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ABSTRACT: Green tea consumption is associated with protective and
preventive effects against various types of cancer. These effects are
attributed to polyphenols, particularly epigallocatechin-3-gallate (EGCG).
EGCG acts by directly inhibiting tumor suppressor protein p53. The
binding mechanism by which EGCG inhibits p53 activity is associated
with residues Trp23−Lys24 and Pro47−Thr55 within the p53 N-terminal
domain (NTD). However, the structural and thermodynamic aspects of
the interaction between EGCG and p53 are poorly understood. Therefore,
based on crystallographic data, we combine docking, molecular dynamics
(MD) simulations, and molecular mechanics generalized Born surface area
approaches to explore the intricacies of the EGCG−p53 binding
mechanism. A triplicate microsecond MD simulation for each system is
initially performed to capture diverse p53 NTD conformations. From the
start, the most populated cluster of the second run (R2−1) stands out due to a unique opening between Trp23 and Trp53. During
MD simulations, this conformation allows EGCG to sustain a high level of stability and affinity while interacting with both regions of
interest and deepening the binding pocket. Structural analysis emphasizes the significance of pyrogallol motifs in EGCG binding.
Therefore, the conformational shift in this gap is pivotal, enabling EGCG to impede p53 interactions and manifest its anticancer
properties. These findings enhance the present comprehension of the anticancer properties of green tea polyphenols and pave the
way for future therapeutic developments.

1. INTRODUCTION
Different epidemiologic studies have reported that green tea
drinking has protective and preventive effects against several
types of cancer, such as breast, colon, lung, and prostate
cancers.1−5 The chemoprotective effects of green tea have been
attributed to polyphenol epigallocatechin-3-gallate (EGCG),
which is its most abundant (50−80%) and active compound.3,6

Previous studies have indicated that there are multiple signaling
pathways associated with the antitumor activity of EGCG,1,7,8

such as suppression of various protein kinases,9−11 disruption of
the activation of transcription factors such as EGFR and NF-
κB,12−14 and inhibition of cell migration and metastasis.15−19

The TP53 gene encodes the p53 tumor suppressor protein.20

This protein is commonly referred to as the guardian of the
genome because it plays a vital role in multicellular organisms by
regulating the cell cycle, where it promotes cell apoptosis by
maintaining DNA stability and impeding tumor suppres-
sion.21−24 When a cell is damaged, the p53 protein evaluates
the degree of DNA damage and promotes cellular repair if it is
not significant; otherwise, the protein causes cell apoptosis.

Under normal conditions, p53 is an unstable protein present
at low concentrations in the cell and has a short half-life
(approximately 20 min) due to constant ubiquitylation and
degradation by the mouse double minute 2 (MDM2)
homologue.25 Under stress conditions such as DNA damage

or UV radiation, the degradation of p53 is suppressed by
avoiding ubiquitylation, allowing extended P53 half-life and
promoting its stabilization and activation.26−28

The high concentration of p53 in the nucleus switches on
gene expression, activating cell-cycle arrest, apoptosis, and
DNA-repair events.29 In addition, although p53 is mainly
present in the nucleus, p53 can translocate to the cytoplasm and
mitochondria and act directly on some antiapoptotic pro-
teins.30,31

The active state of the p53 protein is a tetramer in which 393
amino acids comprise each subunit. Each subunit has several
domains: the N-terminal domain (NTD), a DNA-binding
domain (DBD), a tetramerization domain (TD), and a C-
terminal regulatory domain (CRD).32 NTD is an intrinsically
disordered protein formed by three domains: two trans-
activation domains (TADI and TADII) and a proline-rich
domain (PD). TADI and TADII are localized between residues
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1−42 and 43−62, respectively, which are regulator regions of
p53 because they represent binding regions for the transcrip-
tional machinery and the association of MDM2 that participates
in the ubiquitylation of p53. DBD is localized between residues
102 and 292 and is essential for the transcriptional activity of
p53. TD spans amino acids 324 to 355 and participates in the
formation of a protein−protein interface to create a p53
tetramer.33 CRD is a highly conserved region essential for the
nuclear exportation of p53.34

Previous studies have shown that EGCG affects the level of
p53 expression in different types of cancer.35−38 The antitumor
effects of EGCG on cancer cell lines have been attributed to its
disruption of the interaction between p53 and MDM2.36,39 It
has also been reported that EGCG promotes the stabilization of
p53 through the phosphorylation of punctual serine residues.36

A recent study combining experimental and theoretical
approaches demonstrated that there is direct binding between
EGCG and p53 and revealed that the binding mechanism is
localized at the NTD of p53.40 However, the structural and
thermodynamic basis of the molecular recognition mechanism
between EGCG and P53 is poorly understood.

Intrinsically disordered proteins, such as the NTD region of
p53, lack well-defined secondary or tertiary structure until they
bind to other molecules.41 Consequently, molecular dynamics
(MD) simulations offer a promising avenue to comprehend the
intricacies of their behavior. Moreover, establishing binding
pockets and conformational changes based on MD simulations
has been a widely used strategy.42−45 Therefore, in this work, we
take advantage of the crystallographic data available and
combine docking and MD simulations on the microsecond
scale with the molecular mechanics generalized Born surface
area (MMGBSA) approach to explore the structural and
thermodynamic basis of the binding between EGCG and p53.

2. METHODS
2.1. Construction of the Systems. Structures of p53 were

taken from the complex between the CBP nuclear coactivator
binding domain and p53 (PDB entry 2L14). PDB 2L14 was
meticulously selected for its integrity, containing Trp23 and
Trp53 without mutations. Notably, it was chosen over other
options due to the presence of α-helices, a structure character-
istic widely reported in NTD.46 The crystallographic p53
structure was submitted to triplicate MD simulations in the
microsecond (μs) time scale to obtain equilibrated p53
conformations. Of these simulations, the first, second, and
third most populated conformers were obtained through a
clustering analysis for use as starting conformations to indicate
the bindingmode between EGCG and critical amino acids of the
p53 surface. ECGC conformations were selected based on the
most favorable interactions observed with the critical residues
during directed docking. Specifically, for the R1−3, R2−1, and
R3−2 systems, Autodock4 was employed, whereas in the R3−1
and R3−3 systems, Swissdock server was employed. The p53−
EGCG complexes were constructed in Amber22 package47

using antechamber and tleap modules. Ligand force field were
constructed considering general amber force field (GAFF)48

and AM1-BCC atomic charges.49 P53 was modeled with the
AMBER99SB-ILDN force field,50 a suitable force field to study
proteins containing intrinsically disordered regions such as
p53.51 Solvation and neutralization of systems were as follows:
they were solvated in a truncated octahedral water box of 12 Å
dimension52 and neutralized with a salt concentration of 0.15 M
of NaCl.

