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et al.

Publication Date
2018-11-20

DOI
10.1021/acs.biochem.8b01005
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8x69t1fp
https://escholarship.org/uc/item/8x69t1fp#author
https://escholarship.org
http://www.cdlib.org/


Dynamics and Molecular Mechanisms of p53 Transcriptional 
Activation

Tavina L. Offutt, Pek U Ieong, Özlem Demir, Rommie E. Amaro*

Department of Chemistry and Biochemistry, University of California, San Diego, 9500 Gilman 
Drive, La Jolla, CA 92092-0340, United States

Abstract

The “guardian of the genome”, p53, functions as a tumor suppressor that responds to cell stressors 

such as DNA damage, hypoxia, and tumor formation by inducing cell-cycle arrest, senescence, or 

apoptosis. Mutation of p53 disrupts its tumor suppressor function, leading to various types of 

human cancers. One particular mutant, R175H, is a structural mutant that inactivates the DNA 

damage response pathway and acquires oncogenic functions that promotes both cancer and drug 

resistance. Our current work aims to understand how p53 wild-type function is disrupted due to 

the R175H mutation. We use a series of atomistic integrative models built previously from crystal 

structures of the full-length p53 tetramer bound to DNA and model the R175H mutant using in 

silico site-directed mutagenesis. Explicitly solvated all-atom molecular dynamics (MD) 

simulations on wild-type and the R175H mutant p53 reveal insights into how wild-type p53 

searches and recognizes DNA, and how this mechanism is disrupted as a result of the R175H 

mutation. Specifically, our work reveals the optimal quaternary DNA binding mode of the DNA 

binding domain and shows how this binding mode is altered via symmetry loss as a result of the 

R175H mutation, indicating a recognition mechanism that is reminiscent of the asymmetry seen in 

wild type p53 binding to non-specific genomic elements. Altogether our work sheds new light into 

the hitherto unseen molecular mechanisms governing transcription factor – DNA recognition.
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INTRODUCTION

p53, commonly referred to as the “guardian of the genome,” functions as a tumor 

suppressor. p53 responds to various environmental stressors such as DNA damage, hypoxia, 

and tumor formation.1 Once activated, p53 induces cell-cycle arrest, senescence, or 

apoptosis via either transcriptional or non-transcriptional pathways.2,3, 4 Mutation of p53 

disrupts its tumor suppressor function, leading to various types of human cancers, thereby 

making p53 a major drug target. Our previous computational and experimental studies have 

revealed stictic acid as a reactivation compound for the R175H p53 mutant.5 In an effort to 

expand on this work, we glean insight into how the R175H mutation alters the dynamics of 

p53 and abrogates its DNA binding abilities. Understanding how full-length p53 (fl-p53) 

binds DNA and how this binding is disrupted via oncogenic mutations at an atomic level can 

aid the discovery of novel reactivation compounds.

Fl-p53 contains intrinsically disordered regions and binds DNA as a homotetramer in cells.6 

Fl-p53 comprise of 393 residues that form a N-terminal domain (NTD), proline-rich domain, 

DNA-binding core domain (DBD), flexible linker region, tetramerization domain (TET), and 

a C-terminal domain (CTD).7 The flexible NTD is responsible for activating transcription 

factors. The proline-rich domain has been implicated in apoptotic activity. The DBD is 

involved in DNA binding, and the TET domain is crucial for tetramer formation. The CTD is 

involved both in protein-protein interactions as well as DNA binding.8, 9 There remains 

controversy in the role of the CTD in fl-p53 DNA binding.10 Some studies suggest that the 

CTD serves as a negative regulator by blocking DBD binding to short strands of specific 

response elements (REs).11 On the other hand, other studies suggest that the CTD acts as a 

positive regulator of DNA binding by assisting the DBD in target site recognition in long or 

circular DNA.12 Our previous computational studies of the fl-p53 bound to three different 

DNA response elements captured in atomic detail how the CTDs approach and directly 

contact the DNA independent of the DNA sequence.13

Due to the highly dynamic nature of p53, obtaining an experimental three-dimensional 

structure of fl-p53 is a challenge. The p53 DBD is the most studied due to its defined 

secondary and tertiary structural elements, allowing for structural characterization. Also, the 

DBD contains the majority of oncogenic mutations.14 While these experimental structures of 

the DBD has provided useful information about p53 function, it is crucial to model fl-p53 in 
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order to fully elucidate the DNA-binding mechanism under normal biological conditions. 

For example, how p53 searches and recognizes specific REs remains unclear. Therefore, the 

disruption of this search and recognition process due to p53-inactivating mutations is also 

not well understood.

