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Liquid-Liquid phase separation (LLPS) of p53 to form liquid condensates has been implicated in cellular
functions and dysfunctions. The p53 condensates may serve as amyloid fibril precursors to initiate p53
aggregation, which is associated with oncogenic gain-of-function and various human cancers. M237|
and R249S mutations located in p53 core domain (p53C) have been detected respectively in
glioblastomas and hepatocellular carcinoma. Interestingly, these p53C mutants can also undergo LLPS
and liquid-to-solid phase transition, which are faster than wild type p53C. However, the underlying
molecular basis governing the accelerated LLPS and liquid-to-solid transition of p53C remain poorly
understood. Herein, we explore the M2371/R249S mutation-induced structural alterations and phase
separation behavior of p53C by employing multiscale molecular dynamics simulations. All-atom
simulations revealed conformational disruptions in the zinc-binding domain of the M237] mutant and in
both loop3 and zinc-binding domain of the R249S mutant. The two mutations enhance hydrophobic
exposure of those regions and attenuate intramolecular interactions, which may hasten the LLPS and
aggregation of p53C. Martini 3 coarse-grained simulations demonstrated spontaneous phase separation
of p53C and accelerated effects of M237I/R249S mutations on the phase separation of p53C.
Importantly, we find that the regions with enhanced intermolecular interactions observed in coarse-
grained simulations coincide with the disrupted regions with weakened intramolecular interactions
observed in all-atom simulations, indicating that M237I/R249S mutation-induced local structural
disruptions expedite the LLPS of p53C. This study unveils the molecular mechanisms underlying the two
cancer-associated mutation-accelerated LLPS and aggregation of p53C, providing avenues for
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rsc.li/chemical-science anticancer therapy by targeting the phase separation process.

Introduction which has been related to neurodegenerative diseases.’™

Recently, it has been reported that the oncogenic p53 protein
Biomolecular condensates, often recognized as membraneless can also undergo LLPS and form liquid condensates,">™® and
organelles due to their ability to sequester related cellular these condensates can transit into fibrillary aggregates through
macromolecules, play a crucial role in diverse biological func- liquid-to-solid transition.**** Some factors, such as mutation,
tions, including stress response, cellular signaling, metabolism, denaturant, and hydrostatic pressure can cause p53 protein to
and RNA storage.' Numerous studies indicate that these undergo abnormal LLPS and irreversible aggregation,**
biomolecular condensates form through liquid-liquid phase compromising its normal functions.*® Similar to the fibrillary
separation (LLPS).® An increasing number of investigations aggregates formed by the aforementioned IDPs associated with
demonstrate that intrinsically disordered proteins (IDPs) have —neurodegenerative diseases, amyloid-like aggregates of p53 are
a high propensity to undergo LLPS owing to their weak, observed in various cancers, including ovarian, lung, breast,
dynamic, and multivalent interactions.®® The liquid conden- and skin cancers.**® Targeting the p53 LLPS and aggregation
sates formed by some IDPs (such as TDP-43, FUS, and tau) can pathways has emerged as a potential therapeutic strategy
mature into amyloid fibrils under appropriate conditions, againstcancers.* For example, it is found that polyanions (such

as heparin)” and DNA/RNA can modulate p53 LLPS and

aggregation.®**> Heparin apparently stabilizes the liquid
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The p53 is a multidomain protein consisting of 393 amino
acids. It comprises three functional domains: the N-terminal
transactivation domain (p53NTD, residues 1-93), the core
domain (p53C, residues 94-290), and the intrinsically disor-
dered C-terminal domain (p53CTD, residues 291-393). As the
“guardian of the genome”,*** the p53 protein plays a pivotal
role in regulating various biological functions, including cell
cycle arrest, autophagy, DNA repair, and apoptosis under stress
conditions.**** Significantly, p53 serves as a major barrier
against cancer initiation and progression.’”** However, muta-
tions can cause abnormal LLPS and subsequent aggregation of
p53 protein, resulting in the impairment of p53 antitumor
activity.**"* For example, p53CTD can undergo LLPS readily and
tends to form stable liquid condensates, whereas oncogenic
mutations in the p53 tetramerization domain (located inside
p53CTD) impair the formation of liquid condensates, reducing
the activation of p53 target genes and promoting cancer
progression.'® In addition, both full-length p53 and its ther-
mostable mutants could form liquid condensates, with the
mutant condensates showing an increased fibrillary propensity,
which impairs the anticancer ability of p53 protein.***” More
recently it has been reported that cancer-related M237I and
R249S mutants of p53C can undergo LLPS, with the process
evolving a solid-like phase transition faster than that in the case
of p53C WT." However, the molecular basis regarding the faster
LLPS and liquid-to-solid transition induced by the two muta-
tions remain mostly unknown.

