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The p53 protein is a homotetrameric transcription factor whose monomers
comprise several domains. Although its organization with and without
DNA was elucidated recently, characterizing the p53—-DNA complex at the
atomic level remains challenging because of its many disordered regions.
Here we use computational models to predict the wiring of the four chains
composing p53 and study its sliding dynamics along DNA in different
oligomeric states. We find that helical sliding along the major groove is the
most feasible DNA search mechanism for a large range of salt concentra-
tions. Tighter packing of the tetrameric core domain is associated with a
greater nonspecific affinity for DNA and the slowest linear diffusion
dynamics along DNA. C-tails facilitate linear diffusion but restrict the
association of two primary dimers into a tetramer. This restriction can
disappear at higher salt concentrations, which decrease the affinity of C-tails
for DNA, or upon interaction of the C-tail with other DNA segments. Our
results support evidence for the positive regulation of p53 function by the C-
tails and suggest that posttranslational charge modifications may alter the
affinity of the tails for DNA. Conversely, the N-termini have little effect on
sliding characteristics. Changes in the electrostatic potentials of the core
domain via missense mutations corresponding to cancer development can
also affect sliding by p53. Our study provides molecular insight into the role
of various p53 domains during DNA search and indicates that the complex
interdomain and protein-DNA cross-talks in which p53 engages may be
related to its repertoire of cellular functions.

© 2011 Elsevier Ltd. All rights reserved.

Introduction

biology.” In response to genotoxic agents, radiation,
stress, hypoxia, and other inappropriate signals, p53
initiates cell cycle arrest, DNA repair, or apoptosis,

The transcription factor protein p53 is critical for
tumor suppression and, despite having been dis-
covered about 30 years ago,' remains the center of
attention in the fields of cancer research and tumor
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Abbreviations used: Tet, tetramerization; EM, electron
microscopy; SAXS, small-angle X-ray scattering; 1D,
one-dimensional; 3D, three-dimensional; TI, tetrameric
interface; PDB, Protein Data Bank.

thus leading researchers to bestow on p53 the
moniker “the guardian of the genome.””™ Loss of
P53 activity (often through missense mutations) is a
critical event in cancer development. p53 is a
homotetramer in which each monomer is composed
of about 400 residues (393 residues for human p53)
and consists of four major domains: the DNA
binding core domain (residues 98-303), the tetra-
merization (Tet) domain (residues 324-355), the N-
terminal transcription activation domain at the N-
terminus (residues 1-67), and the basic tail borne by
the Tet domain at the C-terminus (C-tails; residues
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363-393)° (see Fig. 1). While the first two domains  form a tetramer composed of two primary dimers
are folded, the N-terminus and C-tails are intrinsi- (i.e., they can be defined as dimers of dimers).

cally disordered. The two folded domains (i.e., the The structures of the separated core and Tet
core and Tet domains) are connected to each other = domains in the presence and in the absence of DNA
by unstructured linkers of 20 residues, and both ~ were determined by both X-ray crystallography and

CTetCD p53
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Fig. 1. Predicting the relative orientations of the Tet domain and the core domain (CD) of p53. (a) The four main
domains that comprise the p53 protein: the transactivation domain (N; residues 1-67), the DNA binding CD (residues 98—
303), the Tet domain (Tet; residues 324-355), and the C-terminus (C-tail; residues 363-393). (b) The crystal structures of a
tetrameric CD (composed of monomers A, B, C, and D) with the two decameric half-sites separated by 0 bp (PDB ID:
3KZ8) and 2 bp (PDB ID: 2ACO0). The tetramer, which is a dimer of dimers, is composed of two primary dimers (AB and
CD; rectangles) that interact with separate response elements on the DNA and can themselves interact via the secondary
interface. (c) Representation, for full-length p53, of the CD tetramer shown in (b) binding to a DNA molecule (gray),
together with the six possible variants of the Tet domain that can be created by the four constituent monomers of the CD
as they wrap around the DNA molecule. The orientation of the Tet domain relative to the CD depends on their
connectivity, which is achieved by flexible linkers (shown for variants 1, 3, and 5). For example, in variants 1 and 2, the Tet
dimers are created by monomers A and D or by monomers B and C, which are from different primary dimers of the CD
(i.e., they interact with the same decameric half-site of the DNA) and are located on the same side of the DNA molecule. In
variant 1, the major interface between the constituent dimers of the tetramer (i.e., the major TI) is formed between A and C
(interface AC) or between B and D (interface BD), while in variant 2, the TI comprises AB and CD. In variants 3 and 4, the
dimers that form the Tet domain are the primary dimers of the CD, but they are placed on opposite sides of the DNA
molecule to create the TI variants AD and BC (variant 3) and AC and BD (variant 4). In variants 5 and 6, the Tet dimers are
from different primary dimers of the CD and are placed on different sides of the DNA, with two possible TI variants: AB
and CD (variant 5) and AD and BC (variant 6).
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NMR methods.”"* The core domain adopts an Ig-
like p-sandwich structure that provides a scaffold
for recognizing DNA. The Tet domain forms a
symmetrical tetramer made of two tight dimers
stabilized by an anti-parallel 3-sheet and helix—helix
interactions (Fig. 1). Four core domains (one from
each p53 monomer) interact with cognate DNA
(comprising two decameric half-sites) as a dimer of
dimers (the primary dimers are AB and CD; see Fig.
1). Genomic analysis showed that the two primary
dimers can specifically interact with DNA response
elements when spaced 0-20 bp apart.!>!¢ The
structure of the tetrameric core domain interacting
with the cognate DNA sequence has been resolved
recently for DNA with 0-bp or 2-bp spacers between
the decameric half-sites and showed differences in
the size of the secondary interface formed between
the primary dimers.'*'”""” The buried surface area
in the secondary interface, which approximately
doubles in size when the half-sites on the DNA are
contiguous, also restricts the rotation of the dimers
relative to each other."” We note that, while the
crystal structure of p53 bound to contiguous half-
sites showed tight binding to the DNA, a recent
electron microscopy (EM) study revealed different
binding modes for p53 and, in some of them, a
loosely arranged tetrameric p53.%

It is difficult to crystallize full-length p53*' or to
determine its structure using NMR because of its
low stability and because ~40% of the protein
comprises intrinsically disordered regions.”” Recent-
ly, the structure of full-length p53 was studied using
cryo-EM of negatively stained samples and small-
angle X-ray scattering (SAXS).'** In the complex of
full-length p53 with DNA, the interactions of the
core domains with specific DNA response elements
are very similar to those seen in the crystal structure
of the isolated core domains with DNA. The EM
model for the p53-DNA complex suggests that the
DNA is located between the core domain and the
Tet domain.'** The EM structure supports an
orientation of the Tet domain parallel with the
DNA—an orientation that can be stabilized by
interactions of the basic C-tails with the DNA. It
was proposed that the Tet domain may instead lie
perpendicular to the DNA axis.'” By contrast, an
effort to study the structure of full-length p53 with
DNA using EM suggested that tetrameric p53 is
formed through contacts between the core domain
and the N-terminus/C-terminus, while the Tet
domain is dissociated and the p53 molecule resem-
bles a hollow skewed cube.**

Unlike other transcription factors, p53 contains
two discrete DNA binding domains: the core
domain and the C-tail of the Tet domain. Although
both these domains bind tightly to DNA, they do so
in very different ways. The central core domain
contains the sequence-specific DNA binding do-
main. It is believed that cancer-related mutations (at

Argl75, Gly245, Arg248, Arg249, Arg273, and
Arg?282), which are mostly located within the core
domain region that directly interacts with the DNA,
occur at ‘hot-spot” amino acids that affect the affinity
of the core domain for the DNA.?>%° By contrast, the
basic C-tails are nonspecific DNA binding domains
that bind with high affinity to a wide variety of
DNA sequences via the electrostatic interactions of
several lysine residues. Many studies aimed to
address questions regarding the role of the C-tails
in DNA recognition and p53 activity and their role
in regulating the interactions of the core domain
with DNA. Some research groups propose that this
domain has no function in sequence-specific DNA
binding,”” ">’ whereas others suggest that the C-tails
play the role of a negative regulator for binding>*"'
or promote linear diffusion on DNA.?**?* Thus, the
functional role of the C-tails remains unclear and is
the subject of much controversy. However, advanc-
ing the understanding of the binding mode of full-
length p53 with DNA should help to elucidate the
matter.