In an effort to gain insight into the DNA binding mechanism, researchers elucidated a crystal 

structure of the tetramer of p53 DBD and TET domains with truncated linker regions bound 

to a short strand of DNA.15–17 In previous work, we used several other crystal structures of 

small parts of the missing p53 NTD, CTD and linker regions and molecular modeling to 

complete this DBD+TET crystal structure and build atomistic integrative models of fl-p53 

bound to 3 DNA sequences (two REs and a non-specific DNA), to explore their dynamics 

via molecular dynamics (MD) simulations.13 MD-generated ensembles agreed well with 

previously determined electron microscopy maps and revealed different quaternary binding 

modes of the fl-p53 bound to different DNA response elements. Our current study expands 

this work by investigating how oncogenic mutations, specifically the R175H mutation, 

perturbs the DNA binding interactions of fl-p53.

The R175H mutation results in inactivation of the Mre11/ATM-dependent pathway involved 

in DNA damage response.18 This structural mutation also results in abrogation of DNA-

binding and perturbs the structure of the p53 DBD.19, 20 It is also important to note that 

R175H is a gain-of-function mutant, it not only disrupts normal p53 tumor suppressor 

function, but also acquires alternative functions necessary for promoting cancer activities.19 

Since this mutation is located at the L2 loop adjacent to the zinc-coordination site, zinc loss 

is common.21, 22 Zinc is important for obtaining DNA-binding specificity, and prevents 

aggregation of the core domain via L2 loop stabilization.23 Also, in the absence of zinc, the 

p53 DBD is destabilized by 3.2 kcal/mol.20 Therefore, we hypothesize that zinc loss 

exacerbates the effects of the R175H mutation on the DBD. In an effort to monitor this, we 

use MD simulations to model the p53 DBD R175H mutant with and without zinc.

As a starting structure for the current study, we use the final MD-generated conformation of 

the atomistic integrative model built previously with available crystal structures of the wild-

type fl-p53 tetramer bound to DNA (Figure 1).13 We model the R175H mutant using in 
silico site-directed mutagenesis (Figure 1). Explicitly solvated all-atom MD simulations are 

performed in duplicate on the following three fl-p53 systems: (i) wild-type, (ii) R175H 

mutant with zinc, and (iii) R175H mutant without zinc. Their analysis reveals differences in 

the conformations of the DNA binding domain and provide insight into how the R175H 

mutation alone and together with zinc loss destabilizes p53 and abrogates DNA binding.

MATERIALS AND METHODS

Construction of Models

The full-length p53 system was generated as described in previous work.13 The last frame of 

the previously simulated wild-type (WT) p53 system bound to the p21 response element was 

selected for the current study, in which the fl-p53 fully relaxed into a compact structure. All 

ions and water molecules were removed with the exception of waters within 4 Å of the 

protein. Three systems were built from the previously simulated p53-p21 system: (i) wild-
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type, (ii) R175H with zinc, and (iii) R175H without zinc. The R175H mutation was modeled 

using in silico site-directed mutagenesis in all four monomers. Zinc’s tetrahedral geometry 

was modeled using the dummy cationic atom in the wild-type and R175H mutant with zinc 

systems.24 The coordinating cysteine and histidine residues were deprotonated, bearing a 

negative charge to model zinc-protein coordination. In the R175H mutant without zinc, the 

correct protonation states for cysteine and histidine residues were determined in the absence 

of the zinc ion using the online PDB2PQR webserver.25

After all three models were built, sodium ions were added to neutralize each system. Using 

the TIP3P water model,26 the systems were solvated in a 226 X 193 X 234 box (10 Å in the 

x-, y-, and z- direction). Each system consisted of ~960,000 atoms and was built using the 

Amber FF14SB force field.27

Molecular Dynamics Simulations

All-atom explicit-solvent molecular dynamics (MD) simulations were performed for the four 

systems using NAMD2.12.28 The general MD workflow consisted of three stages: 

minimization, equilibration, and production. The prepared systems were minimized in five 

steps as follows: (i) minimization of the protons while restraining the protein, DNA, and 

solvent for 2000 steps, (ii) minimization of protons, water and ions, while restraining the 

DNA and protein for 2000 steps, (iii) minimization of the protein and DNA side chains only 

while restraining the backbone and zinc ion for 2000 steps, (iv) minimization of the zinc 

coordinating residues only while restraining the non-zinc coordinating protein residues and 

DNA for 10000 steps, (v) minimization of all atoms in system for 20000 steps. The non-

bonded energy was calculated every minimization step. Long-range interactions were 

calculated using the Particle Mesh Ewald method with a cut-off distance of 10Å.29 At 8Å, a 

switching function was applied to improve energy conservation.