2.2. Minimization and Molecular Dynamics Studies.
P53 and p53−EGCG complexes were minimized considering
5000 circles of steepest descent and 5000 cycles of conjugate
gradient method. Systems were heated from 0 to 310 K over 200
ps under anNVT ensemble, whereas heavy receptor atoms were
constrained with an elastic constant of 3 kcal/mol·Å2. Density
and pressure were equilibrated for 200 and 600 ps, respectively,
at 310 K under an NTP ensemble, whereas heavy atoms were
still constrained. Triplicate MD simulations of 1 μs and 100 ns
(ns) long for p53 and p53−EGCG complexes were run with the
pmend.cuda module in Amber22. A time step of 2 fs were
considered for MD simulations, removing any constraints, and
under an NPT ensemble. Long-range electrostatic interactions
were treated using the particle mesh Ewald (PME) algorithm,53

and short-range electrostatic and van der Waals and interactions
were set to 10 Å. The bond length between the hydrogen atoms
and the linked heavy atom was constrained using the SHAKE
algorithm.54 A single trajectory was generated for each system by
concatenating triplicateMD simulations: 1 μs for p53, 100 ns for
p53-ligand, and a single 500 ns MD simulation for p53’s R2−1
and R1−3. From the trajectory coordinates, the root-mean-
square deviation (rmsd), radius of gyration (Rg), clustering
analysis, and principal component analysis were analyzed.
Images were made with PyMOL.55

2.3. Binding Free-Energy Studies with mmgbsa and
mmpbsa. The MMGBSA and MMPBSA methods present in
the MMPBSA.py of AMBER simulation software56 were chosen
to evaluate the binding free energy (ΔG). The ΔG values were
determined during the equilibrated simulation time from the
single concatenated MD trajectories considering an ionic
strength of 0.15 M and implicit solvent models.57 As mentioned
elsewhere, the ΔG values and per-residue decomposition
energies using these methods were determined.58

2.4. Molecular Docking. For molecular docking, we
employed nine different conformations of the NTD of p53.
These nine conformations were obtained by selecting the top 3
most populated clusters from the initial 3 μs MD simulations
(see Section 2.2). However, ECGC structures were obtained
from PubChem (CID: 65064)59 and prepared using Avoga-
dro.60 Two rounds of molecular docking were performed by
using four software products: MOE (MOE, 2016), AutoDock
Vina,62 AutoDock4,63 and SwissDock.64 P53 structures were
prepared with MOE for the MOE docking, whereas AutoDock
Tools63 for AutoDock Vina and AutoDock4. The initial round of
molecular docking was conducted with a blind approach,
allowing us to explore potential binding pockets that the
software could detect within the various p53 conformations. In
the subsequent round, we specifically targeted the region from
Trp23 to Lys24 and from Pro47 to Thr55, which are known to
be involved in ECGC binding, as reported by ref 40.
Consequently, the grid boxes in all four software applications
were configured to encompass these specific residues.
2.5. Structural and Interaction Analyses. A structural

comparison between systems was performed using Chimera
software.65 Furthermore, interaction analysis was conducted
using Molecular Operating Environment.61 Moreover, an
evaluation of p53 residue interactions was carried out using
the Residue Interaction Network Generator web service,66 with
the following parameters: nodes set at “closest”, edges set to
“all”, and distance thresholds set to “strict”. Additionally, the
network was constructed using Cytoscape, employing a circular
layout based on chains, where Chain-B represented EGCG.67
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3. RESULTS AND DISCUSSION
3.1. Molecular Dynamics of p53. Due to the intrinsic

disorder of the NTD region, we conducted triplicate micro-
second MD simulations to obtain a p53 NTD structure closely
resembling a conformation susceptible to EGCGbinding, or one
potentially induced by EGCG. These three MD simulations
exhibited distinct behaviors throughout the microsecond
duration, as indicated by root-mean-square deviation (rmsd)

and radius of gyration (Rg) analyses (see Figure S1). While Runs
1 (R1) and 3 (R3) displayed intermittent periods of stability,
neither run maintained sustained stability, which was expected
due to NTD́ known disorder. Conversely, the second run (R2)
demonstrated notable stability from 300 to 1000 ns (Figure S1),
with a slight deviation around 700 ns before reaching
convergence. Consequently, the three most populated con-

Figure 1. 3D structure visualization with ribbon (left) and its surface (right) of: (A) R1−1, (B) R1−2, (C) R1−3, (D) R2−1, (E) R2−2, (F) R2−3,
(G) R3−1, (H) R3−2, and (I) R3−3. Color code: Trp23−Lys24 is colored green, and Pro47−Thr55 is red. Trp23 is highlighted in light green, and
Trp53 is shown in orange-red. The blue arrow points to the region where Trp23 and Trp53 surfaces are in touch.
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formations from each MD simulation were selected to evaluate
EGCG binding, as illustrated in Figure 1.

The p53 NTD regions of Trp23−Lys24 and Pro47−Thr55
are involved in EGCG binding,40 and these regions are colored
in green and red, respectively, in Figure 1. On the other hand,
given that Trp23 and Trp53 exhibit the most significant
chemical shift changes upon EGCG binding,40 these residues
were highlighted using light green and red-orange, respectively.

Interestingly, in all conformers, these two regions were
significantly close. However, Trp23 and Trp53 were not. In
addition, in most cases, these regions formed an α-helical, a
finding that is congruent with previous studies.40 Moreover,
these α-helices are necessary for binding proteins, such as
MDM2 and MDMX on Trp23 or high mobility group box 1
proteins (HMGB1) on Trp53.68−71

Table 1. Interactions between ECGC and p53′s Residues Observed in the Blind Dockinga

aAbbreviation: A: AutoDock, M: MOE, S: Swissdock, and V:AutoVina. Color code: Yellow: interaction found within 2 software, orange: 2
software, blue: 3 software, and green: all 4 software.
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In the conformation that represents the most populated state
observed in the first run (R1−1), both regions formed an α-
helical structure (Figure 1A). Trp23 and Trp53 were oriented
toward opposite sides of the p53 NTD; however, it is worth
noting that the Trp23 surface is in contact with the Pro47−
Thr55 region (Figure 1A). R1−2 and R1−3 also displayed
almost identical characteristics within the regions of interest
(Figure 1B,C). The main difference from R1−1 is that within

Trp23−Lys24, R1−2 and R1−3 lost their α-helical conforma-
tions.

In R2−1, Trp23 and Trp53 were close and faced the same side
of the p53 NTD. Moreover, there was an opening between
Trp23 and Trp53 (as shown by the blue arrow in Figure 1D).
This outcome is fascinating because this opening is the only one
seen between Trp23−Lys24 and Pro47−Thr55, suggesting a
specific binding pocket for the union of EGCG. In addition,

Table 2. Interactions between ECGC and p53′s Residues Observed in the Directed Dockinga

aAbbreviation: A: AutoDock, M: MOE, S: Swissdock, and V: AutoVina. Color code: yellow: interaction found within 2 software, orange: 2
software, blue: 3 software, and green: all 4 software.
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none of the regions of interest possessed a specific 3D structure.
On the other hand, R2−2 and R2−3 had similar characteristics
to R2−1; however, there was a key difference: they were farther
away and did not have an opening between the regions (Figure
1E,F). As this run achieved a state of convergence, it is
noteworthy that none of these three structures had any α-helix
around Trp53. Similarly, for Trp23, an α-helix was absent in two
of the three structures, while in the most populated structure,
Trp23 was positioned outside the α-helix (Figure 1D−F), which
goes according to the unfolded nature of NTD.72

Finally, R3−1, R3−2, and R3−3 possessed similar character-
istics within the region of interest (Figure 1G−I), namely,
Pro47−Thr55 formed an α-helical structure, while Trp23−
Lys24 did not form a specific 3D structure. Additionally, the
surface between these regions was highly lumpy. Although these
regions did not possess a clear opening as did R2−1, this uneven
surface might have facilitated EGCG binding. In addition, R2−1
and R3−2 were the only conformations with Trp23 and Trp53
surfaces bonded together (as shown by the blue arrow in Figure
1). Therefore, R2−1 and the conformation of the third run (R3)
might have generated the most favorable interactions of EGCG
and the regions Trp23−Lys24/Pro47−Thr55.
3.2. Molecular Docking. Blind docking was carried out

using four different software programs to determine whether
some NTD p53 conformations enhanced the union of EGCG
with regions of interest. The interaction between EGCG and

p53 residues is detailed in Table 1, while affinity values are
presented in Table S1.

