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ABSTRACT

R248 in the DNA binding domain (DBD) of p53 interacts directly with the minor groove of DNA. Earlier nuclear magnetic
resonance (NMR) studies indicated that the R248Q mutation resulted in conformation changes in parts of DBD far from
the mutation site. However, how information propagates from the mutation site to the rest of the DBD is still not well
understood. We performed a series of all-atom molecular dynamics (MD) simulations to dissect sterics and charge effects of
R248 on p53-DBD conformation: (i) wild-type p53 DBD; (ii) p53 DBD with an electrically neutral arginine side-chain;
(iii) p53 DBD with R248A; (iv) p53 DBD with R248W; and (v) p53 DBD with R248Q. Our results agree well with experi-
mental observations of global conformational changes induced by the R248Q mutation. Our simulations suggest that both
charge- and sterics are important in the dynamics of the loop (L3) where the mutation resides. We show that helix 2 (H2)
dynamics is altered as a result of a change in the hydrogen bonding partner of D281. In turn, neighboring L1 dynamics is
altered: in mutants, L1 predominantly adopts the recessed conformation and is unable to interact with the major groove of
DNA. We focused our attention the R248Q mutant that is commonly found in a wide range of cancer and observed changes
at the zinc-binding pocket that might account for the dominant negative effects of R248Q. Furthermore, in our simulations,
the S6/S7 turn was more frequently solvent exposed in R248Q, suggesting that there is a greater tendency of R248Q to par-
tially unfold and possibly lead to an increased aggregation propensity. Finally, based on the observations made in our simu-
lations, we propose strategies for the rescue of R248Q mutants.
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Structure of p53 DNA binding domain in its apo-state (PDBid
2XWR:A). (A) The DNA (white) is placed in its approximate binding
location based on PDBid 3Q05. Important regions are highlighted: L1
(residues 113—123, blue), L2 (residues 164—176 and residues 177-181,
green), L3 (residues 237-250, red), H1 (residues 177-181, cyan), H2
(residues 278-287, magenta), and S6/S7 (residues 208-213, orange).
(B) Root mean squared fluctuation (RMSF) based on simulation data
of the wild type (WT) and R248Q mutant are shown, with significant
changes at L2, S6/S7, and L3 highlighted.

set of six residues (R175, G245, R248, R249, R273, and
R282) that are mutated in more than 3% of all cancer
cases.” Mutations are further categorized into either con-
tact or structural mutants based on how they inactivate
p53.11 Contact mutants such as R248W, R248Q, and
R273H are characterized by the loss of essential contacts
of the DBD with the DNA leading to abrogation of DNA
binding, yet without significant conformational changes
in the DBD.12 On the other hand, structural mutants
such as R175H, G245S, R249S, and R282W exhibit exten-
sive conformational changes in the DBD,!3 with a signif-
icant fraction of these structural mutants being unfolded
under physiological conditions.14

R248 is a mutation hotspot, with mutations occurring
in about 4% of all cancer patients.!> From high-resolution
crystal structure data, 10 the side-chain of R248 is observed
to be solvent-exposed, and therefore not expected to
directly participate in stabilizing the rest of the DBD. Addi-
tionally, R248 directly interacts with the minor grove of its
target DNA. Thus, mutations to R248—usually R248A,
R248W, and R248Q—have been widely considered as
contact mutants.17 In this study, we focus on the R248Q

mutant, which is commonly observed in a wide range of
human cancers such as colorectal cancer, lymphoid leuke-
mia, and myeloid leukemia.l?

Despite R248 appearing not to directly influence DBD
stability and dynamics, experimental evidence suggests
that R248Q mutant undergoes significant conformational
changes. Nuclear magnetic resonance (NMR) experi-
ments by Wong et al.l” demonstrated that R248Q exhib-
its conformational changes throughout the DBD at L1,
L2, L3, S2, S2°, S4, S9, S10, and H2. The observed chemi-
cal shifts in R248Q are similar to those seen in R249S, a
known structural mutant. Additionally, R248Q was
found to be about 2 kcal/mol less stable compared with
wild type p53 by comparing rates of urea-induced dena-
turation measured using fluorescence spectroscopy.9’11
Recently, Xu et al. showed that the R248Q mutant is
capable of aggregating with wild type p53 in vitro, sug-
gesting the exposure of an otherwise buried hydrophobic
patch from residues 252 to 257.18 Taken together, these
experimental observations suggest that the R248Q is also
a structural mutant. Nonetheless, it remains unclear how
information from the mutation site R248Q is propagated
to influence the overall DBD conformation and stability.