Inspired by these experimental studies, we aim to elucidate
the impacts of M237I and R249S mutations on p53C confor-
mations and LLPS behavior, and the underlying molecular
mechanisms using multiscale molecular dynamics (MD) simu-
lations by combining all-atom (AA) and coarse-grained (CG)
models. MD simulation methods have been widely used in
studying the conformational properties, aggregation propensity
and LLPS behavior of proteins.**** For instance, Ingolfsson
et al.*® explored the intramolecular and intermolecular inter-
action dynamics of TDP-43, and revealed the dominant physical
interactions that drive the formation of biomolecular conden-
sates. Utilizing the hybrid resolution protein model, Zhang
et al.*® revealed the coupling between the secondary structure
and phase separation propensity of the TDP-43 conserved
region. We recently unraveled the mechanisms underlying
R248Q mutation-enhanced aggregation of p53C, and explored
the small molecule inhibitor resveratrol (RSV) to prevent the
conversion of p53C into aggregation-prone conformations.* In
this study, we conducted AA monomer simulations and CG
phase coexistence simulations on p53C WT and its two mutants
(M2371 and R249S). Our AA simulations reveal that M237I
mutation induces the disruption of the zinc-binding domain
and the increase of loop2 and loop3 flexibility, and thus results
in the overall structural destabilization of p53C and its adoption
of aggregation-prone molten globule states, potentially
speeding the LLPS and liquid-to-solid transition of p53C.
Furthermore, the R249S mutation attenuates intramolecular
interactions and enhances the hydrophobic exposure of loop3
and zinc-binding domain, which may accelerate the LLPS and
aggregation of p53C. Moreover, our Martini 3 ** CG simulations
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demonstrate M2371/R249S mutation-facilitated LLPS behavior
of p53C. Importantly, we find that the regions with enhanced
intermolecular interactions observed in CG simulations align
with the destabilized regions observed in AA simulations,
indicating the crucial role of the disrupted regions in acceler-
ating the LLPS of p53C. This multiscale MD simulation study
bridges the gap between M237I/R249S mutation-induced
conformational disruption and phase separation behavior of
p53C, and provides for the first time a microscopic explanation
for the mutation-accelerated LLPS of p53C, which paves a way
for anticancer therapy by targeting LLPS and the aggregation
process of p53C.

Materials and methods
All-atom MD simulations of p53C monomer conformations

Three systems were simulated, namely wild type (WT), M2371
mutant (M2371), and R249S mutant (R249S) of p53C. The initial
coordinate of the WT monomer (Fig. 1a) was extracted from the
X-ray diffraction structure (PDB ID: 2AC0),”* which consists of
the p53C (residues: 94-290) tetramer binding with two 12-bp
DNA. In our simulations, we selected chain A as the initial
structure of the p53C monomer in the WT system (Fig. 1a). The
M237I and R249S mutants were generated using Pymol®*® by
mutating the residues at the two corresponding sites. The N-
and C-termini of each p53C were capped with acetyl (-CH;CO)
and amino (-NH,) groups, respectively, to maintain comparable
systems with both terminal residues uncharged in full-length
p53. The p53C monomer comprises three loops (L1, L2, and
L3), two a-helixes (H1 and H2), one B-sandwich, and one Zn ion.
In Fig. 1a, L1 (red cartoon), L2 (yellow cartoon), L3 (green
cartoon), and Zn ion (red ball) in p53C are labeled.

The AA simulations were conducted using the Gromacs-
2018.3 software package.”” Amber14SB*® force fields were
employed to characterize the p53C protein. Initially, each p53C
monomer was placed at the center of a 7.0 x 7.0 x 7.0 nm®
simulation box and solvated with TIP3P*® water molecules. Each
system was neutralized by adding Na* and Cl~ ions to achieve
a physiological salt concentration of 0.15 M. The total number
of atoms in each AA system of the p53C monomer was
approximately 33 690. The lengths of all chemical bonds of the
p53C monomer were constrained using the LINCS algorithms,*
while the bond lengths of water molecules were constrained by
SETTLE methods.** Electrostatic interactions were treated with
the Particle Mesh Ewald (PME) method, using a real space cutoff
of 1.2 nm.** The cutoff for van der Waals interactions was set at
1.2 nm with a Verlet buffer.®® All systems underwent initial
energy minimization using the steepest descent method, and
convergence was achieved when the maximum force in the
system was smaller than 100 k] mol™* nm™". Subsequently, the
energy-minimized systems were equilibrated in the NVT
ensemble and further equilibrated in the NPT ensemble. The
simulation systems were coupled to a temperature bath of 310 K
using a velocity rescale method® with a coupling constant of 0.1
ps. The pressure of each system was maintained at 1 bar using
the Parrinello-Rahman method® with a coupling time constant
of 1.0 ps. The time step of integration was set to 2 fs, and the
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AA-to-CG mapping

Fig. 1

Initial structures and AA-to-CG mapping of p53C in AA and CG simulations. (a) The structure of the p53C monomer, highlighting loops L1,

L2, and L3, helixes H1 and H2, and Zn ion. Residues M237 and R249 are depicted in stick representation. (b) Mapping from the AA structure to CG
structure. (c) The initial state of CG simulation for p53C LLPS, which was obtained after a series of equilibrium steps, with each CG molecule

colored differently.

neighbor list was updated every 10 steps. Ultimately, all AA
simulations were conducted in the NPT ensemble without
constraints. Periodic boundary conditions were used in all AA
simulations. Three independent 2.2 us MD simulations were
performed for each system (WT, M2371, and R249S), with an
accumulated simulation time of 19.8 ps.

