screening.

6 Conclusions

The novel GaMD method has several applications in sampling biomolecular systems and
free-energy calculations of biomolecules. Five full-length human p53 forms have been investi-
gated by GaMD simulations in OPC water model at physiological temperature and pH. Most of
our wild-type observations are in good agreement with those from another study [41] conducted
on full-length p53 protein with TIP3P water model suggesting that OPC water model can give
credible results and GaMD method can give faster results.

The observed similarity behaviors of the conformational stability in both an inactive and
a proximal-active forms explains the observation in previous studies [38, 98] that the DNA-
free p53-DBD structure is similar to the DNA-bound p53-DBD structure [95] but with higher
mobility and flexibility. Moreover, the higher thermal fluctuations of both inactive and a
proximal-active forms might indicate that their relative orientation of p53-OD to p53-DBD is
more vulnerable to mutations.

In this study we have also used PCA combined with clustering to study the dynamics of
full-length human p53 protein. On the basis of the observed dynamical patterns, all wild-
type forms can achieve better conformational stability through dimerization or tetramerization
process. The dynamical patterns of the three wild-type forms highlight the most vulnerable
sites to mutations; that is, p53–DNA and p53–p53 interfaces.

By a subsequent clustering using the k-means algorithm of the structural frames in the
subspace spanned by PC1 and PC2, we have identified two clusters that represent two distinct
conformational states, which are useful in drug screening studies for Arg175His mutation. Free-
energy profiles demonstrate ensembles of different conformational states distributed over a large
free energy landscape. The observed compact structures in the conformations of Arg175His
mutant forms may indicate formation of aggregation.
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8 Abbreviations

The following abbreviations are used in this manuscript:
NTD N-terminal domain
DBD DNA binding domain
CTD C-terminal domain
TAD1 Transcription-activation domain 1
TAD2 Transcription-activation domain 2
PRD Proline-rich domain
OD Oligomerization domain
RD Regulatory domain
FL Flexible loop
ACE Acetyl group
NME N-methyl group
NVT Constant number of particles (N), volume (V), and temperature (T)
NPT Constant number of particles (N), pressure (P), and temperature (T)
GaMD Gaussian Accelerated Molecular Dynamics
RMSD Root-mean-square displacement
RMSF Root-mean-square fluctuation
Rgyr Radius of Gyration
PCA Principal component analysis
PMF Potential of mean force
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9 Tables

Table 1 Summary of system preparation protocol

Restraint Type [kf
a]

Process Ensembleb Position Distance with Zn Steps
Protein PB1

c PB2
d Cys-SG His-ND1

Minimization 1 NVT 60.0 2000
Minimization 2 NVT 40.0 1000
Minimization 3 NVT 20.0 1000
Minimization 4 NVT 20.0 25.93 58.98 1000
Minimization 5 NVT 20.0 25.93 58.98 2000
Heatinge NV 20.0 25.93 58.98 500000
Equilibration 1e NVT 20.0 25.93 58.98 100000
Equilibration 2e NPT 20.0 25.93 58.98 100000
Equilibration 3e NPT 15.0 25.93 58.98 100000
Equilibration 4e NPT 10.0 25.93 58.98 100000
Equilibration 5e NPT 5.0 25.93 58.98 100000
Equilibration 6f NPT 1.0 25.93 58.98 100000
Equilibration 7f NPT 0.5 25.93 58.98 150000
Equilibration 8f NPT 25.93 58.98 5000000

a kf: force constant in units of kcal/(mol · Å2
).

b The symbols in this column stand for; N: constant number of atoms, V: constant volume, T:
constant temperature, and P: constant pressure.

c PB1: Protein backbone atoms.

d PB2: p53-DBD and p53-OD backbone atoms.

e Time step was assigned to 1 fs.

f Time step was assigned to 2 fs.
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10 Figure Legends

Figure 1

3D structure of full-length wild-type p53 model. Colors show domains and subdomains:
blue, transcription-activation domain 1 (TAD1); azure, transcription-activation domain 2 (TAD2);
magenta, proline-rich domain (PRD); spring green, DNA binding domain (DBD); gray, flexible
linker; orange, oligomerization domain (OD); red, regulatory domain (RD). The mutated
residue is depicted with CPK representation. This model refers to the equilibrated distal-
mutant conformation.

Figure 2

Root-Mean-Square Fluctuation (RMSF) for p53 forms: (a) inactive p53; red, distal-active
p53; green, proximal-active p53; blue. (b) distal-mutant p53; green, proximal-mutant p53; blue.
The rectangular region represents the p53-DBD region.

Figure 3

Radius of Gyration (Rgyr) for p53 forms: (a) inactive p53; red, distal-active p53; green,
proximal-active p53; blue. (b) distal-mutant p53; green, proximal-mutant p53; blue.

Figure 4

Clustering results of k-means algorithm on subspace dimension projected on the 2D plane
formed by the PC1 and PC2 of: (a) inactive p53, (b) distal-active p53, (c) proximal-active p53,
(d) distal-mutant p53, (e) proximal-mutant p53.

Figure 5

Electrostatic potential surface around distal-mutant form: (a) cluster 1, (b) cluster 2. The
mutated residue is depicted with ball and stick representation.

Figure 6

Electrostatic potential surface around proximal-mutant form: (a) cluster 1, (b) cluster 2.
The mutated residue is depicted with ball and stick representation.

Figure 7

Two-dimensional free energy profiles along PC1 and PC2 calculated for: (a) inactive p53,
(b) distal-active p53, (c) proximal-active p53, (d) distal-mutant p53, (e) proximal-mutant p53.
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