We performed all-atom molecular dynamics (MD)
simulations on the DBD to understand how mutations
at R248 induce conformational changes in regions distant
from the mutation site. In so doing, we attempt to eluci-
date the structural basis for the aforementioned experi-
mental observations. p53 functions most efficiently as a
tetramer, although it known to also exist in monomeric
and dimeric forms in vivo.l9 As monomeric and tetra-
meric DBD are similar in their structural features
10,20,21 3ng thermodynamic stabilities,22 most studies
of the DBD are performed on monomers. Consequently,
to minimize the computational complexity of our simu-
lations, we also performed MD using monomeric forms
of the DBD.

Because arginine has a long side-chain and an overall
positive charge, mutations in R248 could influence DBD
packing via electrostatic interactions and/or steric con-
straints, beyond interfering with the direct R248-DNA
contact. We performed MD simulations on the wild type
structure (WT) as well as on a series of mutants: R248
with an electrically neutral side-chain (R248RN), R248A,
R248W, and R248Q. The R248RN simulations allow us
to isolate the effect of arginine’s charge, while the R248A
and R248W simulations allow us to dissect the role of
sterics in maintaining the DBD structure. Additionally,
both R248A and R248W are common mutations that are
observed in a wide range of cancers,!> and studying
them helps us to determine if a common mechanism
exists to explain how R248A, R248Q), and R248W desta-
bilize the DBD. However, the major focus of this article
is on the R248Q mutant (Fig. 1); there also exists NMR
chemical shift data on this mutant for comparison. After
dissecting the mechanism(s) by which the R248Q mutant
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Table |

Table Showing Simulations Performed, as well as Total Length of Simu-
lation Time for Each Mutation. All Simulations were Performed in
Triplicates

Length (ns) per Total simulation time

Mutation simulation for analysis (ns)
WT 500 1,200
R2480Q 500 1,200
R248A 200 300
R248RN 200 300
R248W 200 300

causes the DBD to undergo conformational changes, we
propose some strategies for rescuing R248Q mutants.

METHODS AND MATERIALS

Molecular dynamics simulations

All simulations were started using chain A of the crystal
structure 2XWR, comprising of residues 91 to 289 of p53
DBD.23 The N- and C-termini of the protein were capped
with C-acetyl and N-methyl caps respectively. Crystallo-
graphic waters were kept. Thereafter, the protein was sol-
vated in a water box where the box edges are at least 10 A
away from the protein. Counter-ions (Na™ or CI") were
added to ensure charge neutrality of the system. Mutations
were performed using the Pym0124 mutagenesis wizard.

Simulations were performed using the AMBER12 pack-
age25 with the AMBER ff99SB force field.2® (The neutral
arginine charges were changed manually. All side-chain
atomic charges were set to zero, while backbone charges
were retained based on the AMBER ff99SB force-field. The
charge on CB was manipulated to ensure overall neutrality
of the residue.) Water was modeled using the TIP3P water
model.2” The tetrahedral coordinated zinc ion was mod-
eled using a bonded zinc model, following parameters in
Ref. 28. Hydrogen bond lengths were restrained using the
SHAKE algorithm, allowing simulation time steps of 2 fs.
Long-range electrostatics was treated with Particle Mesh
Ewald (PME),29 and a cut-off of 12 A. Minimization was
performed using 9500 cycles of conjugate gradient after
minimization with steepest descent for 500 cycles. There-
after, the system was heated up to 310K prior to the pro-
duction run. We performed three independent simulations
of 500 ns for WT and R248Q. Only the last 400 ns of each
simulation was considered for analysis, yielding a total of
1.2 ps of simulation time for the WT and R248Q, respec-
tively, for analysis. For R248A, R248W, and R248RN, the
same protocol was used but only 200 ns of simulations
were performed, of which only the last 100 ns of each sim-
ulation was considered for analysis. The simulations per-
formed are summarized in Table I below. The root mean
squared deviation (RMSD) of the backbone carbons across
different trajectory are shown in Supporting Figure S7.
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Additionally, a set of simulations were performed
using the same protocol but with a temperature of 293K.
Table II below shows the lengths of simulations per-
formed for each mutant.