Our approach to studying the role of various
domains in controlling the regulatory activity of
their protein is to study the cross-talk between
constituent domains while the protein searches the
DNA. After the facilitated diffusion model pro-
posed by Berg et al.’* and Vonhippel and Berg,®
it has been well accepted that DNA search by a
protein comprises different mechanisms: one-di-
mensional (1D) search (sliding), hopping, three-
dimensional (3D) search, and intersegment
transfer.”**! During sliding, the protein uses the
same interface defined by its specific binding to
perform a helical motion along the major
groove.*>#7 In hopping, the protein performs
multiple dissociation events over a short period
of time during which the protein rebinds to the
DNA in the vicinity of its dissociation point, while
in 3D search, the protein reassociates at a point
uncorrelated with the original location of the
dissociation event. In intersegment transfer, the
protein jumps between two segments of DNA that
are separated by many sequences but geometri-
cally proximate. Many mechanistic details of these
DNA search modes and their interplay remain
unclear,*¢*%* yet their characterization has ad-
vanced in recent years, thanks to experiments at both
the ensemble and the single-molecule level. The 1D
sliding of a protein along DNA has been visualized >
for diverse biological systems: RNA polymerase,”"
lac repressor,5253 DNA repair,”* and p53 transcrip-
tion factor.” Furthermore, different proteins search
DNA using different strategies and search mode
combinations. We have previously shown that the
molecular characteristics of proteins can affect their
sliding properties. The existence of a disordered tail
in structurally homologous homeodomains can
modulate their DNA search efficiency.*® Similarly,
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tethering domains by a flexible linker can also
improve DNA search compared to that performed
by the isolated domains.*® The great structural
complexity of p53, especially its high proportion of
disordered regions, suggests that its inherent molec-
ular features support its interaction with DNA.

A recent single-molecule study of p53 demon-
strated that the only plausible mechanism for
nonspecific search on DNA is 1D translocation.”
While sliding of p53 was directly observed, the
details at the molecular level and, in particular, the
role of the various domains of p53 and its oligomeric
state during interactions with DNA remain unclear.
To address these questions, we have modeled full-
length p53, as well as a truncated tetrameric p53
protein composed of the core domain, the Tet
domain, and a C-tail (residues 94-393) following
Tidow et al., which we refer to as CTetCD.*® On the
basis of the predicted model of p53 and using
coarse-grained molecular dynamics simulations of
protein—-DNA interactions, we visualized the linear
diffusion of p53 along DNA and explored how this
motion is supported by the unique molecular
architecture of p53. We then investigated cross-
talks between the p53 domains and quantified how
they may be affected by changes in salt concentra-
tion, DNA organization, or point mutations in p53,
and thus modulate DNA search.

Results

Predicted structure of the complex of full-length
p53 with DNA

To study the dynamics of full-length p53 as it
searches DNA, we first focused on predicting the
structure and wiring (i.e., interaction pattern) of p53
with DNA. Figure 1 presents six possible variants of
the Tet domain in a p53-DNA complex depending

on how the core and Tet domains are connected to
each other via the linkers. Using the native-
topology-based model, we characterized the ther-
modynamic and kinetic stabilities of the six different
variants of CTetCD p53. During the simulations,
which covered a wide range of temperatures, the
core domain was kept bound to the DNA. These
simulations included several folding/unfolding
transitions and could capture the equilibrium
ensemble at these simulated temperatures and the
thermodynamic characteristics of each variant.

The thermodynamics of the six variants was
explored by plotting the profiles of their folding
free energy as a function of Q, which is the number
of native contacts (Fig. S1). Q is a reaction coordinate
characterized by three barriers: two barriers corre-
spond to dimerization, and a third barrier corre-
sponds to the formation of the Tet domain. The
energetics of the assembly of the Tet domain was
evaluated by plotting the specific heats of the six
variants (Fig. S1). The folding temperature (Ty), at
which the folded and unfolded conformations are
equally populated (and, thus, the free-energy
difference between the folded state and the unfolded
state is zero), is represented by the peak of the
specific heat curve. A larger value of T; indicates
greater thermodynamic stability, while a lower
folding barrier indicates faster folding kinetics.
Variant 1 has the smallest folding barrier and a
relatively high T Variant 2 has the largest T
Accordingly, the variants in which dimers are
formed by monomers located at the same side of
the DNA (A and D, or C and B; see Fig. 1b) have the
greatest folding stability or the fastest kinetics.

The relative populations of the six variants were
studied using numerous annealing simulations in
which the Tet domains could fold to any of the six
possible configurations. Variants 1 and 2 were
obtained in 55% of the simulations (see Table 1).
The variants in which the dimers were formed by
two monomers from opposite sides of the DNA

Table 1. Results of annealing simulations using six possible variants of the Tet domain in the CTetCD model of p53 (in %)
in which the core domain was modeled as a stable tetramer (i.e., with a secondary interface) or as two primary domains

(i.e., without a secondary interface)

With second interface®

No second interface”

Dimeric % Annealing % Annealing

Variant interface Major TI simulations Total simulations Total
1 AD and BC AC and BC 24 55 12 39
2 AB and CD 31 17

3 AB and CD AD and BC 8 17 15 33
4 AC and BD 9 18

5 AC and BD AB and CD 16 28 14 28
6 AD and BC 12 15

Entries in boldface indicate the most populated states obtained.

? The annealing simulations performed in the presence of the tetrameric core domain utilized rigid core domains in which the primary
dimers are spaced by 2 bp (using the coordinates of the domain as given in PDB ID: 2ACO0).
® The annealing simulations involved two primary dimeric core domains and utilized rigid domains separated by 12 bp.
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were less populated: for example, variants 3 and 4,
in which the monomers face each other from
opposite sides of the DNA, were formed in 17% of
the annealing simulations. Similarly, variants 5 and
6, in which the monomers are placed along the
diagonal, were formed in 28% of the simulations.
Between variants 1 and 2, the more stable and
populated variant was variant 2 (31%), and this
result is supported by its higher folding tempera-
ture. Thus, a tradeoff between the thermodynamic
stability of variant 2 and the faster folding kinetics of
variant 1 is obtained; notice that the only difference
between these variants are the monomers involved
in the tetrameric interface (TI) (i.e., the major
interface between the two constituent dimers of
the tetramer).

