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The p53 tumor suppressor is a transcription factor involved in
regulating the cell cycle. In response to oncogenic and other

stresses, p53 activates the transcription of genes involved in
apoptosis, cell-cycle arrest, and senescence.1,2 Approximately half
of all cases of cancer are associated with mutations in the p53
gene.3 About 75% of mutations in sporadic and germline cancers
are missense mutations,4,5 and the majority of these occur in the
DNA-binding core domain of p53 (p53C).6 p53 mutants are
potential targets for cancer therapies. Current approaches aim to
rescue the function of p53 mutants by stabilizing the functional
conformation of the protein, i.e., the native wild-type structure.7�11

Full-length p53 has a flexible N-terminus, a DNA-binding core
domain, a tetramerization domain, and a C-terminal negative
regulatory domain. Full-length p53 forms tetramers when bound
to DNA.12 The unstructured N-terminal domain and C-terminal
negative regulatory domain have prevented crystallization of full-
length p53.13 The DNA-binding core domain (residues 94�312,
p53C) is comprised of a β-sandwich and a DNA-binding sur-
face.6 Most cancer-associated mutations occur in the core
domain, with the highest frequency on the DNA-binding surface.
Figure 1A shows the crystal structure of the DNA-free p53C. On
the surface are two loops, L2 and L3, stabilized by a Zn2þ ion, and
a loop�sheet�helix motif. The L1 loop and H2 helix in the
loop�sheet�helix directly contact DNA in the major groove.
p53C is only marginally stable, with a melting temperature of
∼42�44 �C.14 The isolated DNA-binding core domain exists as
a monomer in solution and retains DNA-binding activity.15

Here we focus on three cancer-associated mutations in p53C:
L145Q, V157F, and R282W. These mutations are highly destabiliz-
ing to the core domain and eliminate function at physiological

temperature.16 R282W is one of six hot-spot mutations that
occur at high frequency in human cancers. It is located on the H2
helix, which is part of the loop�sheet�helix motif (Figure 1B).
The R282W mutation destabilizes the core domain, and the
mutant is mostly unfolded at 37 �C.16 L145Q and V157F are
classified as β-sandwich mutants and are located on β-strands S3
and S4, respectively (Figure 1B). Nearly a third of the cancer
mutations are in the β-sandwich region, but individual mutations
occur at a much lower rate than hot-spot mutations.12 β-
sandwich mutants retain sequence-specific DNA binding at
lower temperatures, but many are not functional at physiological
temperature.17 The L145Q mutant is 3 kcal/mol less stable than
the wild-type (WT) protein, and the V157F mutant is destabi-
lized by 3.9 kcal/mol.16

We performed molecular dynamics (MD) simulations of WT
p53C and the three mutants at 37 �C to investigate the mecha-
nisms of destabilization and the effects of the mutations on p53C
structure and dynamics. Zn2þ dissociates from WT and mutant
p53 at physiological temperature, such that a significant fraction
of p53 appears to exist in the apo state.18 Furthermore, insuffi-
cient zinc is linked to misfolding, particularly in concert with
tumorigenic mutations.19,20 Consequently we focus on the apo,
zinc-free state, but holo simulations of all constructs were also
performed and are presented here. The most significant changes
in response to mutation were observed along the DNA-binding
interface, especially in the H2 helix and L1 loop. The L145Q and
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ABSTRACT: The p53 tumor suppressor is a transcription factor involved in
many important signaling pathways, such as apoptosis and cell-cycle arrest. In
over half of human cancers, p53 function is compromised by a mutation in its
gene. Mutations in the p53 DNA-binding core domain destabilize the
structure and reduce DNA-binding activity. We performed molecular dy-
namics simulations at physiological temperature to study the structural and
dynamic effects of the L145Q, V157F, and R282W cancer-associated muta-
tions in comparison to the wild-type protein. While there were common
regions of destabilization in the mutant simulations, structural changes
particular to individual mutations were also observed. Significant backbone deviations of the H2 helix and S7�S8 loop were
observed in all mutant simulations; the H2 helix binds to DNA. In addition, the L145Q and V157F mutations, which are located in
the β-sandwich core of the domain, disrupted the β-sheet structure and the loop�sheet�helix motif. The R282Wmutation caused
distortion of the loop�sheet�helixmotif, but otherwise this mutant was similar to the wild-type structure. The introduction of these
mutations caused rearrangement of the DNA-binding surface, consistent with their reduced DNA-binding activity. The simulations
reveal detailed effects of the mutations on the stability and dynamics of p53 that may provide insight for therapeutic approaches.
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V157F mutations caused global effects on the core and loop
�sheet�helix motif. The R282Wmutation disrupted the nearby
loop�sheet�helix, but otherwise the structure of themutant was
similar to WT.