Conformational clustering and identification
of S6/S7 states

In order to cluster structures into either having either
‘exposed” or ‘buried’ S6/S7 turn, we calculated the distance
between the backbone carbons of R207 and D259. There-
after, we used k-means clustering to assign the member-
ship of conformation to either being ‘exposed’ or buried’

Structural analysis

Analysis was performed using the cpptraj module from
AMBERTools 1430 and Bio3D3! from the R statistical soft-
ware.32 The trajectories were visualized using VMD,33 while
crystal structures were visualized using Pymol.24

Mutinf calculations

The backbone dihedral angles (phi and psi), as well as the
side-chain angle (chi;) angle was extracted from individual
trajectories using the g chi command in the Gromacs suite
of analysis software.34 Thereafter, the trajectories of WT and
R248Q were split into three runs of 400 ns each prior, and
provided as input for calculation of mutual information
and KL-divergence using the Mutinf software.3°

RESULTS AND DISCUSSION
Dynamics of the mutation-carrying loop L3

R248 resides in L3 (Fig. 1) which is less compact in
the different mutants compared to the WT (based on
radius of gyration, R, see Fig. 2(A)). This reduced pack-
ing of L3 is consistent with large-scale conformational
changes observed via NMR in the L3 loop of the R248Q
mutant.17 Interestingly, the increased R, was observed
even in the R248RN and R248W simulations, suggesting
that the charges and the size of the arginine side-chain
are likely crucial in preserving wild type L3 loop confor-
mations. Additionally, in the case of R248RN, the R, of
L3 showed a bimodal distribution with peaks centered at

Table 11

Table Showing Simulations Performed at 293K, as well as Total Length
of Simulation Time for Each Mutation. All Simulations were Performed
in Triplicates

Length (ns) Total simulation time
Mutation per simulation for analysis (ns)
WT 200 300
R248Q 200 300
R248A 200 300
R248W 200 300
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Conformational changes at loop L3 (M236-P250). (A) Radius of gyration of WT (black), R248RN (blue), R248Q (red), R248W (purple), and
R248A (orange). WT L3 adopts a more compact structure compared with the mutants, while the radius of gyration of L3 shows a bimodal distri-
bution in the case of R248RN. (B) Native hydrogen bonds observed in crystal structure (PDBid 2XWR:A) in the L3 loop. Oxygen atoms are col-
ored green and nitrogen atoms in blue. (C) Bootstrapped frequency of native hydrogen bonds occurrence throughout the simulations of WT,
R248RN, R248Q, and R248A. Most significant loss of hydrogen bonds observed in the simulations involves C242. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

7.7 A and 8.1 A, while Rgs of R248Q and R248A appear
to distribute between these two peaks. Inspection of the
backbone dihedral angles shows that R, is correlated
with the backbone psi angle of G245 for R248RN (Sup-
porting Figure S1), with the larger radius of gyration
associated with a psi angle of about 0° (Supporting Fig-
ure S1). The dihedral angle of G245 drastically impacts
the conformation of the L3 as G245 adopts a tight turn
in the WT conformation;2! consequently, a loss of this
turn would cause the L3 to become less compact.

We expect that the hydrogen bond network of L3
would have a pronounced effect on L3 conformation.
Hence, we identified key hydrogen bonds in L3 from our
starting crystal structure (PDBid 2XWR:A) and moni-
tored their frequencies throughout the simulations [Fig.
2(B,C)]. Figure 2(C) shows the frequency of several key
hydrogen-bond interactions observed by bootstrapping.
Noticeably, these interactions were lost or markedly less
frequent in all the mutant simulations compared to WT,
suggesting a rearrangement of hydrogen bond network

when R248 is mutated. In particular, the C242-G245
interaction was lost in our mutant simulations. This
hydrogen bond is critical in stabilizing G245’s unique
combination of backbone angles,2! and occurs with high
frequency in our WT simulations. The loss of this critical
interaction could explain the loss of L3 packing observed
in the mutants, as changes in backbone dihedrals around
G245 alters the loop turn, causing L3 to become less
compact. This is consistent with the observation that R,
correlates with the backbone angle of G245. Likewise, the
observed loss of the S240-A/Q/RN248 interaction is con-
sistent with earlier MD studies,36 although the contribu-
tion of this loss of interaction to the destabilization of
the DBD remains unclear.