The core domain can also increase the heteroge-
neity of the structure of p53,°*” mostly by changing
the size of the secondary interface between the two
primary dimers. X-ray studies showed that the
secondary interface is larger when the spacer
between the two primary dimers is reduced from
2 bp to 0 bp. The secondary interface may disappear
when the two primary dimers interact with response
elements spaced, for example, by 10 bp. Although
less than 20% of the response elements of p53 in the
human genome are spaced more than 2 bp
apart,'658 it is likely that the dimeric core domains
search DNA while the spacer between them is large.
To explore the structure of the p53 protein in terms
of the organization of the Tet domain relative to the
core domain, we performed annealing simulations
of the six variants when the two primary dimers
were placed 12 bp apart. We found that the linkers
are sufficiently long to accommodate all six variants
and, because of the larger distance between the
primary dimers, there is a higher probability that the
primary dimers of the Tet domain will be composed
of subunits from the primary dimers of the core
domain (Table 1).

We decided to continue our investigation into the
interaction of p53 with DNA using variant 1, which
has the lower folding barrier, but variant 2 may be
equally as good. Variants 1 and 2 are similar in that
the Tet domain is formed by monomers from
different primary core domain dimers (i.e., by
monomers that interact with different decameric
response elements) located on the same side of the
DNA molecule, and we assumed that this is the
most dominant factor appropriate for the purpose of
our research.

Sliding properties of p53 along DNA

The sliding of full-length and CTetCD p53 along
DNA was studied using a computational model that
we have previously used to explore the molecular
details of the sliding of various transcription factors
along DNA.***% Recent experimental and theo-

retical studies® **” have indicated that, during
sliding along DNA, many geometrical features of
the protein-DNA interface are reminiscent of those
found in the specific protein~-DNA complex, which
is not in contradiction with the conformation
changes that are often observed when comparing
the crystal structures of specific and nonspecific
complexes.®’®> The linear diffusion of p53 along
DNA was detected recently by single-molecule
experiments.”” While these experiments very pow-
erfully illuminate diffusion kinetics, their ability to
provide insights into molecular phenomena (such as
cross-talk between the domains of p53) is limited. To
quantify the sliding mechanism of p53 and, in
particular, the oligomeric state of the core domain in
the mechanisms used to search DNA, we studied the
sliding of three versions of the variant 1 (Fig. 1) of
p53: a version in which the secondary interface in
the core domain was fully formed (with a spacer of
0 bp), a version with a partially formed secondary
interface (with a spacer of 2 bp), and a version in
which the secondary interface was completely
eliminated. The three versions were simulated for
both full-length and CTetCD models of p53 at a
wide range of salt concentrations using a coarse-
grained model. In this model, the p53 molecule was
entirely flexible, and its interactions with DNA were
guided solely by electrostatic interactions.

To examine the configuration of the core domain
bound to DNA as a dimer (i.e., without a secondary
interface) and as a tetramer (i.e., with a secondary
interface) during simulations at a low salt concen-
tration, we compared the average distance between
any bead of the core domain p53 and its closest
DNA bead during sliding with the corresponding
distance in the crystal of the specific complex of p53
with its cognate DNA. These profiles show a high
degree of correlation between the binding mode of
p53 with DNA during sliding and the binding mode
of p53 in the specific complex for both full-length
and truncated p53 (Fig. 2a). Similar characteristics
for the sliding of the core domain of p53 were
recently observed in atomistic simulations.®” For the
tetramer, we studied the sliding of CTetCD p53 with
an extensive secondary interface (i.e., the two
response elements are contiguous) and when the
secondary interface is smaller (i.e., the two response
elements are separated by 2 bp). The two variants of
the CTetCD model of p53 slide using the same
interface as that used for the specific interactions
with DNA; nonetheless, the variant with the
extensive secondary interface is closer to the DNA,
and its sliding conformation is more similar to the
specific binding than the variant with the smaller
secondary interface (Fig. 2b). When the core domain
was modeled without the secondary interface, a
high level of similarity between nonspecific and
specific interactions was still observed for full-length
and CTetCD p53 (Fig. 2a), although the similarity
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Fig. 2. Interactions of the core domain (CD) of p53 with DNA during sliding. The interaction of the CD with DNA (a)
when formation of the secondary interface was eliminated or (b) when the secondary interface was formed with a spacer
of 0 bp or 2 bp (see Fig. 1). The p53 transcription factor was modeled using the full-length sequence and with a truncated
N-terminus (CTetCD model). The average distance between each protein bead (representing a residue) of the CD modeled
using the full-length (blue) and truncated (CTetCD; red or orange) models and the closest DNA bead during the
simulation sampled at a salt concentration of 0.01 M is compared to the distance in the crystal structure of the specific
complex between the CD of p53 and its cognate DNA (black line). Correlation coefficients between each p53 model and
the crystal structure of the CDs indicate that truncation did not influence the binding of the CD; however, reduction or

elimination of the secondary interface has a larger effect.

was less than that observed using models that
include the secondary interface.

To illustrate the sliding of full-length and CTetCD
models of p53 along DNA, we present snapshots
from the simulations (Fig. 3). The snapshots illus-
trate that full-length and truncated p53 follow a
helical 1D path along the DNA (as shown elsewhere
for the sliding of other DNA binding proteins*®*®)
both with and without the secondary interface. The
C-tails, which are mostly positively charged (each C-
tail includes nine positively charged residues and
four negatively charged residues), engage in strong
electrostatic interactions with the negatively
charged phosphate groups of the DNA molecule.
During sliding, the Tet domain is oriented parallel
with the DNA, and the positioning of the Tet
domain is supported by the interactions of the C-
tails with the DNA (Fig. 3a and c). When the
primary dimers of the core domain freely diffuse
along the DNA (under the constraints imposed by
the linkers, which may limit the diffusion of the core
domain), the C-tails interact with the intervening
DNA and further restrict the relative motion of the
dimers (Fig. 3b and d). Formation of the secondary
interface in this case will not occur solely by a linear
diffusion of the dimers but will require the
dissociation of the C-tails. Importantly, the N-
termini (mostly negatively charged) in full-length
p53 do not interact with the C-tails (mostly
positively charged) but are exposed to the solvent.
While the N-termini may affect the affinity of p53 for
DNA, they seem not to affect the interaction of the
core domain and C-tails with DNA. We therefore
continued our study by focusing on the truncated

CTetCD model of p53 to decipher potential cross-
talks between the core domain, the Tet domain, and
the C-tails.

To better quantify the effect of the C-tails on the
dynamics of tetrameric p53 along DNA, we repeated
our study of the linear diffusion of the two versions of
CTetCD p53 variant 1 (i.e., with a 0-bp or 2-bp spacer
between the response elements) with electrostatically
neutralized C-tails. In addition to studying tetrameric
p53, we studied monomeric and dimeric p53, with the
C-tail being either charged or neutralized.