Martini 3 coarse-grained MD simulations of p53C
spontaneous phase separation

Three systems, namely WT, M237I, and R249S, were con-
structed using the Martini 3** CG model. The martinize2
program within Vermouth® was employed to map the AA
structures into CG structures and generate Martini 3 ** topolo-
gies (Fig. 1b). Unless specified, the initial structures for AA-to-
CG mapping were selected from the AA simulations (the
conformations at ¢ = 2.0 us). Secondary structure assignment
was performed on the basis of the AA structure using the DSSP
(Definition of Secondary Structure of Proteins)®” program. To
preserve the tertiary structure of the AA p53C monomer in the
CG model, the elastic network® was utilized during AA-to-CG
mapping. Within the elastic network model, elastic bonds
were added for any two CG beads within a distance of 0.9 nm,
using a force constant of 500 k] mol™" nm™>.

After constructing the CG p53C model, the simulation
system with 32 p53C molecules was set up in an elongated box
with a 2 x 2 x 8 configuration (i.e., there are 2, 2, and 8 p53C

Table 1 Setup details of AA and CG simulations

molecules in x, y, z directions separated by a minimum distance
of 2 nm). The LLPS of several proteins have been investigated by
a number of CG-MD phase coexistence simulation studies, and
the protein concentration ranges from 1.7 to 10.6 mM.*""* In
accordance with those previous computational studies, we used
32 molecules to carry out the phase coexistence simulations of
p53C with a protein concentration of 8.9 mM. Each system
underwent initial energy minimization under vacuum condi-
tions, followed by solvation, charge neutralization, and the
addition of 0.15 M NaCl using the Gromacs-2018.3 *” software
package. The total number of beads in each CG system was
approximately 65 500. Subsequently, a series of optimization
steps were conducted in each system, including energy mini-
mization under solvation conditions, 5 ns equilibrium steps in
the NVT ensemble, and two equilibrium steps using 2 fs and 20
fs time steps in the NPT ensemble totaling 35 ns (Fig. 1c). In the
equilibrium steps, the velocity rescale method® and Berendsen
method” were used respectively for maintaining the system at
a temperature of 310 K and a pressure of 1 bar. In the produc-
tion run, the velocity rescale method® and Parrinello-Rahman
method® were used respectively for temperature coupling and
pressure coupling. Two individual 10 ps CG simulations were
performed for each system (WT, M2371, and R249S), with an
accumulated simulation time of 60 ps. A summary of the AA and
CG simulation setup details of the six systems is provided in
Table 1.

MD simulations Systems # of MD runs # of atoms Box size (nm?) Simulation time

All-atom WT 3 ~33 690 7X7x7 2200 ns x 3
M2371 3 ~33 690 7 X7 %7 2200 ns x 3
R249S 3 ~33 690 7xX7X7 2200 ns x 3

Coarse-grained WT 2 ~65 500 12 x 12 x 45 10000 ns x 2
M2371 2 ~65 500 12 x 12 x 45 10000 ns x 2
R249S 2 ~65 500 12 X 12 x 45 10000 ns x 2
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c) PDF of the (a) total contact number, (b) SASA value, and (c) Rg value of

p53C. (d) PDF of the water number around p53C residues with a cutoff of 0.35 nm. (e and f) PDF of (e) backbone HB number and (f) average water
number around backbone HB of p53C. (g and h) Time evolution of the backbone RMSD values of (g) L3 and (h) zinc-binding domain. These data
suggest that M237] mutation reduces the structural stability of p53C, particularly disrupting the zinc-binding domain.

Data analysis

The analysis of our simulation data was carried out using in-
house developed codes and tools implemented in the Gro-
macs package.®” Statistical analyses were performed using data
generated in the last 700 ns trajectory (i.e., 1500-2200 ns) of AA
simulations and the last 4000 ns trajectory (i.e., 6000-10 000 ns)
of CG simulations. In AA simulations, several parameters,
including backbone root mean square deviation (RMSD), radius
of gyration (Rg), solvent accessible surface area (SASA), and
contact number, were used to characterize the conformational
properties of p53C. An atomic contact was considered when the
distance between two carbon atoms is within 0.54 nm, and the
distance between any other two atoms is within 0.46 nm. In CG
simulations, a bead contact was considered when the distance
between two beads is within 0.7 nm.”*”” A hydrogen bond (HB)
was deemed to be formed when the distance between the HB
donor (D) and acceptor (A) is = 0.35 nm, and the D-H---A angle
is =150°. A cation- interaction was considered to exist when
the distance between the centroid of an aromatic ring and the
cation group NH;" of Arg/Lys sidechain is =<0.60 nm.”

To estimate the extent of hydration between p53C and water
molecules, we calculated the water number around p53C resi-
dues with a cutoff of 0.35 nm. The radial distribution function
(RDF) describes the density distribution of a specific atom that
varies as a function of distance from a reference atom. In our
study, we analyzed the density distribution of the oxygen atom
of water molecule using RDF, and the atom of p53C was used as
the reference atom. Unless specified, all the results presented
below are the average of three independent MD runs for AA
simulations and the average of two independent MD runs for
CG simulations. Structure visualization was performed using
the Pymol software.>*

© 2024 The Author(s). Published by the Royal Society of Chemistry

Results and discussion

M2371 mutation reduces the structural stability of p53C by
mainly disrupting the zinc-binding domain