Since the R248RN residue differs from the wild type
arginine only in charge, the differences seen in Figure 2
suggest that the charge of R248 is crucial in maintaining
the wild type L3 conformation. Conversely, R248RN and
R248A have the same charge of zero, but differ in the
size of their side chains, indicating that the size of the
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(A) Distance between CZs of R248 and R273 in WT (black) and R248RN (blue). Contrary to expectations based on the like-charge repulsion hypothesis,
we noticed that R248RN had larger distances between the two terminal carbons of R248 and R273. (B) Crystal structure showing alternate interaction
between R273 and D281 (blue dashed line). This interaction forms more frequently in mutant simulations (C). (D) As D281 on H2 interacts more
frequently with R273, there was an increase in distance between the backbone carbons of T118 in L1 and G279 in H2, as shown in Figure 3(B) (red
dashed line). This is further discussed in Figure 4. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

size chain at residue 248 is also important in determin-
ing the packing of L3. Lastly, both R248W mutant and
R248RN have large and neutral side chains, resulting in
similar L3 R, [Fig. 2(A)]. Taken together, both the
charge and size of R248 appear to be instrumental in sta-
bilizing the wild type L3 conformation. In particular, the
L3 conformation is different for R248Q, R248A, and
R248W (based on R, and hydrogen bond distribu-
tions)—the three common mutants of R248 in p53.
These differences will likely manifest in other aspects of
DBD dynamics, as we discuss later below. We next exam-
ine the consequences of the altered dynamics of L3 on
the neighboring regions.

Change in D281 interaction partner alters
H2 and L1 dynamics

An earlier MD study by Merabet et al. suggested that
when positively charged R248 is mutated to polar but
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uncharged Q, the loss of like-charge repulsion between
R248 and R273 causes H2 (residues 278-287) to swing
toward the central beta sheets (the core of p53) due to
the increased flexibility of 13.37 We measured the dis-
tance (CZ—CZ) between the side chains of residues R248
and R273 for the WT and R248RN, expecting either a
decrease or no change in distances for the R248RN simu-
lations because RN248 is electrically neutral and would
not repel R273. However, contrary to the like-charge
repulsion hypothesis, we observed that the average dis-
tance between R248RN and R273 was actually larger
than the distance between R248 and R273 in WT [Fig.
3(A)]. We noticed that R248 was able to form hydrogen
bonds with D281 [Fig. 3(C)] in WT. This interaction is
lost in the uncharged RN248 and D281 is stabilized by
interactions with spatially contiguous R273 more fre-
quently in the R248RN simulations (also observed for
other mutations; see Fig. 3(C)); that is there is a switch
in the hydrogen bond partner of D281 from residue 248
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Dynamics of the L1 region of the p53 DBD. (A) The L1 loop adopts two conformations: the extended state (blue; from 3Q05) and the recessed state
(cyan; from 2XWR). For reference, the bound DNA (from 3Q05) is also shown. (B) Projection of MD trajectories from WT (black), R248RN (blue),
R248Q (red), and R248A (orange) onto the third principal component (PC3) identified in Ref. 38. PC3 was shown to separate the two conformations
of L1. PC3 projections of < 10 were judged to be structures with an extended state, while PC3 projections >10 were recessed. Consistent with visual
examination, recessed conformation appears most dominant; however, the extended state was sampled more often in the WT (19% versus 5%) than
in R248Q. When a more stringent cut-off of eight (dashed line) is used, the dominance of the recessed conformations in the mutant simulations is
more apparent. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

to R273 that causes the H2 helix to move toward the
core of the DBD. Our results from the R248RN simula-
tions clearly contrast with the charge-repulsion hypothe-
sis presented in Ref. 37. Our differing observations could
be due to the choice of different force fields (GRO-
MOS96/SPC water model versus AMBER ff99SB/TIP3P
water model in our simulations) and sampling statistics
(200ps equilibration and 10 ns production versus 100 ns
equilibration and 100-400 ns production run in our
simulations).