’METHODS

Models.The starting structure for all simulations was obtained
from the 2.05 Å resolution crystal structure of p53 core domain
[PDB entry 2ocj, chain A].21 All water molecules were removed
from the crystal structure. The L145Q, V157F, and R282W
mutants were created by replacing the WT residue with its
polymorphic residue. Then, the energy was minimized in vacuo
using ENCAD.22 The CR-rmsd between the starting structures
of the WT and the mutant structures was under 0.1 Å.
Molecular Dynamics Simulations and Analysis. All other

calculations and MD simulations were performed using our in-
house modeling program in lucem molecular mechanics (ilmm).23

The protocols and potential energy function have been described
previously.24�26 Each starting structure was minimized in vacuo
for 1000 steps of steepest descent minimization. The system was
solvated by adding explicit flexible three-center waters in a

periodic rectangular box.26 The walls were located g10 Å from
all protein atoms. The solvent density was set to 0.993 g/mL,
which is the experimentally determined water density at 37 �C.27
The energy of the solvent molecules was minimized for 1000
steps, and then the solvent was heated for 1 ps. Then the solvent
was minimized for an additional 500 steps, and then, the entire
system was minimized for 500 steps. Initial velocities were
assigned by a random seed to the atoms in the system. The
NVE microcanonical ensemble was employed, where the num-
ber of particles, box volume, and total energy are constant. A
force-shifted, nonbonded cutoff of 10 Å was used and the
nonbonded interaction pair was updated every two steps.28

Simulations were performed with a time step of 2 fs, and
structures from the simulations were saved at 1 ps resolution
for analysis. Simulations were conducted at physiological tem-
perature, 37 �C or 310 K, and neutral pH. Three simulations of
apo WT and each mutant were performed (the zinc was
removed), and the length of the simulations was at least 51 ns,
yielding 153 000 structures for each protein for analysis. In
addition, three simulations of WT and each mutant were
performed for at least 51 ns with the zinc ion covalently bound
toC176,H179,C238, andC242. This yields a total of over 1.224μs
of simulation.
Calculations of CR-rmsd, CR-RMSF, SASA, and contacts

were performed using ilmm. Average values of CR-rmsd, CR-
RMSF, and SASA were calculated using structures over the last
25 ns of each simulation. An atomic contact was defined as a
C�C atom distance within 5.4 Å or any other heavy-atom
distance within 4.6 Å between two nonadjacent residues.

’RESULTS

MD simulations of apo WT, L145Q, V157F, and R282W
p53 core domain (p53C) proteins were performed at 37 �C
and neutral pH in triplicate (the holo forms are addressed
below). The average root-mean-square deviation (rmsd) of
the CR atoms from the starting structure over the last 25 ns in
the WT simulation was 3.6 ( 0.3 Å (Table 1). The average
CR-rmsd in R282W simulations was similar to WT, but the
deviations of the other mutants showed greater variation
across three runs. In one L145Q run and two V157 runs, the
average CR-rmsd was g4 Å. The average CR root-mean-
square fluctuations (CR-RMSFs) simulation structures were
similar between the WT and mutant simulations in general
(Figure 2A). Strands S4, S9, and S10, which are in the same

Figure 1. p53 core domain structure. (A) Ribbon diagram of DNA-free
p53 core domain colored from blue (N-terminus) to red (C-terminus)
(PDB 2ocj).21 The zinc ion is shown as a purple sphere. (B) Ribbon
diagram of p53 core domain bound to consensus DNA (PDB 1tsr).6 The
structure of p53 is colored from blue (N-terminus) to red (C-terminus),
and DNA is colored gray. Residues that contact DNA are shown as
sticks, and mutation sites shown in space-filling representation.