The minimized systems were then equilibrated using the NVT ensemble in four steps. All 

heavy atoms were restrained starting from a weight of 4kcal/mol and reduced gradually to 

1kcal/mol. The systems were heated to a temperature of 310K and maintained with 

Langevin dynamics with a damping coefficient of 5 picoseconds/terahertz. Following 

equilibration, an NPT ensemble was performed with no positional constraints. A Langevin 

piston barostat was used to hold the pressure constant at 1 atm with an oscillation period of 

100 femtoseconds (fs) and a damping time scale of 50 fs. Two production runs were 

performed, resulting in a total simulation time of 200ns for each system. Every 5th frame for 

the simulation was saved and used for analysis.

Principal Components Analysis

The Amber tools cpptraj package was used to perform principal component analysis on the 

DNA binding domain of p53.30, 31 The trajectories across all three systems were 

concatenated and aligned on the α-carbons in the DBD (residues 89 to 291) to remove 

translation and rotation. The variances of the α-carbon coordinates were determined using 

the starting conformation for MD as a reference. These variances were used to generate a 

covariance matrix, A, which was then diagonalized to reveal eigenvectors 1 and 2. 

Calculation of the covariance matrix A was conducted as follows, yielding the eigenvalues, 

Offutt et al. Page 4

Biochemistry. Author manuscript; available in PMC 2020 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



λ: Aμ = λμ. These eigenvalues along eigenvectors 1 and 2 were plotted using gnuplot,32 and 

used to compare the conformational space of the DBD in the wild-type and mutant p53 MD 

simulations. Pseudotrajectories were generated to visualize the motion of each eigenvector.

RMSD Clustering Analysis

MD frames unique to each p53 system were extracted and clustered in order to further 

visualize and analyze PCA results. ‘Unique frames’ are frames that when projected into PC 

space, do not overlap with conformations from the other p53 systems. The unique frames 

were extracted using a python script that selected frames within certain eigenvalue cutoffs 

(Figure S1), resulting in 650 frames for clustering per system. The extracted frames were 

aligned to the starting structure for MD on the α-carbons in the DBD. Using the Gromos 

algorithm,33 pairwise root-mean-square deviations were calculated and used for clustering 

the heavy atoms in the L2 and L3 loops L3 loop. The following cutoffs were selected for the 

L2 and L3 loops respectively: 1.1 Å and 0.9 Å. The top cluster representative for each p53 

system was used to visualize differences in the three DBD motifs.

Root-mean-square fluctuation Analysis

The root-mean-square fluctuations (RMSF) of the DBD residues for each monomer were 

calculated using cpptraj.30, 31 RMSF is a measure of how a system fluctuates about a well-

defined average position. For each p53 system, the MD trajectories were aligned to the 

starting MD structure using the DBD backbone atoms (N,Cα,C,O) for each monomer, and 

an average structure was calculated. Using this average structure as the reference, the RMSF 

of the DBD residues (using only the atoms that make up the backbone) was calculated and 

plotted using gnuplot.32

Volume Calculation

The grab volume between the four DBD monomers that accommodates DNA binding was 

calculated using POVME 2.0.34 The visual molecular dynamics (VMD) program35 was used 

to generate an inclusion sphere that centered at Cartesian coordinates (128, 135, 115) with a 

radius of 17 Å, which fully engulfed the volume between the four monomers. A seed was 

planted in the center of the sphere and extended for 4 Å. POVME 2.0 calculated the grab 

volume starting from the seed and continued until it reached the inclusion region boundary. 

The volume was calculated for every MD snapshot, and the volume distribution was plotted 

as a histogram using the R program.36

Solvent Accessible Surface Area Analysis

The solvent accessible surface area (SASA), or the exposed areas of atoms, of the tetramer 

core domain was measured for each p53 system using cpptraj.31 The SASA is described as 

rolling a solvent sphere over the van der Waals surface of a protein. The SASA was 

calculated in Å2 using the linear combinations of pairwise overlaps (LCPO) algorithm.37 In 

the LCPO method, each atom in the protein is represented as a hard sphere. The SASA of 

each atom sphere was calculated as the difference between the surface area of the atom and 

the area of atom overlap.
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Salt-Bridge Interactions between C-terminal domain and DNA

In order to investigate the C-terminal domain (CTD) - DNA contacts, we measured salt 

bridges between the positive residues on fl-p53 CTD and the negative DNA phosphate 

atoms. First, we identified all fl-p53 CTD Lys, Arg, and His residues that came within 5 Å 

of the DNA at any point of the MD simulation using a tool command language (tcl) script 

executed in VMD.35 The trajectories were then loaded into VMD35 and visual inspection 

was used to identify salt bridges between the selected Lys/Arg/His residues and DNA 

phosphate atoms. The distance between the positive nitrogen atoms and negative DNA 

phosphate oxygen atom throughout the MD trajectory were manually extracted. A python 

script was used to calculate the percent of the salt-bridge interaction using a distance cutoff 

of 3.5 Å.