In crystal structures, H2 is shown to interact with L1
(residues 113-123). We thus expect that changes in H2
resulting as a consequence of the increased interactions
between H2 and R273 on the S10 strand, will affect L1
conformation and/or dynamics. When visualizing the tra-
jectories, we observed a loss of packing between H2 and
L1 in the mutants. This is seen in a noticeable increase
in distance between G279 and TI118 in the R248Q
mutant [Fig. 3(D); also for other mutants, as shown in
Supporting Figure S2].

Recessed L1 conformation dominates
mutant ensemble

The L1 loop adopts either an extended or a recessed
conformation38 [Fig. 4(A)] in crystal structures, with the
extended conformation being favored when the DBD is
bound to DNA®® as L1 directly contacts the DNA via
K120. Visual inspection of our trajectories suggests that
in all our apo mutant and WT simulations, L1 is flexible
and alternates between the extended and recessed states.
We hypothesized that L1 should preferentially adopt the
extended conformation in the WT simulations as com-
pared to the mutants since the extended conformation is
competent for DNA-binding. We used principal compo-

nent analysis (PCA) to quantify the changes in the rela-
tive populations of recessed and extended conformations
of L1 that are induced by the R248 mutations. From
available crystallographic data, Lukman et al.38 identified
a set of principal components (PC) that distinguishes the
two L1 conformations (PC 3 in Ref. 38). We projected
our trajectories onto their identified PCs to quantify dif-
ferences in L1 loop dynamics in both WT and the
mutant simulations (R248A, R248RN, R248Q, and
R248W). The results are shown in Figure 4(B).

Lukman et al. identified conformations with PC3 pro-
jection < 15 as being in the extended L1 conformation.38
However, based on our density distributions, using PC3
projection < 10 as our threshold appears to be more
appropriate due to the continuous nature of our data as
juxtaposed to the discretized data from Lukman et al.38
[Fig. 4(B)]. Consistent with our hypothesis, the WT
explores extended conformations 19% of the time, but
only 5% of the time in the R248Q mutant [Fig. 5(B)];
when a more stringent threshold of <8 was considered,
the WT samples the extended conformation 15% of the
time while the R248Q samples it only 3% of the time.
Similar to observations made in the R248Q mutant, both
R248A and R248RN sample the extended conformation
less extensively (0% in R248RN, 3% in R248A, using a
threshold of 10). Most strikingly, R248RN does not sam-
ple the extended state, indicating a role of side-chain
charge in R248 in determining the conformation of LI.
This suggests that there is either an increase in the stabil-
ity of the recessed L1, or a decrease in the stability of the
extended L1 (or both) as compared to WT. As high-
lighted earlier, this can be attributed to the loss of hydro-
gen bond formation between RN248 and D281, and the
accompanying increase in interactions between R273 and
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Distance between the backbone carbon of P177 and G244 (inset: P177
(white) and G244 (red) in sphere representation alongside adjacent resi-
dues to show spatial constraint) in WT (black), R248RN (blue), R248Q
(red), R248W (purple), and R248A (orange). There are fewer spatial
constraints exerted on P177 by G244 in the mutants, as the L3 loop is
rearranged. As a result, P177- G244 distances increased in all the
mutants. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

D281. As a result of the change in hydrogen bonding
network, H2 would be reoriented differently, causing a
change in the packing of L1. However, R248W L1
samples the extended conformation almost as extensively
as the WT (18.7% in R248W vs. 19% in WT) although
hydrogen bonds were formed extensively throughout the
simulation between R273 and D281, suggesting that the
effects—and hence subsequently the rescue strategy—for
R248W is mechanistically different from R248Q/A.
Further studies in the R248W mutation are ongoing, and
will be discussed elsewhere.