Figure 4a (left) shows that tetrameric p53 (CTetCD
model) mostly slides along the DNA and that the
sliding propensity decreases slightly at higher salt
concentrations. This result is in agreement with a
recent single molecular experiment that leaves 1D
search as the only probable mechanism for nonspe-
cific search on DNA.” Truncating the N-termini
results in a greater sliding propensity, presumably
because the N-termini are repelled from the DNA
and their truncation increases the affinity of p53 for
DNA. Truncating the C-tails or neutralizing their
charged residues scarcely affects the sliding propen-
sity of p53, and these variants even have a slightly
higher sliding propensity than wild-type CTetCD
p53. The sliding propensity of p53 is lower when the
core domain does not diffuse as a tetramer but as
two independent dimers. A lower sliding propensi-
ty is observed for monomeric and dimeric p53,
which also perform hopping dynamics along the
DNA or 3D diffusion in the bulk. Accordingly, a
higher-order oligomeric core domain correlates with
an increased nonspecific affinity for the DNA and,
consequently, the core domain more tightly interacts


image of Fig. 2

Sliding of p53 Along DNA

341

Sliding of truncated p53, CTetCD

Sliding of full-length p53

With 27 interface (2 bp)

No 2M interface

Fig. 3. Conformations of p53 during sliding along DNA. Snapshots of the sliding of (a and b) the full-length model of
p53 and (c and d) the CTetCD model of p53 along DNA. (a and c) The two primary dimers diffuse after the formation of
the secondary interface (spaced by 2 bp) in the core domain (i.e., as a tetramer). (b and d) The dimers of the core domain
diffuse without the secondary interface (i.e., as two dimers). The N-termini are shown in orange, the core domain is shown
in green, the linkers are shown in gray, the Tet domain is shown in cyan, and the tails are shown in red. The snapshots
illustrate that p53 performs a helical motion along the DNA in all models. Tails are positively charged (nine positively
charged residues); thus, during sliding, they tightly interact with the negatively charged phosphate of the DNA. The C-
tails are stretched along the DNA when the core domain diffuses as a tetramer, but they are placed in between the two
primary dimers when the secondary interface is not formed. The parallel orientation of the Tet domain is determined by
the position of the positively charged tails closest to the DNA.

with the DNA. The higher sliding propensity of
tetrameric p53 compared with its monomeric and
dimeric forms is reflected in the 1D diffusion
coefficient D, (Fig. 4a, right). The D, of tetrameric
P53 with a secondary interface in the core domain is
relatively low, and this could be rationalized by the
larger interface between p53 and DNA. The D is
larger for dimeric p53 and much higher for the
monomeric variant. The D, values of tetrameric and
dimeric p53 are almost independent of salt concen-
tration, unlike that of the monomeric variant*® (Fig.
4a, right), and this can be explained by the small
fraction of hopping at low and high salt concentra-
tions. Neutralization of the C-tails of all oligomeric
variants of p53 results in a slower linear diffusion,
indicating that C-termini promote the motion of p53
on the DNA. Accordingly, the charged tails slightly
increase searching via hopping (at the expense of
sliding) and thus increase the sliding diffusion
coefficient, as was also observed experimentally.64
While the oligomeric state, the C-tails, and the

secondary interface affect the value of D;, the N-
termini have a minor effect, if any.

The efficiency of DNA search by the core and Tet
domains in a CTetCD model of p53

The p53 protein has two distinct domains—the
core domain and the positively charged C-tails of the
Tet domain—that can independently interact with
DNA. This unique feature distinguishes p53 from
many other DNA binding proteins, which have a
single domain that interacts with DNA. To better
understand the cross-talk between these two
domains when searching DNA, we compared the
efficiencies of their DNA searches. Both domains can
slide on DNA, and Fig. 4b (left) indicates that the core
domain performs mostly sliding, but the propensity
of the Tet domain to slide via the flexible C-tails is
smaller and decreases more sharply with increasing
salt concentration. The higher propensity of the core
domain to slide is accompanied by its much slower
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linear diffusion compared to the Tet domain (Fig. 4b,
right). The tetrameric core domain cannot dissociate
from the DNA because of structural restrictions
introduced by the connectivity of p53. By contrast,
the positively charged tails are much more sensitive
to changes in salt concentration; they dissociate from
the DNA as salt concentration increases (0.06 M; Fig.
4b), and they mostly hop along the DNA (i.e., the
tails remain close to the DNA but are not tightly
bound at the major groove). In the absence of the C-
tails, the Tet domain does not interact with DNA
(Fig. 4b, right), and its linear diffusion is dictated
solely by its linkers to the core domains.

Sliding of the core and Tet domains: Tethered
versus isolated forms

To better understand the cross-talk between the
core domain and the Tet domain, we studied their
nonspecific interactions with DNA at different salt
concentrations in two forms: as part of CTetCD p53
(tethered form) and as isolated domains. The
isolated core domain was studied in monomeric,
dimeric, and tetrameric forms. Furthermore, the
tetrameric form was studied when the secondary
interface was large or small (corresponding to a
spacer between the DNA response elements of 0 bp
and 2 bp). Examining first the forms of the core
domain (Fig. 4c), we observed that the dynamics of
the isolated core domains along DNA is more
sensitive to salt concentration than the tethered
core domain for both tighter and weaker secondary
interfaces. Up to a salt concentration of 0.04 M, there
is no significant difference between the isolated
tetrameric core domain and the tethered tetrameric
core domain as both mostly slide along the DNA,
with the core domain performing a helical motion
during which the interface between the tetrameric
core domain and the DNA remains highly similar to
the interface of the specific complex. The size of the
secondary interface affects sliding speed. The core
domain with the tight secondary interface slides
more slowly than the variant with the smaller
interface as it interacts more tightly with the DNA

(see Fig. 2b). Due to a weaker nonspecific affinity for
the DNA, the monomeric and dimeric core domains
perform less sliding dynamics even at low salt
concentrations (Fig. 4c). With increasing salt con-
centration, all oligomeric forms of the isolated core
domain search DNA using hopping (resulting in a
faster linear diffusion) and especially 3D diffusion in
the bulk, which is not an option for the tethered core
domain since it is linked to the Tet domain. The
combination of sliding, hopping, and 3D diffusion
results in a more efficient DNA search by the
isolated forms of the core domain than the tethered
tetrameric variant at most salt concentrations.

We then sought to distinguish and characterize
the capability of the Tet domain to search DNA by
its C-tails as an isolated domain and when tethered
to the core domain (Fig. 4d). Interestingly, the
isolated Tet domain can linearly diffuse along
DNA. When the Tet domain is tethered to the core
domain, its sliding is clearly restrained (Fig. 4d, left)
by the tight binding of the core domain to the DNA
and by the fact that the core domain slides
continuously in a helical fashion along the DNA.
When the Tet domain diffuses in the absence of
geometrical constraints imposed by the core domain
and linker, its translocation along the DNA is faster
because of the great flexibility of the tail. Translo-
cation can still be performed in a helical fashion, but
less continuously than is observed in CTetCD p53.
Indeed, the linear diffusion coefficient is higher for
the isolated Tet domain than for its tethered
counterpart (Fig. 4d, right). The isolated Tet domain
also utilizes sliding more than the tethered Tet
domain (Fig. 4d). We may speculate that the linkers
connecting the core and Tet domains affect the
sliding propensity of the Tet domain and that, in
their absence, the Tet domain can better interact
with the DNA and also move faster on the DNA.

Relative orientation of the Tet and core domains
during sliding is mediated by disordered C-tails

In addition to determining the wiring of p53
around the DNA and the positions of the linkers that