L1/S3 Pocket Open Ratio Calculation

In order to calculate the percentage of the L1/S3 pocket opening, the same distance and 

angle criteria outlined in Wassman et al.5 was used. First, we used cpptraj31 to define the 

four distances and one dihedral angle associated with the L1/S3 pocket that served as input 

for the calculation. Next, using an in-house python script, the frames that satisfied the 

distance and angle criteria were identified, and used in calculating the percentage of the time 

the pocket was open.

Data Availability

The atomic coordinates of the final MD frames of each system are available in pdb format at 

modelarchive.org.

RESULTS

We performed 200 ns of MD simulations for all three wild-type and R175H mutant fl-p53 

systems, resulting in a total simulation time of 600 ns (Table S1). We explored how the 

R175H structural mutation with and without zinc changes the dynamic behavior of fl-p53 

both globally and locally. Ultimately, we glean insight into how these changes in flexibility 

destabilizes the DBD and alters DNA binding in the p53 R175H mutant.

Unique Binding Modes of Wild-type and R175H p53 DBD Tetramer to DNA

In order to investigate the effect of p53 structural perturbations (R175H mutation and zinc 

loss) on DNA binding, the Cartesian coordinates for each atom in the DBD over time were 

reduced to 2D principal component (PC) space. This reduction parsed the motion with the 

largest variance or the most descriptive motion of the DBD that was not apparent from 

simple visualization of the MD trajectories.

When projected onto 2D principal component (PC) space, the DBD tetramer for each fl-p53 

system differs in DNA binding modes (Figure 2 and S1). Interestingly, the first principal 

motion (PC1) described a global conformational change going from an asymmetric binding 

mode (low PC1) where monomers A and D are pushed away from the DNA and monomers 

B and C are close together to a symmetric binding mode (high PC1) in which all four 

monomers are in close proximity to DNA (Figure 2a). In our simulations, the wild-type and 
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R175H with zinc tetramer systems solely sampled high PC1 values while the R175H 

without zinc system mostly sampled low PC1 values. This suggests zinc loss is far more 

important in DNA binding failure of p53 than the R175H mutation itself.

In addition to the change in symmetry of the DBD monomers, the PC1 motion also revealed 

differences in the DNA grab volume, which is the space in between the four p53 DBD 

monomers that accommodates the DNA. This volume is largest for R175H with zinc, 

smaller for wild-type, and smallest for R175H without zinc (Figure 2b). The large difference 

in the DNA grab volume is due to changes in the L2 loop conformations of monomers B and 

C. The grab volume is small in R175H without zinc system, as the L2 loops in these two 

monomers are stabilized via multiple hydrogen bonding interactions, where the distance 

between the donor and acceptor heavy atoms was no more than 3.0 Å (Table 1). In the wild-

type system, one hydrogen bond is seen in the wild type p53 system in only 0.05% of the 

trajectory (Table 1), and no hydrogen bonds are observed in the R175H with zinc system. 

There are also differences seen in a salt-bridge near the mutation site in the L2 loop between 

residues E180 and R174 (Figure S2). In the wild-type system, this salt-bridge is persistent 

throughout the simulation, where it occurs 66.4±5.8% of the time across both MD copies. 

However, in the mutant systems, this salt-bridge is less persistent with one exception. In the 

R175H with zinc system, this salt bridge forms 43.8±1.2% of the time across both MD 

copies. For R175H without zinc, this salt-bridge only forms 47.9±43.8% of the time across 

both MD copies, it should be noted that the large standard deviation for the R175H without 

zinc system is due to the fact that the disrupted salt-bridge is seen in only one MD copy.

PC2 is similar to PC1, but shows more local motion of the global symmetry motion seen in 

PC1. In PC2, monomers A and D rotate in opposite directions (Movie S1 and Figure S1). 

Similar to the PC1 motion, monomers B and C move closer to each other going from low 

PC2 to high PC2.

Each fl-p53 system sampled unique conformations not sampled by the other two systems 

(yellow box in Figure S1). In order to further visualize the differences in these unique 

conformations, root-mean-square deviation (RMSD) clustering was performed on the L2 

and L3 loops separately since they embrace the R175H mutation site, and the L2 loop 

stabilizes the L3 loop. The representative frame of the most-populated cluster for each 

system was compared.

When clustered with respect to the L2 loop, the differences in the L2 loop conformations for 

the three systems’ representative frames were in line with the PC1 motion, in which the L2 

loops of monomers B and C formed direct contacts in the R175H without zinc system unlike 

the other two systems (Figure 3a).