Table 1. Average Properties of WT, L145Q, V157F, and R282W p53 Simulationsa

WT L145Q V157F R282W

initial WT apo holo apo holo apo holo apo holo

CR-rmsd (Å) 3.6 ( 0.3 2.8 ( 0.1 4.3 ( 0.9 3.4 ( 0.3 4.1 ( 0.5 3.8 ( 0.6 3.8 ( 0.3 3.9 ( 0.5

H1 helix CR-rmsd (Å) 4.0 ( 2.3 1.8 ( 0.4 5.2 ( 2.6 1.5 ( 0.3 4.5 ( 1.8 1.3 ( 0.3 4.9 ( 1.5 1.4 ( 0.2

H2 helix CR-rmsd (Å) 3.3 ( 1.5 2.7 ( 0.3 5.5 ( 4.2 4.4 ( 1.5 4.4 ( 0.8 5.8 ( 0.9 4.2 ( 2.0 6.0 ( 2.7

total SASA (Å2) 10357 10602 ( 393 10603 ( 104 10703 ( 294 10698 ( 43 10709 ( 205 10808 ( 118 10871 ( 412 10896 ( 80

DNA-binding site SASA (Å2)b 748 604 ( 119 603 ( 10 551 ( 52 645 ( 40 622 ( 77 623 ( 102 583 ( 123 634 ( 67

core SASA (Å2)c 257 285 ( 59 324 ( 50 373 ( 64 294 ( 37 368 ( 33 361 ( 16 346 ( 82 251 ( 59
aAll properties were calculated using structures from the last 25 ns of each simulation. bDNA-binding site SASA calculated over the following residues:
S241, R248, R273, A276, C277, R280, R283. cCore SASA calculated over the following residues: F109, L111, M113, C141, V143, L/Q145, V147, V/
F157, A159, A161, I195, V197, V216, V218, Y220, T230, I232, Y234, Y236, I251, T253, I255, L257, N268, F270, V272. CR-rmsd: CR-root-mean-square
deviation. SASA: solvent accessible surface area.
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sheet of the β-sandwich, had consistently low fluctuations
across all simulations. However, higher fluctuations around the
Zn2þ binding residues, C238 and C242, were observed in WT
simulations in the absence of Zn2þ.

Changes in the L1 loop, S7�S8 loop, and H2 helix contri-
buted to higher values of average CR-rmsd inmutant simulations
(Figure 2B�D). The loop regions exhibited large movements in
WT and mutant simulations. In mutant simulations, a larger
portion of the L1 loop shifted far from its starting position

(Figure 2B�D). The S7�S8 loop also exhibited larger deviations
from the starting structure in mutant simulations than in the WT
simulations. Compared to the WT simulations, the CR-rmsd
was noticeably increased around strands S2 and S20 in the
V157F simulations.

The average total solvent accessible surface area (SASA) varied
across individual runs and increased from the initial SASA in nearly
every run (Table 1). The DNA-binding site became less exposed
throughout simulations. On average, mutant simulations exhibited

Figure 2. (A) Average CR-RMSF per residue for WT (black), L145Q (red), V157F (green), and R282W (blue) apo simulations. (B�D) Average CR-
rmsd per residue for apo and holo simulations. (E, F) Average CR-RMSF per residue compared to crystallographic B-factors. CR-RMSFs were calculated
relative to the average structure over the last 25 ns. CR-RMSDs were calculated relative to the starting structure. Crystallographic B-factors from the wild-
type p53C (PDB 2ocj, chain A)21 and from T-p53C-R282W (PDB 2j21, chain A)29 shown in red.
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increased core SASA compared to theWT simulations, with more
dramatic increases in the L145Q and V157F mutants.