Fig. 4. Dynamics of sliding and linear diffusion coefficient for different oligomeric states of p53 and for its isolated
domains at various salt concentrations. The effect of the oligomeric state and the composition of p53 on (left) the fraction
of the search undertaken by sliding (note that the protein can search also by hopping and 3D diffusion) and on (right) the
linear diffusion coefficient D;. (a) Full-length and CTetCD p53 with native C-tails (filled circles) and neutralized C-tails
(empty circles) in its monomeric, dimeric, and tetrameric forms. For the tetrameric form, the results are shown for p53
with and without the secondary interface in the core domain. The linear diffusion coefficient of monomeric p53 is most
sensitive to salt concentration, but neutralizing the C-tails affects the D; of most variants. (b) The core domain (blue line)
and the Tet domain (red line) of CTetCD p53 in which the core domain is modeled with the secondary interface. The
interaction of the Tet domain with DNA is achieved via the C-tails. Note that even at a high salt concentration, the core
domain cannot dissociate from the DNA (it mostly performs sliding) because of structural constraint. (c) The isolated core
domain as a monomer (squares), dimer (triangles), and tetramer (circles). The tetrameric core domain was studied in its
isolated form or tethered (i.e., as part of CTetCD p53) as a function of salt concentration. Two models of CTetCD p53 were
tested: with a large secondary interface (2 bp) or a small secondary interface (0 bp) between the dimeric core domains,
which are shown in red and blue, respectively. (d) Isolated Tet domain (blue) and Tet domain as part of CTetCD p53 (red)
as a function of salt concentration.
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connect the core and Tet domains, it is necessary to
characterize the orientation of the Tet domain
relative to the DNA molecule. Two alternative
orientations of the Tet domain relative to the DNA
molecule have been proposed.'*** In one model, the
Tet domain is perpendicular to the DNA; in the
other model, which is supported by a recent EM
study,” the Tet domain is parallel with the DNA. To
provide a detailed understanding of the relative
orientations of the core and Tet domains when they
are bound to DNA, we defined two angles, a and B,
between the Tet domain and the DNA plane (Fig.
5a). There are three possible combinations for the
arrangement of the Tet domain in terms of these
angles. In two combinations, the Tet domain lies
parallel with the DNA: a=0° and p=0° or 90° (see
Fig. 5a). In the third variant, the Tet domain lies
perpendicular to the DNA («=90° and p=0°). The
values of the o and R angles of variant 1 (when the
core domain is predominantly bound on DNA) at
low (0.01 M) and high (0.13 M) salt concentrations
are shown in Fig. 5b. At a low salt concentration, the
angle « is about 0°, and the angle B is about 70°,
indicating an arrangement of the Tet domain
parallel with the plane of the DNA. At a high salt
concentration, however, a wide distribution of
angles is obtained, indicating loss of structural
specificity.

The effect of the neutralization of the positive
charges of the C-tails on the orientation between the
Tet domain and the DNA plane is similar to the
effect of increasing the salt concentration (Fig. 5b
and c). In a model with no positive charges on the C-
tails, angle a has a wider distribution of values that
obscures the orientation of the Tet domain. To
confirm the interactions of the charged tails with the
DNA, we measured the distance between the DNA
molecule and the center of mass of the charged and
neutralized tails during sliding. While the natural
(charged) tails are very close to the DNA (both with
and without the secondary interface in the core
domain; see Fig. 3), the tails with no positive charges

show a wider distribution of distances from the
DNA (the distance between the DNA molecule and
the center of mass of the charged and neutralized
tails during sliding is 10+2 A and 50+15 A,
respectively). The orientation of the Tet and core
domains in the presence of two DNA molecules (Fig.
5d) is described later.

The effect of DNA concentration on the structure
and dynamics of p53

The p53 protein does not necessarily interact with
a single stretch of DNA segment. It can interact with
a more complex conformation of DNA and, indeed,
it is known that p53 is involved in interactions with
histones, which are involved in DNA packing. In the
crowded environment of the DNA, the tails can be
envisaged interacting with different DNA segments,
and it seems likely that DNA recognition by p53, and
therefore its function, will be altered accordingly. To
study the capability of the C-tails to interact with
different DNA segments, we modeled the dynamics
of CTetCD p53 along two parallel DNA molecules
separated by a distance of 100 A when the core
domain diffuses as a tetramer or as two primary
dimers that are connected via the Tet domain (i.e.,
with or without the secondary interface).

The effect of the additional DNA molecule on the
translocation of p53 along the two DNAs at low and
high salt concentrations can be observed in Fig. 6.
For p53 with a secondary interface, the presence of
an additional DNA molecule significantly slows
translocation along the DNA, such that the p53
molecule with a secondary interface is anchored in
one place at a low salt concentration. When the core
domain of p53 is tightly packed (has a large
secondary interface), its diffusion is very slow and
inhibited in the presence of two DNA molecules
(Fig. 6). The slower diffusion of p53 on two DNA
molecules, compared to sliding on a single DNA, is
also observed when the two primary dimers of the
core domains diffuse independently (although their

Fig. 5. Orientation of the Tet domain of full-length p53 to the DNA plane at different salt concentrations. (a) The
orientation of the Tet domain relative to the DNA plane is defined by the angles « and p, which describe three different
orientations of the Tet domain with respect to the xz plane of the DNA. In cases 1 and 2, the Tet domain adopts an
orientation parallel with the plane of DNA, while in case 3, the Tet domain lies in an orientation perpendicular to the
DNA. (b) The effect of salt concentration on the distribution of orientation angles o and B during the sliding of p53 along
DNA. In these simulations, the core domain was static, and only the linkers and the Tet domain, with its flexible tails,
were fully dynamic. At a low salt concentration (0.01 M), the Tet domain lies in an orientation parallel with the plane of
the DNA (case 1), but at a high salt concentration (0.13 M), a wide distribution of a and p angles, indicative of a
nonspecific orientation of the Tet domain to the DNA, is observed. (c) The effect of the C-tails on the orientation of the Tet
domain to the DNA during sliding. During sliding, the Tet domain of the CTetCD p53, which was entirely flexible, lies
parallel with the DNA (angel o ~0°). In the model with no positive charges on the C-tails, the Tet domain has a wide
distribution of angle «, while angle p is close to zero (i.e., the Tet domain loses its specific orientation with respect to the
DNA). (d) Sliding of p53 in the presence of two parallel DNA molecules. At a salt concentration of 0.01 M, the distribution
of angle a centers on ~50°, indicating an orientation of the Tet domain perpendicular to the DNA plane. A wider
distribution of angle « is observed at a salt concentration of 0.07 M. The distributions of angle 5 (~0°) are similar in the
two salt concentrations.
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Fig. 6. Influence of an additional DNA molecule on the
translocation of p53 along the DNA. The linear diffusion
coefficient of the core domain (CD) when it moves on a
single DNA molecule (circles) or on two DNA molecules
(triangles) is shown for various salt concentrations. The
CD is modeled with a large secondary interface (0 bp;
dark-gray symbols), with a smaller secondary interface
(2 bp; light-gray symbols), and without it (empty
symbols).

sliding is much faster than that of tetrameric p53),
suggesting that the interactions of the tails with
different DNA regions restrict the dynamics of the
core domains.

To better compare the dynamics of p53 on a single
DNA molecule and the dynamics of p53 on two
DNA molecules, we calculated the average distance
of the tail of p53 lacking the secondary interface in
the core domain from a DNA molecule (Fig. 7).
When p53 slides along a single DNA, the average
distance of the C-tails from the DNA increases with
salt concentration, indicating that the tails are less
bound to the DNA because of their weaker
attraction to it. Consequently, the core domains
diffuse faster (Fig. 6), and the separation distance
between the two primary dimers of the core domain
becomes smaller (Fig. 7b). When the diffusion occurs
on two DNA molecules, the average distance of the
tail from the DNA is larger at all salt concentrations
as; at low salt concentrations, the tail can be
attracted by both DNA molecules (and, therefore,
the average distance to a given DNA molecule is
larger), while at higher concentrations, the tail is less
attracted to any DNA. Interestingly, the separation
distance between the two primary dimers of the core
domain is smaller when sliding takes place on two
DNA molecules than on a single DNA molecule
even at a low salt concentration. The interactions of
the C-tails with other DNA enable the two primary
dimers to come closer (Fig. 7c). The snapshots in Fig.
7c illustrate the interplay between the interactions of
the C-tails with the DNA and the separation
distance between the primary dimers of the core
domains.