EGCG could not reach the region of interest in most of these
conformations. The only partial exception to this condition was
observed in the AutoDock-generated docking results for R2−3
and R3−2. Both residues had interactions with Trp23, Lys24,
and Trp53, whereas R2−3 additionally exhibited interactions
with Phe54. Furthermore, as seen in the column interactions
detected by ≥2 software tools, most of these conformations
significantly enhanced EGCG binding, primarily within the 20−
30 s or 50 s range of residues. Specifically, in the 20−30 s range,
we observed R2−1, R2−2, R2−3, and R3−2, while in the 50 s
range, interactions with R1−2, R1−3, R3−1, and R3−3 were
notable. Moreover, R1−1 exhibited a promising EGCG binding
site around residues 30−40 s.

Since blind docking did not provide sufficient insights into
whether some conformations enhanced EGCG binding to a
desired region, we performed molecular docking directed
toward Trp23−Lys24 and Pro47−Thr55. The interactions
between EGCG and p53 residues are shown in Table 2, while
the corresponding affinity values can be found in Table S2.

Once again, some conformations enhanced the binding of
EGCG to the 20−30 s range, such as R2−2 and R2−3, or the 50
s range, exemplified by R1−1 and R1−2. On the other hand,
R1−3, R2−1, R3−1, R3−2, and R3−3 were able to interact with
both regions. In this conformation, some software showed

Figure 2. Trajectory analysis of R1−3, R2−1, R3−1, R3−2, and R3−3 systems through: (A) rmsd, (B) Rg, and (C) RMSF. Color code: R1−3 (pink),
R2−1 (green), R3−1 (black), R3−2 (red), and R3−3 (blue).
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EGCG interacting with both areas simultaneously, while others
showed an interaction with one region at a time (Table 2).
Noticeably, this conformation exhibited both types of
interactions, and features of at least three of the key residues
were detected at least twice. It is worth noting that R2−2 also
possesses these qualifying characteristics. However, we
prioritized molecules where many key residues were detected
or where Trp23−Trp53 interactions were observed at least
twice. Therefore, these five conformations were selected to
further test their affinity toward EGCG during MD simulations.
In this selection process, their affinity values were not considered
as we prioritized the locations of these conformations. In
addition, docking results often exhibit a less-than-ideal level of
accuracy.73

3.3. Conformational Stability of p53−EGCG Systems.
R1−3, R2−1, R3−1, R3−2, and R3−3 systems initiated
triplicate MD simulations lasting 100 ns each. EGCG remained
bonded to p53 in all of the systems, which is notable because
some of these complexes did not reveal a particularly high
binding affinity during the docking analysis. Thus, EGCG, to
some extent, can have stable interactions with the Trp23−Lys24
and Pro47−Thr55 regions. To conduct an in-depth analysis and
comparison of system stability and behavior, we analyzed their
trajectories using rmsd, Rg, and root-mean-square fluctuation
(RMSF) (Figure 2). rmsd is a metric that calculates the mean
distance between the atoms of two structures,74 enabling an
assessment of the alterations that systems experience from the
reference structure throughout the 100 ns simulation.

As can be seen in Figure 2A, the R3−2 (red) system fluctuated
and changed the most during the 100 ns period. Due to the high
level of fluctuation at the beginning, the changes that R3−2
experienced might be related to poor stability between EGCG
and p53 in the reference structure. However, as the simulation
continued, EGCG could have induced a conformation change
that allowed the system to stabilize from 60 to 100 ns. This
change could also be due to the movement of EGCG within the
p53 structure, but as shown in the RMSF analysis, p53 residues
experienced a significant change (Figure 2C; red). Therefore, it
is likely that EGCG generated a conformational change in the
R3−2 structure. A similar change was also observed to a lesser
extent with R3−1 and R2−1. Moreover, R2−1 experienced a
conformational change between 40 and 50 ns and stabilized at
50−100 ns (Figure 2A; green). On the other hand, R3−1
experienced a minor conformational change at approximately 40
ns and stabilized at 40−100 ns (Figure 2A; black). However, the
change in R3−1might not be related to p53 because the residues
of R3−1 did not experience a significant change in RMSF
(Figure 2C; black), potentially indicating that the change could
be due to a shift in the EGCG location.

R3−3 and R1−3 did not experience a significant change
during the 100 ns period. Nevertheless, R3−3 exhibited a
remarkable constant fluctuation, which might be related to the
poor stability of EGCG−p53 (Figure 2A; blue). Furthermore,
R1−3 manifested remarkably high stability from the beginning,
possibly due to a favorable interaction between EGCG and p53
(Figure 2A; pink).
Rg indicates a system’s degree of compactness: a high Rg value

corresponds to low compactness, while a low Rg value
corresponds to high compactness.75 Thus, Rg is another
indicator of the conformational changes that the system
experienced during the simulation. As shown in Figure 2B, the
Rg of R1−3 (pink) is quite the opposite of what was seen in the
rmsd analysis: the R1−3 system experienced the least compact-

ness and had constant fluctuations, particularly during the first
ns of the simulation as the system experienced a peak, which
might suggest a rapid conformational change. Taking these
findings into account along with the stability observed in the
rmsd analysis and the pronounced fluctuations noticed
throughout the residues of p53 in RMSF, it is plausible to
infer that EGCG establishes a remarkably stable interaction with
the R1−3 region of p53, as indicated by the rmsd analysis. This
interaction, in turn, induces a swift conformational transition in
p53, leading to a highly stable and noncompact conformation, as
Rg and RMSF suggest.
Rg shows that R3−2 has a notably low level of compactness,

which is expected, as rmsd indicated that R3−2 suffers a
significant conformational change. However, we did not see the
same tendency in Rg as we saw in rmsd, which might indicate
that some of the changes observed in rmsd could be due to the
movement of EGCG. The Rg in R2−1 also revealed that the
system had a stable conformation from 60 to 100 ns, as seen in
rmsd analysis. This finding suggests that the movement in both
graphs is due to moderate conformational change within p53
and not due to movement of EGCG. On the other hand, R3−1
and R3−3 exhibited low Rg values and high stability. This
condition along with the high fluctuations and changes seen in
the rmsd could indicate a constant movement of EGCG within
p53.

RMSF is used to quantify the extent to which a particle
deviates from its initial position; and, in this context, it was
utilized to assess the changes each residue experienced
throughout the simulation.75 As mentioned earlier, p53 in the
R1−3 system exhibited the most substantial alterations across
numerous residues, particularly in the Trp23−Lys24 and
Pro47−Thr55 regions. Similarly, the R3−2 system caused
significant modifications within a majority of residues,
particularly in the highlighted regions of interest (Figure 1C).
Consequently, both conformations underwent notable changes
in the specified p53 residues. As previously mentioned, R1−3
exhibits high stability in rmsd. Therefore, the observed change
may be attributed to a rapid conformational shift induced by
EGCG. On the other hand, R3−2 changes might be related to
the instability of the p53 structure or to changes induced by
EGCG. Due to the change seen in rmsd and the stability of Rg,
this outcome might be related to the constant fluctuation of the
system until the EGCG and p53 became stable around 40 ns.