L1 interacts with the major groove of DNA at K120.36
Consequently, changes in L1 dynamics unsurprisingly
have a profound impact on the DNA-binding function
of the DBD. Furthermore, Noskov et al. demonstrated
that the binding of DNA by LI is crucial in the stability
of the DBD, underscoring the importance of L1 dynam-
ics.36 Our findings that L1 populates the extended and
recessed states in both WT and R248Q is consistent with
the conformational selection theory suggested in Ref. 39,
where all possible conformations of a protein exist a pri-
ori, and the equilibrium distribution of states is shifted
by a binding partner (DNA for example) “selecting” one
state (in this case, the extended conformation of L1). In
our simulations, the extended conformation is less popu-
lated in mutants, suggesting that DNA is less likely to
conformationally select this state for binding. As a corol-
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lary, increasing the relative population of the extended
state should enable us to recover interactions of the L1
loop with DNA. The importance of L1 dynamics in DBD
function is further underscored by experimental studies
by Merabet et al. where they showed that a second site
mutation H115N is able to restore the DNA-binding
activity of R248Q mutants by rigidifying L1.37 They also
find that rigidifying L1 via the second site mutation does
not rescue R248W activity. These observations again sug-
gest that the rescue strategy for R248Q (elaborated in
this article) will likely be different from that for R248W.

Additionally, mutations at R248 often display percepti-
ble temperature dependency. Temperature sensitive
mutant R248W was shown to be able to bind DNA at
sub-physiological temperatures.40 R248A and R248Q
were also found to be stable at sub-physiological temper-
atures.1317 We performed a series of additional simula-
tions (see the Methods and Materials section) to study
the effect of temperature on L1 dynamics. Consistent
with our expectation, L1 sampled the extended confor-
mation more extensively at sub-physiological tempera-
tures than it did at physiological temperatures (Table III)
in all the mutants except R248W.

Changes in dynamics of L2 when L3
rearranges

The alternative packing of L3 (where the mutations
reside) has been shown for R248Q by NMR (at 10°C;
Wong et al.17) to be associated with the rearrangement of
L2 (residues 164-176 and 182-194). In the WT L3 config-
uration, G244 (on L3) is packed against P177 (on L2) as
shown in Figure 5 (inset), leading to the rigidification of
1241 However, when the L3 loop undergoes rearrange-
ments as in the case of all the mutants studied here, this
packing constraint is released and G244 is no longer
tightly packed with P177 (Fig. 5), thus resulting in
increased flexibility in L2. For example, increased root
mean squared fluctuations (RMSF) of the L2 loop around
P177 can be seen in the R248Q mutant (Fig. 1). This
however was not observed for the other mutants (see
Supporting Figure S3), suggesting that the re-orientation
of the L3 loop alone does not necessarily lead to increased
L2 flexibility.

Mutual information can be used to identify concerted
movements between regions, allowing us to identify
allostery.42 Then, the Kullback-Leiber (KL) divergence is

Table 111

Percentages of Extended State L1 in Mutants at 293K and 310K
Simulation 293K 310K
WT 92.1 19.1
R2480 95.1 5.0
R248A 91.0 14.3
R248W 18.4 18.8
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Percentage of helicity around the H1 region (residues 177 to 181) for
the various trajectories, from 1000 bootstraps. Consistent with visual
inspection, helicity was lost in all the mutants as compared to the WT
(black). [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

used as a measure to compare the difference in mutual
information. We evaluated the KL divergence between
dihedrals of R248Q and WT (backbone and side-chain y;
angles) to quantify differences between their structural
ensembles.43 In our simulations, we observed that KL-
divergence between WT and R248Q appears most concen-
trated at the zinc-coordination interface (Supporting Fig-
ure S4) between L2 and L3. This zinc interface is crucial
in modulating L2 and L3 dynamics as it tethers the two
loops together. Changes in the zinc interface could thus
lead to a decoupling of L2 from L3, leading to an increase
in flexibility of the L2 loop as observed in Figure 1.
Another significant difference that we visually observed
between the WT and the R248Q mutant is the loss of the
helicity in HI1. To quantify our observation, we per-
formed 1000 bootstraps using the Monte Carlo algorithm
to reconstitute the structural ensemble, and then identi-
fying the structures that possessed helical secondary
structures. Noticeably, helicity is lost in not only the
R248Q mutant, but also all the other mutants (Fig. 6).
Earlier work by Duan et al#* suggested the role of a
zinc coordinating residue, H179, in maintaining the
structure of the H1 helix. In our simulations, we also
observed a change in the side-chain dihedral of H179
(WT y ~ —70°% R248Q y ~ —55°), confirming that a
re-orientation of the zinc binding interface likely under-
lies the large scale conformational changes in L2
observed in NMR experiments from Wong et all7
Changes around the zinc binding interface also serves
as a possible model for the dominant negative effect of
the R248Q mutation observed in Ref. 18. The loss of zinc
can lead to increased aggregation of DBDs, as is observed
in R175H.14 A limitation of our simulations is the choice
using a bonded zinc model that covalently binds zinc to
the coordinating residue. (This is necessary to keep the