We initially investigated the impact of M2371 mutation on the
structure of p53C. The time evolution of the backbone RMSD
value of M237I mutant (~0.3 nm) is similar to that of WT
(Fig. S1a—ct). The RMSD value matrix shows that WT and M2371
mutant sample multiple conformations with the largest RMSD
value of 0.3 nm (Fig. S1d and et). However, the RMSD matrix of
M2371 with respect to WT shows overall much larger RMSD
values (with the largest RMSD value of 0.51 nm) (Fig. S1ff),
which indicates the structural alterations of p53C caused by
M2371 mutation. We further examined the total contact
number, SASA, and Rg of p53C. It is found that the contact
number of M237I mutant is smaller than that of WT (Fig. 2a),
and the SASA and Rg values of M2371 mutant are larger than
those of WT (Fig. 2b and c), which indicates the partial struc-
tural features of aggregation-prone molten globule states. These
findings suggest that M237 mutation weakens the molecular
interactions and disrupts the structural stability of p53C.
Considering the significance of water molecules in biological
macromolecular systems,””®" we explored the interactions
between p53C and water molecules. Our data indicate that
M2371 mutation increases the water number around p53C
(Fig. 2d), manifesting enhanced water exposure of p53C
induced by M237I mutation. It is reported that backbone HBs
and their hydrophobic protection play a crucial role in proteins’
resistance against water molecule intrusion.*>** Therefore, we
calculated the backbone HB number and the average water
number around backbone HB. The probability density function
(PDF) of backbone HB number in M237I mutant exhibits a peak
around values of ~83, while that of WT has a peak at reduced

Chem. Sci., 2024, 15, 12806-12818 | 12809
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Fig. 3 Effects of M237] mutation on the interactions in L2, L3, and zinc-binding domains and the resulting conformational alterations. (a)
Differences in L3-L3 contact number map between M237] and WT (i.e., M237] minus WT, L3 residues: M2371-P250). (b and c) Representative
snapshots of loop L3 showing reduced interactions in (c) M237| compared to (b) WT (reduced interactions: C238—-M246, S240-M246, C242—-
M246, and S241-R248). (d) Differences in L3—L2 contact number map between M2371 and WT (i.e., M2371 minus WT, L2 residues: Y163-C176, L3
residues: M2371-P250). Three residue pairs display reduced contact numbers (marked by red rectangles, i.e., M237-R175, R249-H168, and
R249-E171). (e and f) Representative snapshots of L3 and L2 showing disrupted interactions in (f) M237] compared to (e) WT (disrupted inter-
actions: M237-R175, R249-H168, R249-E171). (g) A representative snapshot of the zinc-binding domain showing the Zn ion coordination in
p53C. Zn ion is shown with a red ball and the coordinated residues are indicated (zinc-binding domain residues: C176, P177, H178, and H179 in L2,
C238, N239, S240, S241, and C242 in L3). (h and i) PDF of (h) SASA and (i) Rg values of the zinc-binding domain. (j) PDF of the contact number
between the zinc-binding domain and water molecules. These results indicate that M237| mutation induces the disruption of the zinc-binding

domain, leading to the global structural destabilization of p53C.

values (~77) (Fig. 2e). The decrease in backbone HB number
might result from the damage of hydrophobic interaction
around HB. We can see that the average water number around
backbone HB in M237I mutant is larger than that in WT
(Fig. 2f). Consequently, the backbone of M237I mutant displays
reduced resistance to water attacks, which is detrimental to the
structural stability of p53C. To identify regions with the most
significant structural destruction in p53C, we calculated the
time evolution of RMSD for different regions of p53C, including
B-sandwich, L1, L2, L3, and zinc-binding domain (ie., the
coordinated region of Zn ion, including residues C176, P177,
H178, and H179 in loop L2, C238, N239, S240, $241, and C242 in
loop L3). The RMSD values of L1, L2, and B-sandwich in M2371
mutant are similar to those in WT (Fig. S2a—ct), while the RMSD
values of L3 and zinc-binding domain continuously increase
during the last 500 ns trajectory in M2371I mutant, and become
larger than WT (Fig. 2g and h). These results demonstrate that

12810 | Chem. Sci, 2024, 15, 12806-12818

M237I mutation induces structural destabilization of p53C,
primarily in the zinc-binding domain.

How does M237I mutation disrupt the zinc-binding domain
and destabilize p53C?

To examine how M237I mutation causes structural disruptions
of the zinc-binding domain and of p53C, we analyzed the
differences in the L3-L3 contact number map between M2371
and WT (Fig. 3a). It can be seen that most residue pairs in M2371
mutant exhibit a decreased contact number, primarily involving
main chain-main chain (MC-MC) contacts (Fig. S3aft),
although an increase of contact number is observed for a few
residue pairs, such as 1237-C238 (Fig. 3a, green rectangle). This
increase of 1237-C238 interaction competes for the interaction
between residues C238 and M246, resulting in a decrease of the
contact number of C238-M246 (Fig. 3a, purple rectangle).
Additionally, the N-terminal and C-terminal residues of loop L3

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The influences of R249S mutation on p53C structure. (a—c) PDF of (a) total contact number, (b) SASA value, and (c) Rg value of p53C. (d)
PDF of the water number around p53C residues with a cutoff of 0.35 nm. (e and f) PDF of (e) backbone HB number and (f) average water number
around backbone HB of p53C. Time evolution of backbone RMSD value of (g) L3 and (h) zinc-binding domain. These data show that R249S
mutation reduces the structural stability of p53C by predominantly disrupting loop L3 and the zinc-binding domain.