R2−1 generated a moderate change within p53 residues
(Figure 2C; green), demonstrating, as previously described, that
EGCG induced a moderate change and had a significantly stable
interaction with the R2−1 conformation.

R3−1 and R3−3 systems did not cause a significant change in
the p53 structure (Figure 2C). Moreover, both systems
experienced a change and caused a fluctuation in the rmsd,
which might indicate poor stability of EGCG and a constant
movement within p53.

In the RMSF analysis, we evaluated the change in the residues
of interest: Trp23−Lys24 and Pro47−Thr55. For the Trp23−
Lys24 region, systems R3−1, R3−3, R1−3, and R2−1 caused a
significant decrease in deviation. This outcome suggests that
EGCG had a stable interaction with this region in all of these
systems, with low fluctuations or changes. This outcome was not
seen in R3−2, which experienced a peak in this region.
Therefore, part of the movement seen in the rmsd is due to
the movement of EGCG from its initial point, which generated a
conformational change within the Trp23−Lys24 region.
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In the Pro47−Thr55 region, R3−1, R3−2, and R1−3
manifested similar behavior and had notable high peaks. This

finding suggests that EGCGmight have lost interaction with this
region in some systems. On the other hand, R2−1 and R3−3

Figure 3. 2D analysis of Reference structures → significant clusters of: (A) R1−3, (B) R2−1, (C) R3−1, (D) R3−2, and (E) R3−3. Color code:
Arrows: R1−3 (pink), R2−1 (green), R3−1 (black), R3−2 (red), and R3−3 (blue).
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had a low change within this region accompanied by a constant
increase as residues moved near the C-terminal.

To summarize the trajectory analysis, R1−3 and R2−1
systems had high stability, whereas R2−1 generated a low
change in the regions of interest.
3.4. Interactions between p53 and EGCG. In this

context, systems were primarily selected based on the p53
regions of interactions. We wanted to analyze each system’s
most significant interactions throughout the MD simulation.
Therefore, we selected the interactions seen in the most
significant clustering structures within each system.

In the R1−3 system, three significant conformations were
detected. These structures and their interactions can be seen in
Figures 3A and 4A. The reference structure of this system
generated interactions with Trp23, Lys24, Pro27, Glu28, Leu45,
Ser46, Pro47, Ile50, Glu51, Phe54, and Glu56 (Figure 3A).

In the MD simulations, the most populated cluster generated
interactions with Asp21, Trp23, Lys24, Leu25, Glu28, Pro34,
Met40, Leu45, Ser46, Pro47, and Ile50. The second-most
populated cluster had interactions with Pro13, Ser15, Gln16,
Lys24, Leu25, Glu28, Pro34, Pro36, Ser37, Met40, Leu45,
Ser46, Pro47, Ile50, and Glu51. Furthermore, the third-most
populated cluster had interactions with Ser15, Gln16, Lys24,
Leu25, Glu28, Ser33, Pro34, Leu45, Ser46, Pro47, and Ile50.

The residues that maintained interactions with EGCG
throughout the simulation were Lys24, Glu28, Leu45, Ser46,
Pro47, Ile50, and Glu51 (Figure 3A). This system had
significant interactions with four residues that are key in the
interaction of EGCG and p53.40

There were some interesting structural changes that p53
suffered. First, the most populated structure closely resembles
the reference structure. Moreover, in the second and third-most
populated structures, Trp23 changed its location to another face
of the p53 structure (Figure 4A). Trp53 also changed its location
to face EGCG. Nevertheless, both residues did not face the same
direction in either of these three structures.

In the R2−1 system, there was only one significant structure
cluster, which is encouraging due to the potential binding pocket
seen in Figure 1D. At the reference structure, EGCG had
interactions with Ser20, Trp23, Lys24, Leu25, Gln52, Trp53,
Phe54, Thr55, Glu56, Asp57, and Asp61. In the most populated
structure, EGCG had interactions with Ser20, Trp23, Lys24,
Leu25, Leu26, Pro27, Gln52, Trp53, Asp57, and Asp61 (Figure
3B). Thus, EGCG had significant interactions with four of the
residues of interest; and, importantly, two of these interactions
were with Trp23 and Trp53, the most relevant residues in
EGCG binding.40 The structural change during the MD
simulation revealed a further increase in the possible binding

Figure 4. 3D Analysis of reference structures → significant clusters of: (A) R1−3, (B) R2−1, (C) R3−1, (D) R3−2, and (E) R3−3. Color code:
surface: Trp23−Lys24 is colored green, and Pro47−Thr55 is red. Trp23 is highlighted in light green, and Trp53 is shown in orange-red.
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pocket within Trp23 and Trp53 (Figure 4B). Moreover, there
was a significant movement in the Trp23−Lys24 region. Lys24
moved toward the surface of p53, which allowed the direct
interaction of Trp23 with EGCG. This movement further
enhanced the penetration of EGCG into p53 NTD during the
MD simulation. The placement of EGCG at this position may
explain the presence of only one significant cluster in the MD
simulation given that this p53 conformation would be able to
maintain a stable core and a highly compact structure.

In R3−1, there were two significant clusters, and the most
populated cluster interacted with Pro27, Asn29, Asn30, Val31,
Phe54, Thr55, Glu56, Asp57, and Pro58. The second-most
populated cluster interacted with Pro27, Asn29, Asn30, Val31,
Phe54, Thr55, Glu56, Asp57, and Pro58 (Figure 3C).
Consequently, the same residues were seen in both clusters.
The reference structure had interactions with Leu26, Pro27,
Glu28, Asn29, Asn30, Val31, Phe54, Thr55, Glu56, Asp57, and
Pro58. EGCG interacted with residues around 20 s and W-23
and K-24 in other structures during the second docking analysis.
However, EGCG did not interact with the Trp23−Lys24 region
and interacted with only two residues in the Pro47−Thr55
region. The structural changes in this model indicate that EGCG
enhanced the binding pocket within the core of p53 (Figure
4C).

In the R3−2 system, the reference structure exhibited
interactions with Leu22, Trp23, Pro27, Glu28, Asn30, Val31,
Leu32, Ser33, Leu35, Pro36, and Trp53 (Figure 3D).
Simultaneously, it is remarkable that Trp23 and Trp53 were
proximal, suggesting an enhanced interaction of EGCG with
these key residues. However, in all three significant cluster
structures, EGCG did not interact with Trp53 (Figure 3D) due
to the movement of EGCG toward Lys24, as indicated in the
structural changes (Figure 4D). Therefore, as hypothesized in
the trajectory analysis, the high movement of this system in the
rmsd analysis is due to EGCG movement. The most populated
cluster interacted with Trp23, Lys24, Leu25, Leu26, Pro27,
Ser33, Pro34, Leu35, Pro36, Asp57, Pro58, and Gly59. The
second-most populated cluster interacted with Leu22, Trp23,
Lys24, Leu25, Leu26, Pro27, Ser33, Pro34, Leu35, and Pro36.
The third-most populated cluster interacted with Leu22, Trp23,
Lys24, Leu25, Leu26, Pro27, Ser33, Pro34, Leu35, and Pro36.
Thus, in this system, p53 had significant interactions with Trp23,
Lys24, Leu25, Leu26, Pro27, Ser33, Pro34, Leu35, and Pro36.