For comparison, simulations of Zn2þ-bound WT and mutant
simulations were performed. On the basis of 15N/1H hetero-
nuclear single-quantum correlation nuclear magnetic resonance
experiments,18 removal of Zn2þ can affect the L2 and L3 loops, but
it does not have a significant impact on other structural elements.
The most significant differences in CR-rmsd between the apo and
holo simulations were in the local Zn2þ-binding region, composed
of the L2 loop, H1 helix, and L3 loop (Figure 2B�D). Other
differences observed in average CR-rmsd per residue occurred in
areas with larger variations across individual runs, such as the L1
loop and H2 helix. For WT and mutants, the CR-RMSF was
decreased around these areas of the protein in holo simulations

(Figure 2E,F). The average CR-rmsd of the H1 helix across all
holo simulations was about 1.5 Å, compared to 4.7 Å across all apo
simulations (Table 1). In contrast, the CR-rmsd of the H2 helix
did not significantly differ between apo and holo simulations for
each variant (Table 1). While the overall average CR-rmsd was
lower in WT and L145Q when Zn2þ was present, the V157F and
R282W mutants did not differ in average CR-rmsd between apo
and holo simulations. In all cases the mutant holo simulations had
higher average CR-rmsd than the WT holo simulations.
The L145Q Mutation Disrupts the β-Sheet Structure.

Substitution of leucine for glutamine on strand S3 introduces a
polar side chain into the core of the β-sandwich. In the starting
structure, Q145 has an initial SASA of 6.2 Å2, and in two apo
L145Q simulations, the SASA of Q145 increased to over 20 Å2.

Figure 3. Disruption of β-sheet structure and neighboring loops in L145Q p53 and V157F p53 simulations. (A) Structure from L145Q simulation. (B)
Close-up of S7�S8 loop in representative structure from L145Q simulation. (C) Structure from V157F simulation. (D) Close-up of S7�S8 loop in
representative structure from V157F simulation. Mutated residue is shown in space-filling representation and colored by atom. S1, S3, S8, and S7�S8
loop are colored as in Figure 1. (E) Backbone of strands S3 and S8 from simulations at t = 51 ns. Hydrogen bonds are shown as dashed lines.
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Increased solvent exposure resulted from separation of strands
S3 and S8 (Figure 3A).
The L145Q mutation destabilized the β-sheet, including

strands S1, S3, and S8, and the neighboring loops, S3�S4 loop
and S7�S8 loop. The S7�S8 loop curved over itself, losing
contacts with the S3�S4 loop (Figure 3B). Various residues on
the S7�S8 loop form new contacts with residues N200 and L201
near strand S5. β-Structure of the S1 strand was lost or very
unstable in all simulations, including WT. Native main chain
hydrogen bonds between S1 and S3 were present throughout the
simulations, but not at the same time. Unlike WT simulations,
the S3 strand was noticeably distorted in two L145Q simulations
(Figure 3E). Loss of several main chain hydrogen bonds between
the S3 and S8 strands was observed in the L145Q simulations

and not in WT. The main chain hydrogen bonds between Q145
and T230 broke early in L145Q simulations. In one simulation,
the hydrogen bond between V143 and I232 was also lost for a
majority of the simulation. The changes in the S7�S8 loop,
strand S3, and strand S8 contributed to large increases in SASA of
residues V143, T230, I232, I255, and F270.
The V157F Mutation Affects the β-Sheet and Local Pack-