correct tetrahedral coordination of zinc.) As a result, zinc
could not dissociate during our simulations. Despite this,
our observation of H179 re-arrangement and H1 unfold-
ing is also consistent with other simulation work using a
non-bonded zinc model. 44

Taken together, our data suggests that the NMR chemi-
cal shifts observed at the L2 region of the R248Q
mutant!” could likely arise as a result of two mechanisms
associated with the re-arrangement of loop L3: (i) the
re-arrangement of L3 relieves spatial constraints imposed
by the tight packing of G244 (in L3) and P177 (in L2)
present in WT and (ii) the zinc interface is reconfigured
by the reorientation of H179 (in L2) and the unfolding of
HI1 (H1 is flanked by L2). These two changes lead to the
increased flexibility observed in the L2 loop in the R248Q
mutant. Finally, in our simulations, the L2-L3 packing
and HI1 helicity are also distinct for R248W compared
to the other mutants, again highlighting a fundamental
difference between the R248W and R248Q/A mutations.

Increased flexibility in S6/S7 turn not
observed in previous NIMIR studies

All our mutant simulations showed increased flexibil-
ity at the S6/S7 turn (Fig. 1). Visual inspection of the
trajectories reveals that the S6/S7 turn takes two distinct
conformations —exposed and buried [Fig. 7(A)]. These
conformational changes are potentially important in
identification of intermediate conformations between the
WT and the denatured conformations of the DBD. S7
contains the epitope-binding site of the antibody
Pab240'’—an antibody that is known to be specific for
denatured p53.45

We clustered the conformations based on the state of
the S6/S7 turn (see the Materials and Methods section).
A total of 21% of the WT population was identified as
being in the exposed state, as compared with 33% of the
population being exposed in the R248Q mutant. From
the starting crystal structure (PDBid 2XWR), we identi-
fied a hydrogen bond between the backbone carbonyl of
M169 and the side-chain guanidinium of R213 (S6/S7
turn) that was lost in the mutants [Fig. 7(B,C)], leading
to the exposure of the S6/S7 turn in the mutants.

Although the changes around the S6/S7 turn are
prominent in our simulations, NMR data from Ref. 17
did not show changes in the chemical shifts between WT
and R248Q. A possible reason could be the difference in
temperatures used in the two studies: Wong et al.,17 car-
ried out the NMR measurements at sub-physiological
temperatures (293K), hence stabilizing the protein in its
folded states, while our simulations were carried out at
310K (body temperature). It is known that at 310K, the
rate of unfolding of the protein increases even for WT
p53.46 In order to confirm if the change in S6/S7
dynamics were indeed due to differences in temperatures,
we performed additional simulations at 293K. We
observed no differences in RMSF between WT and the
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Changes at the S6/S7 turn. (A) The S6/S7 turn adopts two states: one that is exposed (red) and one that is buried (blue). (B) This M169-R213 interac-
tion bridges the S6/S7 turn (orange) to the L2 loop (green). (C) The hydrogen bond interaction between the L2 and S6/S7 turn between M169 and
R213 was reduced in all the mutants studied. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

other mutants (except R248W) at 293K (Supporting Fig-
ure S5), providing direct evidence that DBD dynamics is
influenced by temperature.