When p53 interacts with two DNA molecules at a
low salt concentration, the values of angles a and p
center around 50° and 0° (Fig. 5d), respectively,
indicating an orientation of the Tet domain perpen-
dicular to the DNA. The snapshot in Fig. S3
illustrates the interactions between each pair of
tails and different DNA molecules, as well as the
transition of the orientation of the Tet domain from
parallel (Fig. 3) to perpendicular (Fig. 7c) when the
p53 molecule is in a higher DNA concentration.
Note that the distribution of angle « is around 50°
and not around 90°, as one would expect, since the
Tet domain is very flexible and fluctuates greatly.
While angle o is widely distributed at a salt
concentration of 0.07 M, there is little difference in
the distribution of angle p (~0°) between the two
salt concentrations (Fig. 5d).

The effect of missense mutations on the sliding
dynamics of p53

Most missense mutations of p53 are clustered in
the core domain, where they are often involved in
DNA interactions. We selected the most frequent
mutations that occur at the p53-DNA interface and
involve the neutralization of a positive charge or its
reversal to a negative charge. The mutational hot
spots were checked for the CTetCD model of p53
with the secondary interface in the core domain by
neutralizing a positively charged residue (Lys120,
Arg248, Arg273, Arg280, or Arg283; see Fig. 8a for
the location of these residues at the p53-DNA
interface) in each monomer of p53. All the mutations
affect the sliding dynamics of p53. The linear
diffusion of all the mutants is faster than that of
the wild-type core domain (Fig. 8b). The faster
diffusion correlates with a lower sliding propensity
but a higher hopping propensity (Fig. 8c). Similar
qualitative results were observed when the muta-
tions were studied using the CTetCD model of p53
without the secondary interface in the core domain
and for an isolated tetrameric core domain.

Discussion

The functions and regulatory activity of p53 clearly
depend on its interaction with DNA. The unique
molecular characteristics of p53 as a tetrameric
transcription factor—in which each subunit is com-
posed of about four domains that include many
disordered regions and where the tetramer possesses
two DNA binding domains—make its specific and
nonspecific interactions with DNA quite heteroge-
neous, since both protein—protein and 2}(})rotein—DNA
interfaces can adopt various forms.>!**©566

While there is no known structure at the atomic
level of resolution of full-length p53 in complex with
DNA, the structure of the core domain-DNA
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complex has been resolved recently by X-ray
crystallography”'*'>'%1% and in solution in the
absence of DNA by NMR.'” The structure of the
Tet domain has been resolved by both NMR and
X-ray crystallography.>”'" The EM and SAXS deter-
minations of the structure of full-length p53 with and
without DNA response elements provide valuable
insights into the organization of the tetramer.

This study explored the likely wiring of p53, the
mechanism by which it searches DNA, and how its
oligomeric state and potential cross-talks between
the domains may affect its nonspecific interaction
with DNA. It adds to the existing body of

knowledge by doing so at the atomistic resolution
required to describe the various intradomain and
interdomain interfaces in the oligomeric state of p53
and to detail the interfaces it forms with DNA. The
results demonstrate that the variants with the lowest
free-energy barrier to folding or the highest ther-
modynamic stability are those in which the primary
dimers constituting the Tet domain are formed by
core domain monomers located on the same side of
the DNA (i.e., that interact with different response
elements). Sliding in a helical motion while inter-
acting with the DNA major groove is the only
feasible DNA search mechanism for a relatively
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Fig. 8. The effect of missense mutations on the nonspecific interaction of p53 with DNA. (a) The positions of the studied
missense mutations (K120, R248, R278, R280, and R283), highlighting that they are placed at the interface that p53 forms
with DNA. (b) The diffusion coefficients of the mutants of p53 (modeled as CTetCD, with a secondary interface spaced at
2 bp in the CD). (c) The sliding propensity of the studied p53 mutants.

large range of salt concentrations when the core
domain diffuses as a stable tetramer, supporting a
recent single-molecule experiment of the sliding of
p53 along DNA.>

Since p53 can interact with two DNA response
elements spaced by 0-20 bp, we studied the
interplay between the size of the secondary interface
between the two primary dimeric core domains and
sliding speed. The sliding of tetrameric p53 was
studied with large, small, and no secondary inter-
face, corresponding to a spacer of 0 bp, 2 bp, and
>10 bp between the response elements. We found
that increasing the packing of p53 (i.e., increasing
the secondary interface) slows its sliding speed. A
p53 with a larger secondary interface has a higher
nonspecific affinity for the DNA since the dimeric
core domain is better oriented and, therefore, its
electrostatic attraction to the DNA is larger, permit-

ting a more committed sliding along the major
groove. Clearly, monomeric and dimeric p53 slide
much faster than the tetrameric variant, since the
absence of the strong topological constraint intro-
duced by the Tet domain in the tetrameric p53
enables hopping, which can accelerate sliding
kinetics. One can envisage how, for p53, being in a
lower-order oligomeric state enhances DNA search
efficiency. Monomeric and dimeric p53 lack the
packed secondary interface, and better orientation
with respect to the DNA, tighter binding, greater
friction, and slower sliding associate with tetrameric
p53. Thus, one may speculate that the search for the
DNA binding site is conducted by dimeric p53, with
formation of the secondary interface to create a p53
tetramer occurring only at a later stage.

The N-termini, which are negatively charged and
essential for the functioning of p53, interact with
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neither the protein nor the DNA, and therefore have
little effect on the sliding mechanism. The C-termini,
which are positively charged and thus strongly
interact with DNA, can affect sliding features very
significantly. DNA search is faster and involves
more sliding when the C-tails are charged rather
than neutralized, suggesting that the deletion of C-
tails or their posttranslational modification (e.g.,
phosphorylation and acetylation®®”) may reduce
their ability to bind nonspecifically to DNA. Our
results indicate that the disordered and charged C-
termini accelerate search speed, in agreement with a
recent single-molecule measurement of the diffusion
of full-length p53 and of a truncated version without
the C-tails.®® Furthermore, the large capture radius
of the C-tails allows interactions with distant DNA
molecules, which may increase p53's localization to
and affinity for DNA. The positively charged
residues of the C-tails are therefore essential for
modulating interactions with DNA. Our evidence
supports previous studies on the importance of net
charge to the biophysics and function of intrinsically
disordered proteins, in general, and to the modula-
tion of protein-DNA interactions, in particular.®”~"*

The C-tails linked to the Tet domain influence the
orientation of the latter to the DNA molecule. The
orientation changes from parallel in the presence of
a single DNA molecule to perpendicular in the
presence of two DNA molecules. Increasing the salt
concentration results in a loss of the parallel
orientation of the Tet domain to the DNA, as does
increased crowding (i.e., a higher DNA concentra-
tion). Our simulations show that the flexible C-tails
mediate the interactions between the core domain
and the DNA, and dictate the orientation of the Tet
domain relative to the DNA. We consider the
perpendicular orientation of the Tet domain to the
DNA in the case of two DNA molecules, as well as
the parallel orientation of the Tet domain to a single
DNA, at low salt concentrations as being linked to
the dependency of the orientation of the Tet domain
on the local cellular environment.

When p53 includes a tetrameric core domain, the
C-tails speed the search. However, during the
quicker search performed by two core domain
dimers operating independently, the C-tails inter-
fere with the subsequent interaction between the
primary dimers of the core domains (via formation
of the secondary interface) and impede binding to
contiguous response elements. A higher salt con-
centration or a denser DNA environment alleviates
this situation as it weakens the interaction between
the C-tails and the DNA. Our results on the
interactions of the charged tail with the DNA and
its role in modulating the orientation of the Tet
domain relative to the DNA support the hypothesis
that the tails can further promote conformational
change in the p53-DNA complex. Thus, the tails are
important not only in order to search for the location

of cognate sites but also to support specific interac-
tions with the DNA (e.g., DNA bending, as observed
in the crystal structure of the specific complex of p53
with some of its response elements” 7).