ing in the Core. Substitution of valine by phenylalanine intro-
duces steric hindrance in the β-sandwich core and is predicted
to have a large effect on the overall structure of p53C. The V157F
mutation had a similar effect as L145Q on the S7�S8 loop, which
was distorted compared to the starting structure (Figure 3C). In
simulations, the S7�S8 loop shifted away from the S3�S4 loop
and formed interactions with N200 and L201 (Figure 3D). At
various times in two different runs, a hydrogen bond formed
between S227 on the S7�S8 loop and either N200 or L201.With
the movement of the loop, the main chain hydrogen bonds
between L145 and T230 were lost, and other contacts between
strands S3 and S8 were reduced (Figure 3E). Other parts of the
β-sheet were destabilized, including strand S1. The SASA of core
residues L111, M133, C141, Y220, Y234, I255, and F270
increased from its average SASA in WT simulations.
Themutation introduces a larger side chain inside the core, where

packing is initially tight (Figure 4). In the V157F simulations,
packing of the core accommodated the mutated side chain through
structural changes. In one run, the side chain of Y220 swungout, and
L145, which is tightly packed next to V157F in the crystal structure,
graduallymoved out. Overall, the S3 and S8 strands shifted out from
the core, and the buried side chains became more mobile.
These effects propagated to the S2�S20 sheet and the H2 helix.

The drop in contacts between the S2�S20 sheet and the H2 helix
followed the decrease in native atom contacts the core (Figure 5A).
These changes appear to be linked through the S1 strand. With the
shifting out of the S3 strand from the core and packing adjustments
made by the side chain of L145, the strand S1 exhibited several
changes (Figure 5B). As a result of changes in core packing, both
F109 and F113 on strand S1 changed rotamers and the side chain of
L111was pushed around slightly. The backbone of strand S1 shifted
out with its neighboring strand S3, increasing the distance between
residues on the strand S1 and residues on the nearby strand S10. For
example, the distance between the centers of mass of L111 and
N268 on strand S10 shows a sharp decrease around this time
(Figure 5C). The S2�S20 sheet was able to move closer in toward
the core. A decrease in distance between the centers ofmass of Y126
on the S2�S20 sheet and N268 on S10 occurred immediately
following the increase in space between S1 and S10 (Figure 5C).
Movement of the S2�S20 sheet was accompanied by loss of
contacts with the H2 helix, including hydrogen bonds with R282
and E286 (Figure 5D). After these changes occurred, the H2 helix
became more mobile for the remainder of the simulation.
Loss of Interactions between H2 helix and L1 Loop Due to

R282W Mutation. The R282W mutation on the H2 helix is
known to disrupt the loop�sheet�helix motif,29 and in simula-
tions, mostly local effects are observed. The introduction of a
tryptophan creates some steric hindrance and cannot compen-
sate for the loss of electrostatic interactions (Figure 6). In the
wild-type simulations, R282 was able to form hydrogen bonds
with the main chain of the L1 loop. Substitution by tryptophan
caused a loss of these hydrogen bond interactions. In R282W
simulations, the number of contacts between the H2 helix and
the L1 loop decreased from 88 in the starting structure to an
average of 24 over the last 25 ns, and all contacts were lost in one

Figure 4. V157F mutation disrupts packing in β-sandwich core. Side
chains are shown in space-filling representation. Structure is colored as
in Figure 1.
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run. The L1 loop was very mobile, and in two R282W runs, the
L1 loop moved far from the H2 helix. The H2 helix was also
destabilized by the mutation due to the loss of interactions. It
became distorted and shifted its position up relative to S2 and S20
strands.
Mutations Perturb DNA-Binding Surface. In the DNA-free

crystal structure of wild-type p53, the side chains normally in contact

with DNA are highly exposed (Figure 7A). The average total SASA
of DNA contact residues was greater in theWT simulations than in
themutant simulations, but it varied greatly between individual runs
(Table 1). Still, there were drastic effects on the DNA-binding
surface mostly due to the effect of the mutations on the H2 helix.
Although the L145Q mutation is over 17.5 Å from the DNA-