show reduced contact numbers, especially residue pairs S240-
M246, C242-M246 (Fig. S3bt), and S241-R248 (Fig. 3a, red
rectangle). These reduced pairwise contacts induce an increase
in the center of mass of Co distance between N-terminal resi-
dues (I237-M243) and C-terminal residues (G244-P250)
(Fig. S3ct), leading to the structural disruption of L3. Repre-
sentative snapshots of L3 in WT (Fig. 3b) and M237I (Fig. 3c)
illustrate the corresponding structural changes. Furthermore,
we assessed the differences of L3-L2 contact number map
between M2371 and WT (Fig. 3d). It should be noted that the
contact number of most residue pairs in M237I mutant is
decreased (Fig. 3d, red rectangle). These reduced contacts
mostly correspond to HB interactions in the following residue
pairs of 1237-R175 (MC-SC HB) (Fig. S3dt), R249-H168 (SC-SC
HB) (Fig. S3et), and R249-E171 (SC-SC HB) (Fig. S3ff). The
disrupted L3-L2 HB interactions can be seen from the repre-
sentative snapshots in Fig. 3e and f. Recent studies showed that
the native interactions of L3-L2 are crucial for the coordinated
stability of Zn ion in p53C (Fig. 32).*** We found that in our
simulations, M237I mutation causes the structural disruption
of the zinc-binding domain. This result is supported by the
increase of SASA and Rg values of the zinc-binding domain
(Fig. 3h and i) and of the contact number between the zinc-
binding domain and water molecules in M237I mutant
(Fig. 3j), as well as the increase of water molecules around Zn
ion seen in the RDF of Zn ion and the water oxygen atom
(Fig. S471). We further analyzed the contact number of the zinc-
binding domain and contact number between L2 and L3
(Fig. S57). It is shown that the contact number starts to decrease
around ¢ = 750 ns in M237I mutant, while fluctuating around
a constant value in WT p53C (Fig. S51). These results indicate
that the disruption of the zinc-binding domain occurs concur-
rently with the decrease of L2-L3 interactions. Taken together,
our results demonstrate that M237I mutation disrupts both the

© 2024 The Author(s). Published by the Royal Society of Chemistry

zinc-binding domain and the L2-L3 interactions, and thus
results in the overall structural destabilization of p53C and its
adoption of aggregation-prone molten globule states, which
may potentially accelerate the LLPS and aggregation ability of
p53C.

R249S mutation destabilizes p53C by primarily destructing
both loop L3 and zinc-binding domain

To assess the impact of R249S mutation on the structure of
p53C, we analyzed the time evolution of backbone RMSD value
for both WT and R249S. In R249S mutant, the time evolution of
the RMSD value (~0.3 nm) is similar to that in WT (Fig. S6aft),
whereas there is an increase in the fluctuation of RMSD value
(Fig. S6b and ct), indicating structural perturbation caused by
R249S mutation. The RMSD value matrix illustrates that WT
and R249S sample diverse conformations with the largest
RMSD value of 0.35 nm (Fig. S6d and et). In contrast, the RMSD
matrix of R249S with respect to WT shows overall much larger
RMSD values (with the largest RMSD value of 0.51 nm)
(Fig. S6ft), again reflecting structural disturbance of p53C by
R249S mutation. To delve deeper, we examined the total contact
number, SASA, and Rg of WT and R249S p53C. It is found that
R249S mutant shows a decrease in total contact number (~1.42
x 10*) compared to WT (~1.44 x 10%) (Fig. 4a). Moreover, the
SASA and Rg values of R249S mutant are larger than those of WT
(Fig. 4b and c), and the water molecule number around p53C
also becomes larger (Fig. 4d). These data indicate that R249S
mutation reduces intramolecular interactions and enhances
hydrophobic exposure of p53C. Further analysis indicates that
the structural perturbation of p53C is attributed to the disrup-
tion of backbone HBs and of its hydrophobic protection. More
specifically, in R249S mutant, the backbone HB number
decreases (Fig. 4e), and the average water number around
backbone HBs increases (Fig. 4f). Backbone HB is crucial for
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Fig. 5 Analysis of R249S mutation-induced disruption of native interactions and enhancement of hydration on L3 and zinc-binding domain. (a)
Differences in L3 contact number map between R249S and WT (i.e., R249S minus WT, L3 residues: M237|-P250). (b and c) Representative
snapshots of loop L3 showing reduced interactions in (c) R249S and (b) WT. (d) Differences in L3-L2 contact number map between R249S and
WT (i.e. R249S minus WT, L2 residues: Y163-C176, L3 residues: M2371-P250). (e and f) Representative snapshots of L3 and L2 showing the
disrupted interactions in (f) R249S and (e) WT. (g) Representative snapshot showing the conformational difference of L3 in WT and R249S mutant
(10 representative snapshots were superposed with each other). (h) Time evolution of the distance between the center of mass of Ca.atoms in N-
terminal (residues M237-M243) and that of Ca atoms in C-terminal (residues G244-P250) of L3. (i) PDF of the contact number between the
backbone atoms of L3 residues and water molecules. (j) RDF between the midpoint of Ca—Coa distance of residues C242 and M246 in the central
region of L3 and the oxygen atom of water molecules. These results demonstrate that R249S mutation induces more hydrophobic exposure and
hydration of L3 and zinc-binding domain.

preserving protein native structure.’”** However, R249S muta-
tion disrupts the hydrophobic protection of backbone HB, thus
reducing the structural stability of p53C.