When clustered with respect to the L3 loop, the representative frames for the three systems 

differ in the conformation of the R248 residue, a crucial DNA contact, in monomer C 

(Figure 3b). In the wild-type representative frame, R248 extends directly into the DNA 

minor groove similar to the crystal structure (PDB 1TSR). In the R175H with zinc 

representative frame, R248 adopts an alternate conformation that does not intercalate into 

the DNA minor groove. In the R175H without zinc representative frame, R248 remains on 
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the surface, but is completely flipped out of the minor groove. The conformation of R248 in 

monomers A, B, and D in the top cluster representative is similar across all three fl-p53 

systems.

Comparison of atomic fluctuations within the DBD

Increased fluctuations of motifs within the DBD are seen for the R175H with zinc system in 

monomers B, C, and D (Figure S3). For the two inner monomers, B and C, the L2 and L3 

loops are more dynamic in the R175H with zinc system compared to the wild-type system. 

Among the outer monomers, monomer D becomes more flexible at the loop between beta 

strands 7 and 8 (S7/S8 loop) in the R175H with zinc system. Surprisingly, the dynamic 

behavior of monomer A is similar in the R175H with zinc and wild-type systems.

An increase in atomic fluctuations is seen also in the R175H without zinc system compared 

to the wild-type system (Figure S4). This difference in flexibility is seen in the L2 and L3 

loops for the inner monomers B and C. Interestingly, the L1 loop and H2 helix in monomer 

C also show greater fluctuations in the R175H without zinc system. Among the outer 

monomers, monomer D also shows increased flexibility at the L2 and L3 loops. In monomer 

A, the only RMSF variation is observed at the S7/S8 loop.

While we don’t see more flexibility in the R175H mutant systems across the entire tetramer 

DBDs or even an entire monomer, we do observe increased fluctuations local to the R175H 

mutation site in monomers B, C, and D. Interestingly, fluctuations distal to the mutation site 

are also observed as seen in monomer D in R175H with zinc system and monomer C in 

R175H without zinc system.

Comparison of the solvent accessible surface area of the DBD Tetramer

Protein fluorescence experimental studies have revealed differences in fluorescence spectra 

between wild-type and mutant p53, which is attributed to increased solvent accessible 

surface area (SASA) in mutants.20 In terms of the SASA for the entire DBD tetramers, both 

R175H mutant systems have higher values than wild-type p53 as expected (Figure S5). 

Next, we focused on determining the solvent exposure of only the mutant epitope residues 

(residues 213–217) that are known to bind the Pab240 antibody that selectively recognizes 

the mutant conformation of p53 but not wild-type p53.38 These residues are buried in the 

wild-type, and become more solvent exposed for antibody binding in p53 mutants.

Similar to the entire DBD tetramer, when we focus only on the mutant epitopes, the average 

SASA is higher for both R175H mutant systems compared to the wild-type (Figure S5). 

Taken together, the SASA results for the entire DBD tetramer and the epitope regions 

corroborate experimental evidence suggesting that the R175H mutant form has increased 

solvent accessibility compared to the wild-type.

Comparison of C-terminal domain contacts with DNA

Previous computational models13 have shown that the CTDs form direct DNA contacts 

regardless of the DNA response element. In addition, Friedler et al. suggest these CTD-DNA 

contacts are likely due to low affinity electrostatic interactions between positively charged 
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residues in the CTD and the negatively charged DNA phosphate backbone.39 We explore if 

these CTD-DNA contacts change as a result of the R175H mutation. Our MD simulations 

revealed there are in fact differences in the CTD-DNA contacts, with the largest change seen 

in the R175H without zinc system (Table S2). In all three fl-p53 systems, all the positively 

charged CTD residues’ (Lys, His, Arg) interactions with the negatively charged DNA 

phosphates were monitored. In monomer C, the CTD forms contacts with the DNA 

throughout the entire simulation across all three fl-p53 systems. These contacts are transient, 

in which the positively charged CTD residues continuously change the phosphate groups 

they contact. It should be noted that the initial starting structure for the MD simulations 

across all three fl-p53 systems already had this CTD-DNA contact in monomer C while the 

CTDs in the other monomers were far away from the DNA. In the wild-type and R175H 

with zinc systems, the CTDs in monomers A and D move closer to and form DNA contacts. 

Remarkably, other than the CTD in monomer C, the R175H without zinc mutant failed to 

form additional CTD-DNA contacts, suggesting that the loss of zinc due to the R175H 

mutation disrupts CTD-DNA interactions.