Finally, in the R3−3 system, the reference structure interacted
with Pro13, Leu14, Trp23, Pro34, Leu35, Pro36, Trp53, Phe54,
Asp57, Pro58, Pro60, and Asp61. However, the two significant
clusters lost all interactions with the Trp23−Lys24 and Pro47−
Thr55 regions. The most populated clusters interacted with
Glu28, Ser33, Pro34, Leu35, and Pro60. The second-most
populated cluster interacted with Glu28, Pro34, Leu35, and
Pro60 (Figure 3E). Hence, despite the initial placement of
EGCG within a region of p53 flanked by Trp23 and Trp53, it
eventually migrated away from this vicinity (Figure 4E).

Therefore, R2−1 and R1−3 were the only systems that allowed
EGCG to interact with both regions of interest. However, R2−1
was the only system in which EGCG interacted with Trp23 and
Trp53. On the other hand, R3−1 had stable interactions with
the Pro47−Thr55 region, while R3−2 had a stable interaction
with Trp23−Lys24.
3.5. MMGBSA Calculations. MMGBSA was used to

estimate the strength of the interaction between EGCG and
p53 within different systems. Interestingly, in line with the
trajectory analysis, Run1−3 (−17.58 kcal/mol) and Run2−1
(−15.43 kcal/mol) were the two systems in which EGCG
exhibited the most robust interactions with the NTD of p53
(Table 4). Notably, EGCG had interactions with both regions of
interest in these two systems. R3−1 (−13.24 kcal/mol) and
R3−2 (−13.59 kcal/mol) had significant interactions with only
one of these regions and displayed a slightly reduced affinity
toward p53 (Table 3).

In contrast, R3−3 exhibited a diminished affinity at −9.75
kcal/mol, as anticipated, due to the observed movement outside
the intended binding pocket throughout the simulation (Figure
4). EGCG had interactions of similar intensities with Trp23−
Lys24 and Pro47−Thr55. However, when EGCG interacted
with both regions, the intensity of the interaction was slightly
stronger. Additionally, it was surprising that R2−1 did not
possess the highest binding strength given its pronounced
induction of a binding pocket within Trp23 and Trp53 (see
Figure 4). This diminished strength might be due to the same
reason why a binding pocket was formed toward the core;
namely, there was a reduced number of residues that can interact
with EGCG (Figures 3 and 4).

A per-residue energy decomposition was conducted to
elucidate the contributions of p53 residues to the MMGBSA
value. These values can be seen in Table 4. As expected, the R1−
3 system, involving 17 residues, generated the highest number of
significant interactions throughout the MD simulation.

The nine residues with a contribution above −1 kcal/mol
were Lys24, Glu28, Pro34, Leu35, Pro36, Leu45, Ser46, Pro47,
and Ile50. Three of the desired residues had an affinity higher
than −1 kcal/mol. R3−1 and R3−2 followed suit, with 11
interactions each and 6 interactions above −1 kcal/mol. In R3−
1, the residues present were Asn29, Asn30, Val31, Thr55, Asp57,
and Pro58. R3−1 interacted with only one of the desired
residues. On the other hand, for R3−2, residues Trp23, Lys24,
Leu25, Pro27, Leu35, and Pro36 generated interactions with the
whole Trp23−Lys24 region.

The four systems with the highest interactions within Table 4
were with R2−1. Thus, even though R2−1 had interactions with
10 fewer residues than did R1−3, R2−1 generated a highly
closed MMGBSA value. Consequently, the interactions that
EGCG can generate in the induced binding pocket have a
significant strength. The residues that generated a higher value
than −1 kcal/mol in R2−1 were Trp23, Lys24, Leu25, and
Trp53. Therefore, in the R2−1 system, EGCG interacted with

Table 3. Binding Free-Energy Components of p53−EGCG Complexes Calculated Using the MMGBSA Approach (Values kcal/
mol)

system ΔEvdw ΔEele ΔGele,sol ΔGnpol,sol ΔGbind

Run3−1 −26.69 ± 2.0 −18.15 ± 4.7 34.63 ± 12.0 −3.03 ± 0.15 −13.24 ± 2.0
Run3−2 −26.94 ± 4.0 −25.39 ± 10.0 42.13 ± 11.0 −3.38 ± 0.50 −13.59 ± 3.0
Run3−3 −20.5 ± 4.0 −44.27 ± 13.0 58.83 ± 18.0 −3.37 ± 0.40 −9.75 ± 3.0
Run1−3 −23.86 ± 4.0 −73.93 ± 13.0 84.63 ± 11.0 −4.40 ± 0.4 −17.58 ± 3.0
Run2−1 −26.57 ± 5.0 −57.34 ± 19.0 73.11 ± 18.0 −4.22 ± 0.50 −15.43 ± 3.0
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Trp23, Lys24, and Trp53, generating significantly high energetic
interactions.
3.6. Structural Analysis of p53−EGCG Conformation.

As previously mentioned, Trp23−Lys24 and Pro47−Thr55
were selected as regions of interest based on the study by Zhao et
al.,40 which was based on chemical shift perturbations detected
by 2D NMR. Therefore, there is no way to determine whether
this shift is due to direct interaction with EGCG or a
conformational change provoked by it.76 Consequently, to
further assess the possibility of a conformational change, we
analyzed the interactions induced by EGCG among the residues.
This analysis was carried out using the Residue Interaction
Network Generator web service.66

To effectively compare the conformational changes triggered
by EGCG, we opted to contrast the interactions before the MD
simulation with those within the most populated structure of
each system. Notably, the initial structures were obtained from a
prior MD simulation of each system, ensuring that the
interactions were based on the equilibrium conditions. Addi-
tionally, system R3−3 was excluded due to the low binding
affinity between EGCG and p53 (Table 3). These interactions
can be seen in Figure 5.

In the R3−1 system within Trp23−Lys24, before the MD
simulation, both residues had an interatomic contact (IAC) with
EGCG, while Trp23 had a van der Waals interaction with Pro27

(Figure 5A; left). However, in the most populated structure,
following the MD simulation, both residues retained their IAC
interactions with EGCG.

Notably, Trp23 lost contact with Pro27 but formed several
new van der Waals interactions and an π−π stack interaction
with Phe54. Additionally, Lys24 established an ionic interaction
with Asp21 (Figure 5A; right).

Moving to the Pro47−Thr55 region, Pro47 and Glu51
displayed IAC interactions with EGCG before the MD
simulation and formed a hydrogen bond between them.
Regrettably, these interactions were lost during the simulation,
and Glu51 dissociated from the EGCG network (Figure 5A).
Moreover, Trp53 and Phe54 were both involved in interactions
with Ile50, and Trp53 interacted with Phe19, Leu26, Pro27, and
Asn30. Following the MD simulation, Ile50 maintained its
interaction with Trp53 and Phe54. Trp53 retained only the
interaction with Asn30 while establishing a new one with Asp49.
However, as mentioned above, Phe54 generated interactions
with Trp23. Finally, after the MD simulation, Thr55 went out of
the EGCG network, while Gln52 changed its interaction with
Pro13 to form a hydrogen bond with Asp49. Therefore,
although most of the residues of interest remained part of the
EGCG network, several key alterations were observed. For
instance, two residues (Glu51 and Thr55) lost all of their
interactions, and some residues experienced reduced inter-
actions. Moreover, EGCG induced a robust interaction between
Phe54 and Trp23 during the simulation.