binding surface, a large conformational change of the L1 loop and

Figure 5. Propagation of effects of V157F mutation to S2�S20 sheet and H2 helix. (A) Native atom contacts normalized to the number of contacts in
the starting structure between S2�S20 sheet and H2 helix (red) and residues in the core (blue) from a representative V157F simulation. (B) Close-up of
structure from V157F simulation. F157 and L145 shown in space-filling representation, and other side chains shown as sticks. Side chains are colored by
atom, and backbone is colored as in Figure 1. (C)Distance between centers ofmass of residues L111 andN268 (red) and residues Y126 andN268 (blue)
from a representative V157F simulation. (D) Strand S1, S2�S20 sheet, andH2 helix fromV157F simulation. Hydrogen bonds are shown as dashed lines.
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significantmovement of theH2 helix was observed in one simulation
(Figure 7B). Contacts between the L1 loop and H2 helix were
completely lost. The H2 helix moved over toward the L3 loop.
Interactions between residues D281 and E285 on the H2 helix and
residues S241 and R248 on the L3 loop stabilized this alternate
conformation. Compared with the WT simulation, the contacts
between these residues persisted longer in the L145Q runs. In this
arrangement, many of the DNA contact residues were buried. Only
R280 remained accessible to interact with DNA.
The V157F mutant simulations also displayed a distorted DNA-

binding surface (Figure 7C). TheV157Fmutation is over 18Å from
the DNA-binding surface. In the simulations, the H2 helix was
destabilized, and although some hydrogen bonds fluctuated, it
retained its helicity. It did not exhibit a consistent pattern of
movement across individual runs. In one run, the H2 helix moved
further away from the L3 loop compared to its initial position in the
starting structure. While the DNA contact residues were still
exposed, the surface was distorted and the entire H2 helix, including
R280, was shifted over. R280 forms critical contacts in the p53-DNA
complex at a conserved position.12

Destabilization of theH2 helix in the R282Wmutant also resulted
in changes in the DNA-binding surface (Figure 7D). Similar to the
H2 movement seen in the L145Q mutant simulations, the H2 helix
moved toward the L3 loop in the R282W mutant. DNA contact
residues were buried in this conformation.

’DISCUSSION

MD simulations were performed of WT, L145Q, V157F, and
R282W p53C at 37 �C, providing atomic-level detail of structural

effects caused by single nucleotide polymorphisms linked to
cancer. Increased CR-RMSDs of critical regions suggest that the
mutants are destabilized. While there were mobile regions in all
simulations, the β-sheet structure and S7�S8 loop were highly
distorted in the L145Q and V157F simulations. Large move-
ments in the L1 loop and H2 helix were observed in all three
mutants. PreviousMD studies ofWTp53C agree with our results
and show large fluctuations and deviations in the L1 loop and the
S7�S8 loop.30,31 Other p53 cancer mutants have been simulated
at 25 �C, previously, and these simulations displayed similar
conformational changes, such as H2 helix movement and S7�S8
rearrangement.32,33 While Chen et al. found that common changes
occur due to different mutations,32 our simulations show distinct
effects among the three mutations in this study. Perhaps due to
the higher simulation temperature, our results show disruption of
β-sheet structure in strands S1, S3, and S8 caused by the L145Q
and V157F mutations that was not observed in previous studies
of other mutants.

The increased CR-RMSDs suggest that the L145Q and V157F
mutants are destabilized. Both of these core mutations also
resulted in increased SASA of the core and loss of structure in
the β-strands. The effects also extend to other regions of the
protein, including the loop�sheet�helix motif. The L145Q and
V157F mutants are highly destabilized in folding studies and are
classified as globally denatured mutants.16 Solution biophysical
measurements suggest that the suppressor mutation N235 K
confers some kinetic and thermodynamic stability to the V157F
mutant.34

The loop�sheet�helix is an important region for stability of
p53C. Although the structural effects of the R282Wmutation are
fairly localized, the structure is destabilized by 3.3 kcal/mol.16

TheH2 helix is mobile in the mutant simulations and loses nearly
all contacts with the L1 loop. Simulations of the R248Q p53C
mutant by Merabet et al. showed similar movement of the H2
helix.33 They have designed second-site suppressors through
mutation of the L1 loop, which reestablish contacts between the
L1 loop and H2 helix. This approach may be extended to other
mutants that are destabilized in this region.