The dynamics of the S6/S7 turn is important because
of its role in epitope recognition by antibodies. Antibod-
ies are used extensively to identify conformations of p53
DBD. Ory et al. showed that Pab240 (that recognizes res-
idues on the S7 strand) does not bind to R248Q
mutants, suggesting that the S7 strand is unexposed in
R248Q.12 Instead, they showed that R248Q mutants, like
WT, bind to Pab1620, an antibody that recognizes resi-
dues 145-157 spanning the S3 and S4 strands and resi-
dues 201-212 (S6/S7).47 Taken together, these studies
suggest that R248Q and WT have similar conformations
in these regions. The experimental observation of Ory
et all2 is consistent with our simulations: while the
intervening loop between S6 and S7 (the S6/S7 turn) is
exposed, the S6 and S7 strands remain only partially
exposed, and therefore unable to bind to the Pab240
antibody. On the other hand, the epitope of Pab1620
remained exposed throughout our simulations. From our
observations, the S6/S7 turn is a plausible novel epitope-
binding site that can be used to recognize intermediate
conformations between folded and unfolded DBD.

Strategies for rescuing R2480Q mutants

Atomistic simulations such as the ones presented here
offer us insights into the dynamics of mutant proteins,
and provides us with possible clues into development of
new therapeutic strategies. Based on our simulations, we
suggest three strategies that could potentially rescue the
R248Q mutant:

i. Rigidify L1, as demonstrated by Merabet et al.3” By
stabilizing L1 in the extended conformation, we likely
will rescue of p53 DNA binding activity via the resto-
ration of K120-DNA contact.48 A possible candidate
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is the small molecule drug PRIMA-1, which was
found to rescue the R175H mutant by binding a
transient pocket located between L1 and S3, thereby
stabilizing the L1 conformation.49 Further work to
probe whether the same pocket is exposed in R248Q
using, for example, benzene-mapping50 is needed to
determine if PRIMA-1 would be effective in rescuing
R248Q mutants.

ii. Maintain the zinc-binding pocket and hence the con-
formation of the L2-L3 interface. For example, the
small molecule drug ZMCl was shown to rescue
R175H mutants by functioning as a zinc-metallocha-
perone.51 Comparison between the dynamics of
R175H mutant and R248Q mutant will help to eluci-
date if ZMC1 is appropriate for stabilizing zinc co-
ordination in the R248Q mutant.

iii. Preserve H1 conformation to stabilize the L2 inter-
face. Consequently, the stabilization of the L2 inter-
face would stabilize other regions such as the L3 and
the S6/S7 turn, which are directly tethered to this
region (via hydrogen bonds/zinc coordination).

CONCLUSION

Although earlier experimental data suggest R248 is
crucial in maintaining the structure of the DBD, under-
standing of why the solvent exposed R248 affects p53
stability is limited. To decipher how R248 is involved in
stabilizing the DBD, we isolated the effects of sterics and
charge on p53 DBD conformation using all-atom MD
simulations of a series of mutations. We showed that: (i)
both size and charge of R248 contribute to the confor-
mation of L3, (ii) L3 influences H2 dynamics via chang-
ing H-bond partners of D281 on the H2, and (iii) as a
result of changes in H2 dynamics, L1 predominantly
adopts the recessed conformation in mutants. We
focused on the R248Q mutant that is common in a
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range of cancers and has been observed to exert a domi-
nant negative effect. Our data suggest that the zinc ion
that tethers L2 and L3 might dissociate more readily in
the R248Q mutant due to changes at the L2 and L3
interface, hence facilitating the formation of aggregates as
observed in experiments.52

The effects of the structural changes observed in our
study could also potentially inhibit p53’s ability to interact
with other protein partners. Supporting Figure S6 summa-
rizes the interactions (known and predicted53) that might
be altered as a result of changes to p53 DBD induced by
the R248Q mutation. The L2-L3 interface is an important
protein-binding target and changes to the conformation at
this interface would inevitably impact the binding ability
of the DBD to other regulatory proteins such as 53BP1,
53BP2, and SV40 (Supporting Figure S6).

Finally, based on observations made from our R248Q
simulations, we proposed a few possible strategies to res-
cue the function of R248Q mutant p53. Following up
from this study, we are presently probing for cryptic
binding pockets around L1 that can be exploited to
rigidify L1 to the extended conformation. We are also
studying the alternative mechanism by which R248W
mutant causes a loss of DBD function.
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