Next, we closely monitored if any specific positively charged CTD residues were 

responsible for the transient salt-bridge interactions with DNA, and identified four residues 

(Figures 4a and S6). A cutoff value of 600 was chosen since this is half of the maximum 

number of CTD-DNA salt-bridge contacts. For both wild-type and R175H with zinc 

systems, CTD residues K370, R379, K381, and K382 form at least 600 DNA contacts. For 

R175H without zinc system, only residues H368 and R379 engage in at least 600 DNA 

contacts. Interestingly, residues K370, K381, and K382 have reduced DNA contacts when 

compared to wild-type and R175H with zinc systems. In terms of the average across all three 

p53 systems, K370, R379, K381, and K382 form at least half of the maximum contacts 

(Figures 4a and S6).

We also identified the DNA residues that the CTD residues interact with, and found that salt 

bridges formed both inside and outside the response element (Figures 4b and S7). Across all 

three p53 systems, only a few contacts are made within the response element (residues 

1599–1602, 1665, 1681–1684) (black box in Figures 4b and S7). Majority of the CTD-DNA 

interactions occur outside the DNA response element, interacting with DNA nucleotides up 

10 base pairs to the right and 14 base pairs to the left from the response element (Figure 4b). 

The CTD searches furthest along the DNA in the R175H mutant systems (Figure S7). These 

results are in agreement with NMR models that show that the CTD interacts with DNA 

outside the response element region.40

L1/S3 Pocket Opening

In an earlier study, MD simulations of wild-type and various p53 mutant DBD monomers 

revealed a druggable L1/S3 pocket.5 Using several geometric criteria as a filter for 

determining the pocket-open state, the pocket was found to be open only about 6% of the 

time in a 30 ns simulation. Virtual screens targeting the open MD-generated conformations 

of L1/S3 pocket revealed a novel reactivation compound for p53 R175H mutant. We then 

inquired the dynamics of the L1/S3 pocket in a larger fl-p53 tetramer system bound to 

various DNA sequences, which revealed the L1/S3 pocket dynamics depend mostly on the 
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L1 loop conformation (which is dictated by being an inner or an outer monomer in its DNA 

interaction) in p53, which can stay open as much as 99% of the simulation time.13

In the current study, we compute the L1/S3 pocket dynamics of the p53 R175H mutants 

under normal physiological conditions using the same geometric criteria outlined in Ref 4 

(Table S3). For the inner monomers B and C, the L1/S3 pocket is open only 4% to 13% of 

the time for wild-type system, 7% to 24% for R175H with zinc system, and 4% to 15% for 

R175H without zinc system. The pocket is open for majority of the simulation time in the 

outer monomers, A and D, for all three systems with two exceptions (24% to 95% for wild-

type system, 67% to 96% for R175H with zinc system, and 21% to 96% for R175H without 

zinc system). These results show that in the fl-p53 R175H mutants, the L1/S3 pocket is open 

and available for reactivation molecules to bind in restoring p53 wild-type function.

DISCUSSION

We report here three different integrative atomistic models of the wild-type and R175H 

mutant fl-p53 tetramer bound to the p21 response element and their dynamics via MD 

simulations. Experimental studies have shown that the R175H mutation accelerates the rate 

of zinc loss in the DBD.21, 22 As there are no available experimental structures of the R175H 

mutant even of the DBD due to the denaturing effect of the mutation, we generate a 

computational model the R175H mutation in both the presence and absence of zinc. The 

dynamics of the R175H mutation in the fl-p53 and its effects on DNA binding have not been 

explored.

R175H Mutation Shifts the DBD Quaternary Binding Mode Similar to Wild-type p53 Binding 
Mode to Non-specific DNA

The DBD quaternary binding modes revealed in the current work are closely related to the 

differential quaternary binding modes we found earlier for fl-p53 binding to three different 

DNA response elements (p21 RE, puma RE, and non-specific DNA) (Figure 5).13 The 

binding affinity for fl-p53 for known REs, p21 and puma for example, are an order of 

magnitude lower than the KD values of non-specific DNAs under physiological conditions.41

The PC1 motion revealed in the current work is the same global motion that was seen as 

PC2 in our previous studies of fl-p53 bound to 3 different DNA sequences.13 In the previous 

work, the p21-bound wild-type p53 tetramer system sampled only high PC2 values 

corresponding to a symmetric binding mode. The same binding mode is seen in our current 

wild type simulations (Figure 2). The only difference between the p21-bound p53 tetramer 

in the previous work and our current p21-bound p53 tetramer system (referred to as wild-

type) is the starting conformation for the MD simulations. In the previous model, the fl-p53 

started from a conformation where the CTDs and NTDs were extended.13 The current wild-

type system simulations started from the more compact relaxed fl-p53 structure. The 

additional MD sampling in this study corroborates the results from previous study, which 

indicated a symmetric DBD tetramer binding mode for wild-type p53 binding to known 

DNA response elements.
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The PC motions of the quaternary binding modes of the mutant fl-p53 systems clearly show 

the R175H mutation disrupts DNA binding. In the previous computational study, the p53 

tetramer bound to nonspecific-DNA solely sampled an asymmetric binding mode.13 

Remarkably, the R175H mutant without zinc system mostly samples this same asymmetric 

quaternary binding mode.