Crystal structures of several mutants, including the R282W
mutant, have been solved using the pseudo wild-type T-p53C.29

The four point mutations (M133L, V203A, N239Y, andN268D)
in T-p53C stabilize the core domain by 2.6 kcal/mol.29 T-p53C-
R282W has a similar overall structure to the wild-type crystal
structure. We also found that the R282W mutant simulations
were structurally most similar to WT simulations. The L1 loop is
disordered in the R282W mutant in experiments,12,29 and it did
not adopt a stable conformation in simulations. Our simulations
predict greater disruption of the H2 helix than seen in the T-
p53C-R282W crystal structure. The differences are likely due to
the different environments and very different temperatures:
37 �C in the simulations versus�173 �C for the crystal structure.
In general, the changes in the B-factors along the sequence in the
crystal structures of WT p53C and T-p53C-R282W are in
agreement with the calculated CR-RMSFs in our MD simula-
tions of WT and R282W structures, but the 210� difference in
temperature naturally affects the amplitudes (Figure 2E,F).

The crystal structure of the V157F mutant [PDB entry 2qxa]
has only a few local differences with the wild-type structure,
specifically rearrangements of the neighboring side chains V218
and I232. In our simulations of the V157Fmutant, the side chains
of residues F157, V218, and I232 occupy the rotamers observed
in the crystal structure for short periods of time. The overall

Figure 6. Local effect of R282W mutation on H2 helix and L1 loop.
Side chains of residue 282 and important nearby side chains are shown as
sticks and colored by atom. Backbone is colored as in Figure 1.
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expansion of the core packing allowed for greater fluctuations
and larger structural changes. Our simulations predict more
dramatic changes than seen in the V157F crystal structure. Again
we note, however, that the conditions are different: MD in water
at 37 �C versus the crystalline state at 4 �C. Also, the strength of
molecular dynamics simulations is that they allow us to see the
excursions from the average structure, excursions that can be
critical for function35 or “dysfunction”.36

Perturbation of the DNA-binding surface, as seen in the
simulations, suggests that mutations remote from the binding
surface can influence DNA-binding activity. While the absence of
Zn2þ can alone eliminate sequence-specific DNA binding,18

mutant simulations show additional effects on the DNA-binding
surface beyond disruption of the L2 and L3 loops. Critical DNA-
contact residues become buried in the simulations, particularly

those shown to be important by Pan and Nussinov,37 discourag-
ing interactions with DNA. The L145Q, V157F, and R282W
mutants exhibit DNA-binding activity at subphysiological
temperatures.16 Our simulations show that mutations in the β-
sandwich core can have long-range effects on the DNA-binding
surface. Disruption of the β-sandwich core packing and sheet
structure caused changes in β-strand S1. In the L145Q and
V157F simulations, destabilization of S1 was accompanied by
changes in the contacts between strands S1 and the S2�S20 sheet
and the contacts between the S2�S20 sheet and the H2 helix.
Loss of contacts between the S2�S20 sheet and the H2 helix was
associated with increased mobility of the helix.

Simulations of p53 cancer mutants may provide insight for the
development of a p53-activating compound. The globally desta-
bilized mutants are appealing targets for rescue by a chemical
chaperone that would rescue the protein by stabilizing the native
conformation.7,8 Simulations of p53 mutants, which sample a
variety of conformations, show surface crevices that form in
mutant structures where in principle a ligand could bind.38

Movement of the S7�S8 loop forms a surface crevice between
the loop and the S5�S6 loop in one L145Q run. The surface
crevice, which is far from the DNA-binding surface, may be a
potential binding site for a ligand that may act as a chemical
chaperone.

These MD simulations were performed as a part of our SNP
database in the lab’s Dynameomics project.38,39 Further analysis
of other p53 SNPs will provide a more comprehensive view of
destabilizing mechanisms. Because of the diverse nature of p53
SNPs, studies of p53 may serve as a useful model for predicting
the effects of SNPs in other proteins.
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