To identify the destabilized regions in R249S mutant, we
calculated the time evolution of RMSD values for key p53C
regions (i.e., L1, L2, L3, B-sandwich, and zinc-binding domain).
Loop L1 has a rather large RMSD values in both WT and R249S
mutant, manifesting its significant conformational fluctuations
(Fig. S7at) and the adoption of diverse conformations,
including collapsed and extended states (Fig. S7bt}). Our finding
is in good agreement with previous studies showing that L1
possesses both recessed and extended states.®**° In addition,
the RMSD values of L2 and B-sandwich regions remain mostly
unchanged in both systems (Fig. S7c and df). However, the
RMSD values of L3 and zinc-binding domain show a notable
increase in R249S mutant (Fig. 4g and h), suggesting that the
structural damage of p53C caused by R249S mutation is
primarily localized in L3 and zinc-binding domain.

12812 | Chem. Sci, 2024, 15, 12806-12818

How does R249S mutation disrupt both loop L3 and zinc-
binding domain and destabilize p53C?

To explore how R249S mutation causes structural damage of
loop L3 and the zinc-binding domain, we compared the L3-L3
contact number map of R249S with WT and displayed the
difference in Fig. 5a. After mutation, the total contact number
(including MC-MC, SC-SC, and SC-MC) for most residue pairs
decreases (particularly MC-MC contacts, Fig. S8at). Significant
decrease of contacts (Fig. 5a, green rectangle) is observed
between the mutation site R/S249 and residues G245, M246,
and N247 (Fig. S8b and ¢, SC-MC HB interaction). These
diminished contacts around the mutation site disrupt the intact
interactions of L3 (Fig. 5a, red rectangle). The main disrupted
residue pairs in loop L3 are C242-G245/M246/N247(with
a decrease of MC-MC HB number) (Fig. S8dt) and S241-R248
(with an increase of Ca—Co distance) (Fig. S8et). Representative
snapshots are provided for WT (Fig. 5b) and R249S (Fig. 5c) to
show these structural disruptions. To further examine the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Dynamics of p53C phase separation in CG simulations. (a—c) Representative snapshots illustrating the LLPS process in WT (a), M237I (b),
and R249S (c) systems (representative timestamps at 0, 4, 8, and 10 us). Our data show that both M2371 and R249S mutations accelerate the LLPS

of p53C.

R249S-induced conformational changes of L3, we compared the
L3-L2 contact number map between R249S and WT (Fig. 5d).
Strikingly, the mostly disrupted interactions are all involved the
residue at the mutation site R/S249. The corresponding inter-
actions are SC-SC hydrogen-bonding interaction between R/
S249 and E171 (Fig. S8ff), SC-SC hydrogen-bonding interac-
tion between R/S249 and H168 (Fig. S8gt), and cation-m inter-
action between R/S249 and Y163 (Fig. S8ht). The disruption of
those interactions is illustrated in representative snapshots for
WT (Fig. 5e) and R249S (Fig. 5f). In short, R249S mutation
damages the native interaction networks for loop L3, leading to
its structural destabilization. As depicted in Fig. 5g, L3 unfolds
and becomes more exposed to water in R249S mutant, with
a gradual increase of the average Co-Ca distance between its N-
terminal (M237-M243) and C-terminal (G244-P250) residues
(Fig. 5h). Consequently, the disrupted conformation of L3 leads
to an increase of contacts between L3 backbone atoms and
water molecules (contact number changing from 48 to 62,
Fig. 5i). The RDF curve between the midpoint of the Co-Co
distance of C242 and M246 in the central region of L3 and water
molecules indicates a noticeable increase in the number of
water molecules in the 0.5 nm shell around L3 (Fig. 5j). In R249S
mutant, the L3 region is more invaded by water molecules,
compromising structural stability and intensifying the hydro-
phobic exposure of loop L3.

In addition, we observed the damage of the zinc-binding
domain in R249S mutant, evident in the increased hydro-
phobic contact number between the residues of the zinc-
binding domain (residues C176, P177, H178, H179, C238,
N239, S240, S241, C242) and water molecules (Fig. S9at) and the
heightened RDF peak of water molecules around Zn ion
(Fig. S9bt). R249S mutation induces the SASA and Rg values of

© 2024 The Author(s). Published by the Royal Society of Chemistry

the zinc-binding domain to become larger (Fig. S9¢ and df),
indicating an enhanced hydrophobic exposure of the zinc-
binding domain in R249S mutant. Mounting evidence
suggests that the hydrophobic exposure and hydration of
protein play important roles in protein LLPS and aggrega-
tion.***>** Our simulations demonstrate attenuated intra-
molecular interactions and increased hydrophobic exposure in
both loop L3 and zinc-binding domain, which may hasten the
LLPS and aggregation of p53C.