As for the DNA grab volume change revealed in the PC motions, there are both similarities 

and differences when compared to our previous computational study (Figure 2). The small 

grab volume seen in the R175H without zinc system is comparable to that seen for the non-

specific DNA bound DBD tetramer. Also, as seen in the previous work, the wild-type system 

does have a larger DNA grab volume (ranging between 8000 and 9000 Å3) to accommodate 

the DNA than the DBD tetramer bound to non-specific DNA and the R175H without zinc 

mutant. Surprisingly, the R175H with zinc system has the largest DNA grab volume, which 

may be too loose to bind the DNA tightly.

Increased Local and Global Flexibility in the R175H Mutant DBD Disrupt Crucial DBD-DNA 
Contacts

The DBD motifs with increased flexibility in the R175H mutant systems are also regions 

known to contact DNA either directly or indirectly (Figures S3 and S4). In the L2 loop of 

various wild-type p53 crystal structures, R175 forms a salt-bridge with D184, helping the L2 

loop stabilization.42, 43 The R175H mutation disrupts this R175-D184 salt-bridge. We also 

identify another salt bridge, E180-R174, that is persistent in the wild-type simulations and 

disrupted in both R175H mutant system simulations. Disruptions of these two salt-bridges in 

the mutant p53 increase the flexibility of the L2 loop (Figures S3 and S4). The higher 

flexibility of the L2 loop destabilizes the L3 loop, which directly contacts the DNA via two 

residues, S241 and R248. While the DNA contact of S241 stays intact in all systems, the 

R248-DNA contact is effected by the mutation, the R248 intercalate the DNA minor groove 

in the wild-type system but doesn’t in the R175H mutant system (Figure 3b). R248 is known 

to play a critical role in DNA binding and it is the most frequently mutated p53 residue in 

human cancers.44–46 Therefore, the loss of this DNA contact may impede DNA binding of 

the R175H mutant. Even though this difference in R248 conformation is only observed in 

one DBD monomer (monomer C), experimental studies have shown that a heterotetramer 

with only one mutant p53 monomer is enough to shift the wild-type p53 to resemble a 

mutant conformation and disrupt DNA binding.47–49 In addition to the increased flexibility 

of motifs local to the R175H mutation site, it is noteworthy that we see the effect of the 

mutation on long-range motions such as the H2 helix, L1 loop, and S7/S8 loop, especially in 

quite short MD sampling (Figures S3 and S4). With our limited computational sampling, we 

are already beginning to see the destabilization of the DBD both locally at the R175H 

mutation site and globally.

R175H Mutation and Zinc Loss Together Disrupt C-terminal interactions with DNA

The role of the CTD in DNA binding remains controversial. Previous studies have suggested 

three possible theories as to how the CTD of p53 regulates sequence-specific DNA binding.
10 One theory suggests that the DBD tetramers only bind the DNA when it undergoes a 

conformational change induced by chemical modification (acetylation or phosphorylation) 
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or protein binding of the C-terminus. Another hypothesis suggests that CTD binding to the 

DNA prevents the DBD tetramers from binding, and chemical modification of CTD disrupts 

DNA binding, thereby allowing the DBD to bind DNA. Both of these theories suggest that 

the CTD functions as a negative regulator for p53 binding. The third theory implies that the 

CTD acts as a positive regulator for DBD binding. Our previous and current studies support 

the latest theory.

In our simulations, we see transient CTD interactions with DNA phosphates (Table S2). 

These observations are in agreement with experimental studies that reveal that the CTD 

forms sequence-independent contacts with DNA.40, 50–52 It is particularly interesting that the 

CTD monomers (A and D) that were extended far away from the DNA move closer to the 

DNA and form direct contacts in wild-type and R175H with zinc simulations centered on 

CTD residues K370, R379, K381, and K382. Among these, K381 and K382 were implicated 

in CTD-DNA contacts in an NMR study.40, 53 This direct CTD-DNA contact was also seen 

in our previous computational models where the CTDs started from an extended 

conformation far from the DNA, in every simulation regardless of the DNA response 

element, the CTD approached and directly contacted the DNA, suggesting that the CTD 

assists the DBD in binding DNA.13 In the R175H without zinc system, the only CTD 

monomer that forms DNA contacts is monomer C, which was already in contact initially. 

Unlike the other 2 systems, no other CTDs approach DNA to form contacts, and reduced 

DNA contacts are seen for residues K370, K381, and K382. Taken together, the combination 

of R175H mutation and zinc loss disrupt CTD-DNA contacts.