Cross-talk between the Tet domain and the core
domain was investigated by studying their dynam-
ics with DNA both as part of the CTetCD model of
p53 (i.e., tethered) and as isolated domains. The
isolated core domains can engage in a combination
of sliding, hopping, and 3D diffusion, resulting in a
more efficient DNA search. By contrast, its linkage
to the Tet domain means that the tethered tetrameric
core domain searches DNA solely by sliding at most
salt concentrations. With respect to the Tet domain,
the isolated domain interacts more tightly with
DNA and slides faster than its tethered counterpart.

Changes in the electrostatic potential of the core
domain can also affect sliding on p53. The five
cancer-causing mutants of p53 that involve a single
charge neutralization at the interface between the
core domain and DNA show a significantly faster
linear diffusion because they search DNA by
hopping rather than by sliding. The faster search
may also result in a weaker nonspecific affinity for
DNA. For example, Lys120, which directly inter-
acts with DNA and whose neutralization signifi-
cantly increases Dj, is only rarely mutated in
human cancer but undergoes acetylation that leads
to apoptosis.”*”* One may suggest that the rapid
translocation of the core domain mutants during
nonspecific interactions with DNA prevents the
mutant from locating the specific DNA binding site
and results in a lower affinity for the DNA, which
may affect the functioning of p53 as a transcription
factor. Our overall observation that neutralizing a
positively charged residue at the DNA interface
causes faster linear diffusion is expected, given that
interactions in our model are guided solely by
electrostatics. However, our results indicate that
the magnitude of the effects is not identical for all
mutations, and we may propose that the magni-
tude of the effect of the mutation on the diffusion
coefficient is related to the malfunction of the
mutant and that the effects of mutation will
depend on the extent to which these biophysical
features are changed.

In the current study, the p53 model was based on
the complex of the specific interactions of the core
domain with DNA (in which the two half-sites are
separated by 2 bp) and the structural insights
obtained from cryo-EM and SAXS of full p53.*
However, the richness of the p53 system may allow
other modeling as well.”*“° Indeed, we investigated
a single wiring mode among six valid possibilities
that are more evenly populated when the core
domains are modeled without the secondary inter-
face and that may show different cross-talks
between the domains compared to those reported
here for the selected variant. Our study included a
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Table 2. The variants of p53 simulated in this study

CTetCD CTetCD
Full length CTetCD neutral N-tail ~ truncated N-tail C only TetCD only
(residues 1-393) (residues 94-393) (residues 94-393) (residues 94-362) (residues 94-303) (residues 324-393)

Monomer — ’d ’d — I’d —
Dimer — I I’ — I’d —
Tetramer I’ V2 — — — —

(0-bp spacer)
Tetramer g v, M, 2 2 ’d v, M g

(2-bp spacer)
Tetramer (no second g v, M, 2 2 — — —

interface)

The rows indicate the oligomeric state of p53, and the columns indicate the domains that were included. The symbol “+»*” indicates that
the interaction of these variants of p53 with a single 100-bp DNA was studied. “M” indicates that this construct was studied for both the
wild-type version of the model and the five mutants of p53 generated by neutralizing the positive charge of the Lys120, Arg248, Arg273,
Arg280, or Arg283 residue in the core domain (C) section of the model. “2” indicates that the wild-type construct was also studied with
two parallel DNA molecules, each of 100 bp. Tetrameric p53 with the two dimeric core domains interacting with response elements
spaced by 0 bp or 2 bp was modeled using PDB IDs 3KZ8 and 2ACO0, respectively. Tetrameric p53 with no second interface was modeled
by the structure given in PDB ID 2ACO0, but eliminated the formation of any interactions at the second interface.

crude model of the flexible regions (i.e., N-termini, domains with DNA (e.g., the interflazce between A and B is
C-tails, and linkers) whose structural features may, larger than that between A and D). To pinpoint the effect
in some instances, raise questions as to the validity of the C-tails, we studied the same variants but with the
of their representation as random coils. Further- tails uncharged or entirely removed. We also studied the

monomeric and dimeric variants of p53, either as the
more, a!nother C.ryo—.EM study has Sugggf ted an CTetCD model or as the core domain only. An isolated Tet
alternative organization of p53 with DNA.”" Future

. . domain with C-tails was studied as well. In all these
studies of p53 should therefore address the interplay  giylations, the protein was entirely flexible.

between the structural heterogeneity and complex- Cancer-causing mutants bearing mutations in the core
ity of p53, the cellular environment, and the cross-  domain at the interface formed with the DNA were
talk between its various domains toward achieving  simulated using the tetrameric variants [either with or
molecular and biophysical quantification of the without the secondary interface (found in p53 when the
functioning of p53 as “the guardian of the genome_” response elements are Separated by 2 bp), as well as the
isolated tetrameric core domain] to examine how the
mutations affect nonspecific interactions with DNA. The
mutations were introduced to residues Lys120, Arg248,

Materials and Methods Arg273, Arg280, and Arg283 by neutralizing the
positive charge at their corresponding bead in the
The studied variants of p53 core domain. Table 2 summarizes all the variants of p53

studied in this work.

The p53 protein is a complex transcription factor that is .

composed of about four domains that form a tetramer ~ Construction of the p53 structure

(Fig. 1). To explore cross-talks between the domains and

the effect of the oligomeric state of p53, we studied several While several experimental techniques have recently
variants of the protein involving different oligomeric provided a structural understanding of the organization of
states of p53 and including different domains. Simulations ~  the various domains of p53 in its tetrameric form, the fact
of tetrameric full-length p53 were complemented by  that p53 includes a substantial fraction of disordered
simulations using the tetrameric CTetCD model (residues regions hinders efforts to obtain a description of the
94-393, which lack the N-termini). In its tetrameric form, structure of full p53 at an atomic resolution. To study the
the two primary dimers of the core domain (see Fig. 1) can ~ nonspecific interaction of p53 with DNA, we need a model
be separated by 0-20 bp. We therefore simulated three  of p53 that reveals the connectivity of the core and Tet
variants of full-length p53 (as well as of the CTetCD model domains. We therefore constructed the full-length model
of p53). In two variants, there was a secondary interface of p53 involving the N-terminus, core domain, Tet
between the two primary dimers (based on the crystal domain, and C-tails. To construct this model, we used
structures 3KZ8 and 2ACO0 in which there is a spacer of  the coordinates of the high-resolution structures of the p53
0 bp and 2 bp, respectively). The third was a tetrameric core domain [Protein Data Bank (PDB) ID: 3KZ8 or 2ACO]
variant in which there was no secondary interface and of the Tet domain (PDB ID: 1SAE). In these models,
between the two primary dimers, so the distance between the core domain has a secondary interface between the
the two primary dimers is governed by the linker primary dimers spaced 0 bp or 2 bp apart. The length of
connecting the core domain to the Tet domain. The  the linkers between the Tet domain and the core domain
primary dimer of the core domain is defined based on the ~ allows the two primary dimers to be spaced even farther
larger interface found in the crystal structure of the core apart during DNA search. We therefore constructed
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another model of tetrameric p53 in which there is no
secondary interface and the two primary dimers can more
independently diffuse along the DNA. The N-termini
(residues 1-93), the unstructured linkers (residues 303—
324), and the C-terminal tails (residues 363-393) were
incorporated by PyMOL.*" The N-tails and C-tails were
modeled simply as random coils. Although both termini
are highly charged (17 negatively charged residues and 2
positively charged residues in each N-terminus, and 9
positively charge residues in each C-terminus) and hence
are intrinsically unstructured, they may have some
structural features.®””? A preference for a helical structure
was observed for peptides from the C-tails in complex
with a number of p53 binding proteins.®’ The N-terminus
includes a proline-rich region, which may have some
conformational preferences. A more refined modeling of
unstructured regions in p53 may be included in future
studies. The CTetCD model of p53 (core domain, Tet
domain, and C-terminal domain) was constructed by
truncating the N-terminus (1-93 residues) from the full-
length model.