In the R2−1 system, Trp23 and Lys24 interacted with EGCG,
while Trp23 had an π−π stack interaction with Phe19 (Figure
5B; left). After the simulation, Lys24 generated a hydrogen bond
with Pro60, and Trp23 generated a hydrogen bond with Leu25,
augmenting its interactions with Phe19 (Figure 5B; right). From
the other region, Glu51 formed hydrogen bonds with Phe54 and
Thr55 before and after the simulation (Figure 5B). A similar
pattern was observed with Trp53, which initially had multiple
interactions with Pro47 and Ile50 before the simulation.
Notably, Trp53 maintained interactions after the simulation,
although these interactions were reduced. Gln52 established van
der Waals interactions with Ser20 and Asp57 during the
simulation. Finally, Asp49 entered the EGCG network by
forming multiple interactions with Leu45 (Figure 5B; right). In
this system, the pre-existence of a potential binding pocket
between the surfaces of Trp23 and Trp53 (Figure 1B) is
noteworthy. Thus, given that the majority of the interactions
involving the residues of interest were preserved during the
EGCG stimulus, with the emergence of Asp49, all residues of
interest, except for Asp48, were integrated into the EGCG
network. In addition, EGCG created new interactions among
crucial residues, strongly implying that all the residues of interest
play a pivotal role in forming the binding pocket induced by
EGCG between Trp23 and Trp53 in this system, echoing the
observation made by Zhao et al.40

In the R3−1 system, neither Trp23 nor Lys24 had
interactions with EGCG before the MD simulation; however,
both became part of the EGCG network due to some other
interactions, as seen in Figure 5C (left). During the MD
simulation, Lys24 disappeared from this network, while Trp23
was kept due to five downstream interactions, including the
Phe54 interaction with EGCG (Figure 5C). This outcome was
expected because EGCG does not interact with this region in
this system. In the Pro47−Thr55 region, prior to the MD
simulation, EGCG had direct contact with Trp53, Phe54, and
Thr55 and some indirect contact with Pro47, Asp48, Asp49,

Table 4. Per-Residue Energy Decomposition for p53-Ligand
Complexes after 100 ns Long MD Simulations (kcal/mol)

residue RUN3−1 RUN3−2 RUN3−3 RUN1−3 RUN2−1

Ser15 −0.19
Gln16 −0.606
Ser20 −0.509
Leu22 −0.777
Trp23 −2.217 −0.894 −1.427
Lys24 −1.7975 −1.56 −3.9465
Leu25 −3.445 −0.433 −1.09
Leu26 −0.945 −0.754 −0.9025
Pro27 −0.617 −1.0965 −0.519 −0.849
Glu28 −0.329 −2.0355 −3.515
Asn29 −1.649
Asn30 −1.043 −0.413
Val31 −1.424
Leu32 −0.4335
Ser33 −1.029 −0.44567
Pro34 −0.658 −1.908 −2.32733
Leu35 −1.1325 −1.7513 −1.358
Pro36 −1.919 −1.281
Met40 −0.295
Met44 −0.18967
Leu45 −1.85233
Ser46 −1.01467
Pro47 −1.47767
Ile50 −1.888
Gln52 −0.702
Trp53 −0.380 −2.4655
Phe54 −0.320
Thr55 −1.496
Glu56 −0.753
Asp57 −1.253
Pro58 −1.072 −0.359
Gly59 −0.3555
Pro60 −0.7495
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Figure 5. ECGC network analysis before MD (left) and at the most populated structure (right) of the system: (A) R1−3, (B) R2−1, (C) R3−1, and
(D) R3−2. Lines color code: gray: inter-atomic contact, blue: hydrogen bond, green: van der Waals, red: ionic, and orange: π−π stack.
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Ile50, Glu51, and Gln52. During the MD simulation, Pro47,
Asp48, Ile50, and Glu51 left the EGCG network. Furthermore,
Thr55 and Phe54 maintained a direct interaction with EGCG.
Therefore, R3−1 systems do not allow EGCG to significantly
influence most residues of interest.

Finally, before the MD simulation in the R3−2 system, Trp23
and Lys24 had direct contact with EGCG, and Trp23 stood out
due to the interactions with Phe19 and, to a lesser extent, with
Leu26, Val31, and Trp53 (Figure 5D; left). During the MD
simulation, both residue-maintained interactions with EGCG.
On the one hand, Trp53 maintained its interactions with Pro27,
Val31, and, notably, Phe54, which stood out due to its multiple
interactions (Figure 5D; right). On the other hand, Lys24 had
multiple interactions with Asp61. In the other region of interest,
the Trp23 residue allowed Pro47, Asp48, Asp49, Ile50, Glu51,
Gln52, Trp53, Phe54, and Thr55 to become part of the EGCG
network. Thus, during the MD simulation, only Pro47, Ile50,
Glu51, Trp53, Phe54, and Thr55 were kept inside the EGCG
network due to the interaction of Phe54 with Trp23. Therefore,
the R3−2 system was shown to have a high affinity toward
Trp23−Lys24 during the simulation (Figure 4D). Conse-
quently, EGCG was only able to influence Pro47−Thr55 due
to Trp53 interactions.

This comparative analysis of the influence of EGCG on
various systems reveals intriguing insights into the differential
impact of EGCG on specific regions. R1−3 and R2−1 systems
exhibited the most substantial effect within the Trp23−Lys24
and Pro47−Thr55 regions due to their direct interactions with
EGCG. On the other hand, systems R3−1 and R3−2 had high
stability toward Pro47−Thr55 and Trp23−Lys24; therefore, the
influence on the region was minimal. Furthermore, the R2−1
system was remarkable in that it encompassed all key residues,
except for Asp48, within the EGCG network. Notably, some of
these interactions were already established before the
commencement of the MD simulations. This outcome strongly
underscores the pivotal role of these interactions in shaping the
binding pocket between Trp23 and Trp53. Moreover, the
interactions of EGCG with Trp23 and Trp53 had a pronounced
amplifying effect on its influence within these specific regions, as
reported by Zhao et al.40

3.7. Extended MD Simulations for R2−1 and R3−1. As
structural changes and ligand dissociation within MD
simulations might not always be observed within the initial
100 ns, we chose to analyze molecules with the most favorable
binding free energies, R2−1, and R1−3, through extended 500
ns MD simulations. For this purpose, we selected the most
populated structure observed within the 100 ns MD simulation
as it is expected to provide greater stability to each complex.
Furthermore, neither complex experienced dissociation
throughout the entire 500 ns simulation. Moreover, the analysis
of their Rg and rmsd revealed distinct behaviors (Figure S2). On
the one hand, R2−1 exhibited notable stability at the onset of
the simulation, particularly evident in the Rg analysis (Figure
S2). However, around 350 ns, the structure underwent a
discernible structural change. Subsequently, between 400 and
500 ns, the structure found once again stability. However, it was
not as stable as the first 300 ns of the simulation. On the other
hand, R1−3 displayed a higher degree of instability initially,
persisting until approximately 300 ns. Beyond this point, it
achieved stability, albeit not as prominently as observed in the
first 300 ns of R2−1 (Figure S2).