CONCLUSION

In this study, we used MD simulations to explore the effects of the R175H cancer mutation 

on the dynamic characteristics of fl-p53, and how these changes disrupt DNA binding. 

Results reveal increased flexibility of motifs within the DBD both local and distal to the 

R175H mutation site. Interestingly, these motifs are regions that form important DNA 

contacts. The accelerated dynamics disrupt the DBDs from adopting an optimal DNA 

binding mode and alter the frequency of CTD-DNA contacts. Taken together, our mutant 

models in the current work and previous models with fl-p53 bound to different DNA 

response elements allow us to glean insight into the DNA search and recognition mechanism 

even with limited MD sampling. In wild-type p53, the DBD adopts a symmetric binding 

mode around the DNA, and three Lys residues and one Arg residue of the CTDs aid in DNA 

binding by forming transient non-specific contacts with the DNA mostly outside the 

response element region. When p53 has the R175H cancer mutation together with zinc loss, 

the DBDs shift to an asymmetric binding mode around the DNA, and the CTD-DNA 

contacts are disrupted. The results of our computational models support our hypothesis that 

zinc loss exacerbates the effects of the R175H mutation in destabilizing the DBD and 

abrogating DNA binding.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Full-length p53 System. The fl-p53 bound to DNA is shown, where the NTD, DBD, linker, 

TET, and CTD are colored purple, blue, silver, green, and red, respectively. DNA is depicted 

as a black ribbon (a). The R175H mutation site is shown, highlighting its proximity to the 

zinc-coordination site (b). The zinc ion is shown as a purple sphere. The zinc-coordinating 

residues and the H175 residue are shown in licorice colored by atom type (C: cyan, O: red, 

N: blue, H: white).
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Figure 2. 
Quaternary binding mode of the DNA binding domain in wild-type and R175H p53. The 

eigenvalues along PC1 are shown as a density plot for each fl-p53 system (a), where the 

asymmetric binding mode corresponds to low PC1 (R175H without zinc) and the symmetric 

binding mode corresponds to maximum PC1 (wild-type and R175H with zinc). The alpha 

carbons of the DBD for low and high PC1 are shown as spheres, where monomers A and D 

are colored cyan, and monomers B and C are colored pink. A histogram plot of the DNA 

grab volume is shown for all three fl-p53 systems (b).
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Figure 3. 
Effects of R175H mutation and zinc loss on the L2 and L3 loops of p53 in the unique 

principal component conformations. The most-populated cluster representative frame for 

each fl-p53 system reveals differences in the L2 loop conformation (a) and the R248 residue 

conformation of the L3 loop (b). In (a), the L2 loop (residues 164–194) for wildtype, R175H 

with zinc, and R175H without zinc systems is shown as black, red, and blue ribbons and 

same-colored transparent surfaces, respectively, the rest of the protein is colored in silver 

ribbons. In (b), Arg248 is shown in sticks colored by atom type (H: white, C: silver, N: blue, 

O: red). The DNA for wildtype, R175H with zinc, and R175H without zinc systems is 

depicted in spheres colored black, red, and blue, respectively. Phosphate atoms in DNA are 

shown in tan for contrast. The p53 proteins are drawn as transparent ribbons colored 

according to the system as well.
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Figure 4. 
Footprint analysis of the CTD-DNA contact residues averaged across all three p53 systems. 

The residues in the CTD that come within 3.5Å of the DNA were averaged across each 

monomer and all three p53 systems (a). The positively charged CTD residues are 

highlighted in red. A value cutoff for the number of DNA contacts formed of 600 is selected 

(dashed blue line) since it is at least half of the maximum CTD-DNA contacts. The four 

positively charged CTD residues that meet this cutoff are labeled. The same footprint 

analysis is done from the perspective of the DNA, in which the number of CTD contacts is 

mapped onto the DNA (b). The number of CTD contacts are normalized, ranging from 0 (no 

CTD contacts) to 1 (maximum number of CTD contacts). A cartoon of the DBD, TET, and 

CTD domains are depicted to highlight the orientation of the DNA, and the DNA response 

element is highlighted with a black box.
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Figure 5. 
DBD binding modes in p53 transcriptional activation. Under normal unstressed p53 

conditions, the DBD is proposed to adopt a symmetric binding mode. Perturbation of p53 

via the R175H mutation and zinc loss or nonspecific DNA binding shifts the DBD mode to 

an asymmetric conformation.
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Table 1.

Hydrogen Bonding Interactions between L2 loops in Monomers B and C

Wild-type MD copy 1

Monomer B L2 Residue Monomer C L2 Residue % interaction

186 183 0.05%

R175H without zinc MD copy 1

184 183 39.6%

182 184 20.3%

182 183 11.4%

185 181 8.15%

183 183 3.55%
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