M237I and R249S mutations increase intermolecular
interactions and facilitate the LLPS of p53C

To explore how M2371/R249S mutation affects the phase sepa-
ration behavior of p53C, we investigated the spontaneous LLPS
process of p53C WT and the two mutants by conducting Martini
3 coarse-grained simulations. Throughout two individual 10 ps
simulations, MD runs of the WT system concluded with
a loosely organized configuration of all 32 molecules (Fig. 6a),
indicating the slow LLPS process of p53C. In contrast, two dense
protein clusters are observed in the M237I system at 10 ps
(Fig. 6b). Notably, one dense phase and one dilute phase are
observed in the R249S system at 10 us, indicating that R249S
mutant undergoes LLPS faster than both M237I and WT
systems (Fig. 6¢). Strong protein intermolecular interactions
usually facilitate its LLPS and aggregation.”®* To examine
whether M2371/R249S mutation impacts intermolecular inter-
actions of p53C, we calculated the PDF of the protein—protein
contact number in the three systems. It is found that the peak
value of p53C-p53C contact number is approximately 8100 in
the WT system (Fig. 7a), while it increases to 8400 and 9600 in
M2371 and R249S mutants, respectively (Fig. 7b and c). In
addition, the time evolution of the average intermolecular
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Fig.7 Effect of M2371/R249S mutation on the LLPS behavior of p53C. (a—c) PDF of intermolecular contact number of p53C in WT (a), M2371 (b),
and R249S (c) systems. (d—f) Time evolution of average intermolecular contact number over two individual trajectories for WT (d), M237I (e), and
R249S (f) p53C. (g-i) Intermolecular contact number map of WT (g), M237I (h), and R249S (i) systems, with the enhanced contacts labeled by
dashed rectangles. The orange and purple rectangles highlight respectively the L1 region and Turn S3/S4 region (the turn structure between B-
strand 3 and B-strand 4). In M2371 mutant (h), the green rectangle highlights the zinc-binding domain and part of L3 regions and the red rectangle
highlights the L3 region. In R249S mutant (i), the green rectangle highlights the zinc-binding domain plus L2 and the red rectangle highlights the
zinc-binding domain plus the L3 region. The regions with enhanced intermolecular interactions are consistent with the disrupted regions with
weakened intramolecular interactions observed in AA simulations. Our data show that M2371 and R249S mutations hasten the LLPS of p53C.

contact number over the two MD runs (Fig. 7d—f, results for each
of the two MD trajectories are given in Fig. S10t) shows that the
contact number increases rapidly within the first 2 ps, and
reaches 6000 in WT p53C and 8000 in the two mutants. After-
wards, the contact number increases gradually to 7500 in WT
p53C, 8000 in M2371 mutant, and 8200 in R249S mutant at ¢ = 6
us. During the last 4 us, the contact number in WT, M2371 and
R249S p53C respectively fluctuates at a constant value of 8100,
8400, and 9600. These data demonstrate that at the same
simulation time point, both M237I and R249S mutants have
a larger intermolecular contact number than WT p53C,
implying their faster LLPS compared to WT p53C at 37 °C.
Qualitatively similar results are observed at a lower temperature
of 25 °C (Fig. S11t). Altogether, these results indicate that
during the early stage of p53C phase separation, both M237I
and R249S mutants phase separate faster than WT p53C.

To elucidate the driving force of M237I/R249S mutation-
accelerated LLPS of p53C, we calculated the intermolecular
contact number maps of p53C (Fig. 7g-i). The differences of
intermolecular contacts between M237I/R249S and WT

12814 | Chem. Sci, 2024, 15, 12806-12818

(Fig. S12a and bt) show that four dominant regions in the map
of M2371/R249S mutant have an increased contact number
compared to the WT system (Fig. 7g-i). Those regions involve
L1, Turn S3/S4, zinc-binding domain, L2, and L3 (labeled by
a dashed rectangle). Among them, the zinc-binding domain in
M2371 mutant (Fig. 7h, labeled by green and red rectangles),
corresponds to the most disrupted regions (i.e., zinc-binding
domain) of p53C monomer observed in M2371 AA simulations
(Fig. 3). Intriguingly, in R249S mutant, the regions (L3 and zinc-
binding domain, Fig. 7i, labeled by green and red rectangles)
with enhanced intermolecular interactions observed in CG
simulations coincide with the most disrupted regions with
weakened intramolecular interactions observed in AA simula-
tions. An increasing number of experimental and computa-
tional studies reveal that the LLPS of biomolecules is driven by
intermolecular electrostatic, cation—m, hydrophobic, -, and
hydrogen bonding interactions.>***** Our results from multi-
scale simulations reaffirm the importance of hydrophobic,
hydrogen bonding, and cation-m interactions among the
dominant regions of M237I/R249S in triggering the LLPS of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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p53C. Specifically, our AA simulations revealed that M2371/
R249S mutation induces the disruptions of hydrophobic,
hydrogen bonding, and cation- interactions in L2, L3 regions
and Zn-binding domain of p53C. We found that these mutation-
induced disruptions of intramolecular interactions led to an
increase of intermolecular interactions in our CG simulations.
More specifically, in M237I mutant, L1, Turn S3/S4, zinc-
binding domain and loop L3 (Fig. 7h) show a notable increase
of intermolecular interactions involving charged residues
(K101, R110, K120, D148, E221, E224, D228, and R248), hydro-
phobic residues (V122, V147, P152, P153, P222, P223, V225 and
M243), and aromatic residues (Y103, Y107, F113, H115, W146,
Y220 and H233). In R249S mutant, L1, Turn S3/S4, L2 and L3
regions display increased multivalent intermolecular interac-
tions (Fig. 7i) that are similar to those in M237I mutant. And
increased intermolecular interactions are also seen among
other residues, namely charged residues K139, R175, and D184,
hydrophobic residues V97, L114, M169, L188, and M237, and
aromatic residues H168, H179, and H193. It is conceivable that
the enhancement of these multivalent intermolecular interac-
tions would accelerate the phase separation process of p53C.
These results reveal that M2371/R249S mutation-induced local
structural disruptions enhance the intermolecular interactions
and in turn accelerate the LLPS of p53C. In addition, we found
that R249S mutant displays a faster LLPS process than M2371
mutant. The expedited LLPS of M237I/R249S mutant may
facilitate its fast liquid-to-solid phase transition and fibrilliza-
tion. Several studies have reported that the aggregation-prone
segment *>'ILTIITL>” (ie., S9) plays a crucial role in the
aggregation of p53C.*>***® We further analyzed the impact of
M237I and R249S mutations on the solvent exposure of this
aggregation-prone segment in our simulations. As shown in
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p53C destabilization