The free energy of both systems was determined using
MMGBSA. The disparity between the two systems remained

consistent throughout the 100 ns simulation period (Tables 3 &
S3). Specifically, in the R1−3 system, ECGC exhibited a binding
free energy of −15.14 ± 3.5 kcal/mol, while that of R2−1 was
−12.53 ± 5.3 kcal/mol. Despite the superior affinity observed
within R1−3, both systems exhibited free energy values within a
comparable range. Furthermore, the per-residue decomposition
of energy underscores the heightened affinity of R2−1within the
target region (Table 5). Notably, within Trp23−Lys24, the

individual contributions to ECGC binding were −1.295 kcal/
mol for Trp23 and −3.995 kcal/mol for K24, totaling −5.29
kcal/mol. This accounts for approximately 35% of the total
binding free energy. Similarly, within Pro47−Thr55, the
contributions from Gln52 (−0.702 kcal/mol), Trp53 (−2.259
kcal/mol), Phe54 (−1.803 kcal/mol), and Thr55 (−0.733 kcal/
mol) sum to −5.497 kcal/mol, which constitutes approximately
37% of the total binding free energy. Therefore, 72% of the
binding free energy comes from both regions, with the rest
coming from nearby regions (Table 5). This analysis highlights
that several residues within the desired region contribute more
significantly to ECGC binding in R2−1 than that in R1−3.

To analyze the most relevant interactions within the 500 ns
MD simulation, each system was used to perform cluster
analysis. Within R1−3, one significant cluster was detected,
whereas in R2−1, two clusters were detected. The 2 cluster goes
accordingly to what was seen within the trajectory analysis
(Figure S2). As can be seen in Figure 6A and Movie 1A, R1−3
completely lost its interactions with Trp23, ending up
interacting with Phe19, Lys24, Leu25, Pro27, Glu28, Pro34,
Met40, Leu45, Ser46, Pro47, Ile50, Glu56, Asp57, Gly59, Pro60,
and Asp61. In this way, R1−3 maintained the interactions with
Lys24, Leu25, Glu28, Pro34, Met40, Leu45, Ser46, Pro47, and
Ile50 (Figure 6A). Therefore, this system finds stability with

Table 5. Per-Residue Energy Decomposition for p53-Ligand
Complexes after 500 ns Long MD Simulations (kcal/mol)

residue RUN1−3 RUN2−1

Pro19 −1.903
Ser20 −0.799
Asp21 −0.216
Leu22 −0.807
Trp23 −1.295
Lys24 −1.607 −3.995
Leu25 −0.464 −0.838
Leu26 −0.165 −0.889
Pro27 −0.658 −0.306
Glu28 −2.830
Leu32 −0.4335
Ser33 −0.419
Pro34 −2.057
Met40 −0.306
Met44 −0.268
Leu45 −2.555
Ser46 −1.417
Pro47 −2.194
Asp49 −0.134
Ile50 −2.642
Gln52 −0.702
Trp53 −2.259
Phe54 −1.803
Thr55 −0.733
Glu56 −0.372
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only three residues within the desired region: Lys24, Pro47, and
Ile50 (Figure 6A). In contrast, R2−1 initially engaged in
interactions with Ser20, Trp23, Lys24, Leu25, Leu26, Pro27,

Gln52, Trp53, Asp57, and Asp61 (Figure 6B and Movie 1B).
Subsequently, on the most populated cluster, ECGC interacted:
Asp21, Leu22, Trp23, Lys24, Gln52, Trp53, Phe54, Thr55,

Figure 6. 3D (Up) and 2D analysis of Reference structures → Significant clusters of: (A) R1−3 and (B) R2−1. Color code: surface: Trp23−Lys24 is
colored green, and Pro47−Thr55 is red. Trp23 is highlighted in light green, and Trp53 is shown in orange-red.
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Glu56, Asp57, and Pro58, whereas on the secondary cluster with
Asp21, Leu22, Trp23, Lys24, Gln52, Trp53, Phe54, Thr55, and
Glu56. In this way, the 500 ns simulation enhances ECGC
interactions with the desired region from 4 (Trp23, Lys24,
Gln52, and Trp53) to 6 found in both clusters: Trp23, Lys24,
Gln52, Trp53, Phe54, and Thr55 (Movie 1B), further
confirming the relevance of these residues seen within the per-
residue energy decomposition (Table 5).

In this way, both structures did not dissociate during the 500
ns extended MD simulation. Both systems exhibited a certain
degree of stability, with R2−1 demonstrating a higher level of
stability (Figure S2). Within MMGBSA R2−1, the desired
regions significantly contribute to ECGC as expected. Finally,
within the most significant clusters of each system, it was
observed that R2−1 gained interactions within the desired
region, in contrast to R1−3, which exhibited a loss of
interactions (Figure 6). Therefore, even though within R1−3,
ECGC found a favorable interaction with p53, the interactions
seen do not go accordingly to previous reports.40 However, the
R2−1 system behaved in a similar way to what would be
expected (Movie 1B).
3.8. EGCG-Induced Conformation of p53 in R2−1.

Given the consistently favorable ECGC binding observed in the
R2−1 systems across all analyses, which corroborates findings
reported by Zhao et al,40 in addition to the potential binding
pocket between Trp23 and Trp53 identified initially in R2−1
(Figure 1D) and seen during both the 100 ns (Figure 4B) and
500 ns simulations (Figure 6B), we aimed to further analyze the
persistence and characteristics of this binding pocket throughout

the entire 500 ns MD simulation. In this way, R2−1 systems
were analyzed each for 100 ns. As depicted in Movie 1B, the two
structural conformations suggested by the Rg (Figure S2) are
evident throughout the 500 ns simulation. Moreover, during the
initial 300 ns, ECGC remained firmly bound to the binding
pocket, showing minimal movement (Movie 1B). However,
around 350 ns, the complex underwent a significant change,
resulting in a reshaping of the binding pocket (Movie 1B).

At the initiation of the simulation, ECGC exhibited
interactions with specific residues, namely, Ser20, Asp21,
Leu22, Trp23, Lys24, Leu25, Leu26, Pro27, Gln52, Trp53,
and Phe54 (Figure 7A). These interactions stemmed from both
pyrogallol motifs, particularly their hydroxide components
(Figure 7A). Notably, both motifs were situated within cleavage
sites between the regions of interest, with one cleavage primarily
involving Lys24 and Trp53, and the other centered around
Trp23 (Figures 7A and 8A). This underscores the relevance of
the binding pocket detected initially, which was also key to
ECGC binding in the initial p53-ligand simulation (Figures 1D
and 4B).

The consistency of this pattern was evident throughout the
initial 300 ns of the simulation, with the pyrogallol motifs
consistently positioned at the same cleavage sites (Movie 1B,
Figures 7A, and 8A), while the majority of interactions remained
the same. Specifically, at the 100 ns mark, ECGC exhibited
interactions with residues Phe19, Ser20, Asp21, Leu22, Trp23,
Lys24, Leu25, Pro27, Gln52, Trp53, Phe54, Thr55, and Glu56
(Figure 7B). By the 200 ns checkpoint, ECGC interactions
extended to include Leu22, Trp23, Lys24, Leu25, Leu26, Pro27,

Figure 7. 2D representation of the R2−1 system at (A) 0, (B) 100, (C) 200, (D) 300, (E) 400, and (F) 500 ns.
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Trp53, Phe54, Thr55, andGlu56 (Figure 7C). Finally, at the 300
ns interval, prior to any notable conformational shifts, ECGC
continued to engage with Asp21, Leu22, Trp23, Lys24, Leu25,
Leu26, Pro27, Gln52, Trp53, and Phe54 (Figure 7D).