The first task in constructing the quaternary organiza-
tion of p53 is to explore the wiring between the tetrameric
core domain and the tetrameric Tet domain. As shown in
Fig. 1, there are six possible wiring patterns. The
thermodynamics and kinetics of these variants were
probed when studying the folding characteristics of each
of the six variants while keeping the core domain frozen
on the DNA. We then designed a model in which all the
six variants could be formed, and we looked for the most
populated variant. The details of the prediction of the
organization of p53 are described below.

Simulation model

To study long timescale processes such as sliding,
hopping, and 3D diffusion, we simulated our system
using a coarse-grained model.****”* In the protein, each
amino acid was represented by a single bead for each
residue located at the C* of that residue. In the DNA, each
nucleotide was represented by three beads: for the
phosphate, sugar, and base groups. Beads representing
charged amino acids (Arg, Lys, Asp, and Glu) were
charged in the model, and a negative point charge was
assigned to beads representing the DNA phosphate
groups. Unlike the protein, the DNA remained frozen
during the simulations and could not undergo folding and
unfolding events. We assumed that the flexibility of DNA,
which can have a major effect on the specific affinity of a
protein for DNA, has a minor effect on nonspecific
protein-DNA interactions.®”® The protein and the
DNA were_placed in a box with dimensions of
350 Ax350 Ax350 A, with the DNA being placed at the
center of the box along its z-axis.

The native-topology-based model corresponded to a
perfectly funneled energy landscape, where native
protein interactions were attractive and all other
interactions were repulsive.*®” In addition to the native
interactions, electrostatic interactions between all
charged residues of the protein and the phosphate
bead of the DNA were included and modeled by the
Debye-Huckel potential, which accounts for the ionic
strength of a solute immersed in aqueous solution.*®
Using this structure-based model, we and others have

studied the effect of charge—charge interactions on
protein folding and protein stability.””° We would like
to emphasize that protein-DNA interactions were mod-
eled solely by electrostatic forces and excluded-volume
interactions, so there is no bias toward the specific
interactions between the proteins and the DNA. The role
of electrostatic interactions in nonspecific and specific
protein-DNA complexes is widely acknowledged,”’”*
and we have shown for various protein-DNA systems
that the sliding dynamics and DNA search mechanism
can be captured b;l electrostatic and excluded-volume
interactions.***%%%

The sliding dynamics was explored at salt concentra-
tions in the range of 0.01-0.07 M using a dielectric constant
of 80. The simulations were performed at a constant
temperature that was chosen to be low enough to preclude
dissociation of p53, which could make its dynamics with
DNA more complex, while allowing thermal fluctuations.
Accordingly, while p53 could exhibit some intramolecular
and intermolecular dissociations, in this study, we focused
on its association and dissociation dynamics with DNA
and its internal protein variability. This approach has the
advantage of enabling us to dissect the molecular
complexity of p53 and to pinpoint the components that
govern its nonspecific interactions with DNA. A 100-bp B-
DNA was used to study nonspecific interactions of the
protein with a single double-stranded DNA; two 100-bp B-
DNA molecules, separated by a distance of 100 A and
oriented parallel with each other along their z-axes, were
used to study the nonspecific interactions of p53 with two
DNAs. The Debye-Huckel model is valid for low salt
concentrations and has been used previously to study the
energetics and dynamics of various biomolecular systems
such as RNA folclin%,94 chromatin assembly, 5 and
protein-DNA binding.”” More details on the simulation
can be found in Givaty and Levy.*® The search mechanism
of p53 was studied for wild-type p53 and for cancer-
causing mutants bearing mutations in the core domain at
the interface formed with the DNA (Lys120, Arg248,
Arg273, Arg280, and Arg283).

To compare the folding thermodynamics of the six
variants of p53, we studied their folding using a native-
topology-based model constructed separately for each
variant. Numerous trajectories simulated using Langevin
dynamics96 (y=0.01) were collected, so that multiple
unfolding/folding transitions would be available at
temperatures around the folding temperature. The folding
thermodynamics was inferred using the weighted histo-
gram analysis method.”” During these simulations, the
core domain of p53 and the DNA molecule were kept
static. The folding properties of p53 were introduced by
five terms: bonds, angles, torsion angles, the Lennard-
Jones term for native interactions, and an excluded-volume
term for nonnative interactions. All the energy terms were
identical for different variants of the Tet domain of p53,
and the variants differed only in terms of the interconnec-
tivity of the core and Tet domains.

In addition to the folding simulations of the six
designed variants of p53 shown in Fig. 1, we ran multiple
simulated-annealing trajectories in which all the six
variants could be formed. The purpose of the annealing
simulations was to examine the population of each variant
in light of its thermodynamics. During the simulated-
annealing trajectories, we started with a dissociated Tet
domain and gradually reduced the temperature of each
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simulation step (from Ty =0.92T¢ t0 Tena=0.6Ty). In the
annealing simulations, the core domain was frozen and
directly interacted with the DNA. To examine the effect of
the spacer between the primary dimers of the core domain
on the wiring of the Tet domain, we performed the
annealing simulation with a spacer of 2 bp or 12 bp.

Structural classification of protein sliding, hopping,
and 3D diffusion

DNA search by p53 was simulated at various salt
concentrations, which were introduced by the Debye-
Huckel model. Trajectories were analyzed to measure the
mode of DNA search adopted (sliding, hopping, or 3D
diffusion), the structural features during sliding, and the
linear diffusion coefficient (Dl), using the procedures
described by Givaty and Levy.*® The p53 protein can slide
along the DNA using two different domains: the
recognition loop of the core domain and the positively
charged tails of the Tet domain. Since these two
recognition regions have different flexibilities, different
definitions for sliding are needed for each domain. For the
core domain, a snapshot was defined as taking part in a
sliding search if at least 65% of its recognition loop
(residues 116-121, in which Lys120 contributes to a tight
interaction with the major groove) was in contact with the
major groove and the distance of the center of mass of the
recogmtlon loop from the DNA was up to 14 A longer
than that in the crystal structure. For the C-tail, the only
difference was that the distance of the center of mass of the
recognition region of the tail from the DNA was required
to be up to 10 A longer than that in the crystal structure.
Since the tails are very flexible and disordered, the
positions probed using sliding, D,, and the z-displacement
of the C-tails were analyzed according to the center of
mass of the Tet domain to which the tails were attached.
The structural requirements for sliding had to be fulfilled
for at least a single subunit of these C-tails. The simulation
frame was considered as performing 3D diffusion if the
center of mass of the recognition loop/region of the tail of
each of the four monomers was farther than 30 A from the
main DNA axis, since, at this distance, the average
electrostatic energy drops to about 2% of the energy in
the sliding conformations at low salt concentration.

Supplementary materials related to this article can be
found online at doi:10.1016/j.jmb.2011.01.059
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