Disruption

p53C destabilization

Zn-binding domain

L3 + Zn-binding domain

View Article Online
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Fig. S13a,t in AA simulations, both M2371 and R249S mutations
increase the solvent exposure of segment S9, potentially
increasing the aggregation propensity of the two p53C mutants.
In CG simulations, the two mutations led to an increase of
hydrophobic contact number between segment S9 and p53C
(Fig. S13bt). Moreover, S9 exhibits a reduced hydrophobic SASA
in both M237I and R249S mutants (Fig. S13ct), albeit with
a different extent of reduction. This decrease is likely due to the
increased intermolecular interactions between segment S9 and
p53C (Fig. S13bt), which masks the hydrophobic exposure of
segment S9. These results suggest that segment S9 involves the
liquid-to-solid transition and fibril formation accelerated by
M237/R249S mutations. Therefore, in addition to the zinc-
binding domain and loop3, the aggregation-prone segment S9
also plays a role in the M237I/R249S mutation-accelerated
liquid-to-solid transition and aggregation of p53C. In
summary, our results provide an interpretation for the M2371/
R249S mutation-accelerated LLPS, liquid-to-solid phase transi-
tion and fibril formation reported in recent experimental
studies.”

Conclusions

In summary, we investigated the underlying molecular basis
governing the accelerated p53C LLPS by M237I and R249S
mutations through multiscale MD simulations. In AA simula-
tions, we explored the effects of the two mutations on the
structural properties and conformational dynamics of p53C.
Our simulations revealed that M2371 mutation disrupts the
backbone hydrogen bonds of p53C, and thus induces structural
destabilization of p53C, especially in the zinc-binding domain.
M2371 mutation also increases the flexibility of L2 and L3

Fig. 8 Schematic representation of p53C LLPS and aggregation induced by M237| and R249S mutations. Upper left panel: M237] mutation
induces the disruption of the zinc-binding domain, promotes the formation of aggregation-prone molten globule states in p53C. Lower left
panel: R249S mutation induces the disruption of both L3 and zinc-binding domain, resulting in the overall structural destabilization of p53C.
Right panel: these molecular-level structural disruptions accelerate the LLPS and subsequent fibrillization of p53C in M2371 and R249S mutants.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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regions and the hydrophobic exposure of p53C. Furthermore,
the R249S mutation disrupts the intramolecular interactions
and backbone hydrogen bonds of p53C, and in turn causes the
structural destabilization of p53C. R249S mutation induces the
hydrophobic exposure primarily in loop L3 and zinc-binding
domain. These physical property alterations suggest that p53C
M2371/R249S mutant tends to adopt aggregation-prone molten
globule states, potentially speeding the LLPS and further liquid-
to-solid transition of p53C (Fig. 8). Compared to M237I muta-
tion, the destabilized extent of p53C caused by R249S mutation
is more pronounced. In R249S mutant, the reduced intra-
molecular interactions and increased hydrophobic exposure are
larger than those in M2371 mutant. Consequently, p53C R249S
mutant may undergo faster LLPS and liquid-to-solid transition
than M237I mutant. Martini 3 CG simulations show that the
two mutants possess stronger intermolecular interactions than
WT p53C, with the R249S mutant showing greater enhancement
than M237I mutant. Increased intermolecular interactions
facilitate p53C LLPS, which is evidenced by the denser phase of
p53C observed in both mutants compared to the WT system
(Fig. 8). Importantly, we find that the regions with enhanced
intermolecular interactions observed in CG simulations coin-
cide with the disrupted regions with weakened intramolecular
interactions observed in AA simulations, indicating the crucial
role of the disrupted regions in accelerating the LLPS of p53C.
In conclusion, our multiscale MD study bridges the gap
between M237I/R249S mutation-induced conformational
disruption and phase separation of p53C, and offers an in-
depth understanding of the molecular mechanisms under-
lying M2371/R249S mutation-accelerated LLPS of p53C, which
fosters the development of anticancer therapy by targeting the
LLPS and aggregation process.
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