This is particularly relevant, not only as it behaves at it should
be expected based to previous reports.40 This analysis also
highlights the relevance of the pyrogallol motifs on the binding
of ECGC into p53′s NTD. These interactions also highlight the
known inhibition of MDM2 binding as p53 interacted with
MDM2 and MDMX through residues Phe19, Trp23, and
Leu26.77 Furthermore, it is noteworthy that throughout the 500
ns simulation, none of the regions of interest exhibited the
formation of α-helices. This finding holds significance as α-
helices are essential for binding proteins such as MDM2 and
MDMX.68−71 Therefore, the interaction of ECGCwithin R2−1,
coupled with its structural conformation, strengthens its
inhibitory effect and renders these sites inaccessible. This
could potentially enhance inhibition of the p53−MDM2
interaction.

The conformational shift observed around 350 ns (Figure S2
and Movie 1B) is generated by the binding of Lys24 to the
Pro47−Thr55 region (Figure 8E). During this shift, one of the
pyrogallol motifs loses its binding interaction with Trp53, while
the other retains these interactions, reminiscent of the initial
conformation of R2−1 (Figure 1D). In this conformation, a
plausible binding pocket is formed beneath Lys24, facilitating
ligand interactions with Trp23 and Trp53 (Figures 7E and 8E).
Furthermore, by 500 ns, this cleavage intensifies, allowing the
pyrogallol motifs to re-establish interactions with a broader
range of residues, including Asp21, Leu22, Trp23, Lys24, Gln52,

Trp53, Phe54, Thr55, Glu56, Asp57, Pro58, and Gly59 (Figures
7F and 8F). This mirrors most of the interactions observed
during the initial 100 ns MD simulation, particularly those seen
at the start of the simulation (Figure 3B), in which ECGC
enhances that binding pocket as time progresses. Therefore,
although ECGCmay not fully regain the same position observed
within the first 300 ns, it enhances the binding pocket from 400
to 500 ns, as seen in the initial 100 ns MD simulation (Figure
8E,F).

In summary, the first 300 ns witnessed remarkable stability in
both pyrogallol motifs of EGCG across the regions of interest
(Figure 8). The structure maintained consistent stability
throughout this period, as evidenced by Rg analysis (Figure
S2). Following a conformational shift around 350 ns, during
which Lys24 bound to the Pro47−Thr55 region, one of the
pyrogallol motifs sustained interactions with both Trp23 and
Trp53, even during this change (Figures 7 and 8). This cleavage
event resembled the plausible binding pocket observed in the
initial conformation of R2−1 (Figure 1D). Notably, between
400 and 500 ns, ECGC demonstrated an enhancement of the
binding pocket, reclaiming many of the interactions observed
during the 500 ns MD simulation (Figures 7 and 8).
Consequently, the binding pocket between Trp23 and Trp53
facilitated robust interactions with ECGC’s pyrogallol motifs,
enabling it to persistently engage with p53’s NTD. This strong
interaction with this particular region of p53 allows ECGC to
block MDM2 and MDMX interactions by interacting with key
residues and inducing a conformational shift that does not favor
its binding. This finding unveils a potential mechanism by which
EGCG exerts its therapeutic effects in cancer treatment.

Figure 8. 3D representation of the R2−1 system at (A) 0, (B) 100, (C) 200, (D) 300, (E) 400, and (F) 500 ns. Color code: surface: Trp23−Lys24 is
green, and Pro47−Thr55 is red. Trp23 is highlighted in light green, and Trp53 is shown in orange-red.
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3.9. EGCG Binding Pocket Perspectives. EGCG is not
the only molecule capable of activating p53. Notably, significant
strides have been made in the development of MDM2 and
MDMX inhibitors.78 However, despite these efforts, it has
become evident that this approach falls short in achieving
sustained suppression of tumor growth.79 Nevertheless, recent
advances in research have challenged the long-standing notion
of p53 as an undruggable target. Novel molecules such as APR-
246,80 MANIO,81 and CP-3139882 have emerged, specifically
designed to bind directly to p53 and enhance its stability.
Despite this progress, to the best of our knowledge, no molecule
has been shown to interact with the NTD region of p53.
Moreover, the identified binding pocket around Trp23 and
Trp53 holds promise.

On the one hand, the Trp23 region is pivotal in binding DM2
and MDMX.69,70 Meanwhile, mutations of Trp53 and Phe54
have been demonstrated to enhance transactivation of p53,
thereby contributing to its ability to suppress pancreatic
cancer.71 Furthermore, although the NTD region of p53 is a
site for multiple protein interactions, EGCG binding does not
appear to affect key p53 interactions. Instead, it has been found
to increase phosphorylation of p53 at Ser15 and Ser20,39 while
also enhancing p53’s anticancer activity.35,83,84 Our research
identified the pyrogallol motif as a key element in EGCG
binding and conformational induction (Figures 7 and 8). Hence,
these findings could serve as a foundation for solidifying
EGCG’s role as a p53 activator or uncovering novel molecules
targeting this specific binding pocket.

4. CONCLUSIONS
Our study thoroughly explored the intricate dynamics governing
the interaction between EGCG and the NTD of p53, with the
aim to elucidate the underlying structural and thermodynamic
basis for this binding phenomenon. Initially, a triplicate
microsecond MD simulation was conducted to capture diverse
p53 NTD conformations. Subsequently, the three most
prevalent conformations from each simulation were metic-
ulously analyzed. R2−1 stood out, exhibiting a distinct opening
between the Trp23 and Trp53. This outcome is particularly
intriguing as it represents the sole opening in the surface
spanning Trp23−Lys24 and Pro47−Thr55, key residues that are
known to interact with EGCG. Subsequently, all identified
conformations underwent blind and target docking using four
different software tools. Noteworthy interactions with both
regions of interest were observed in R1−3, R2−1, R3−1, R3−2,
and R3−3. Thus, all of these systems were chosen to perform a
100 ns simulation with EGCG. During further analysis, R1−3
and R2−1 stood out because they generated the highest stability,
affinity, and interactions with the regions of interest. However,
R2−1 was exceptional: it was the only system that enabled
EGCG to interact with Trp23 and Trp53, resulting in an
increased potential binding pocket within these crucial regions.

Notably, a structural analysis demonstrated that while not all
key residues directly interacted with EGCG, most were integral
components of its network of interactions. Furthermore, a
dynamic visualization through a second 500 ns simulation
revealed the pivotal role of the pyrogallol motifs on EGCG
binding. This motif was found within two cleavages within the
binding pocket. The first one was between Trp53 and Lys24, and
the second was around Trp23. These cleavages facilitated
sustained interactions throughout the simulation, the event
when one of these regions drastically changes. In this way, the
binding pocket found between Trp23 and Trp53 is instrumental

in enabling EGCG to impede p53 interactions, which may be
related to the anticancer properties of EGCG.
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