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Specific p53 binding-induced DNA bending has important
biological implications such as transcription activation. How-
ever, the detailed structures of the bent DNA and the p53-DNA
complex are still unavailable, hampering our understanding of
the mechanism for p53-induced DNA bending and its conse-
quent biological significance. To gain insight into the p53 bind-
ing-induced DNA bending, we performed molecular dynamics
simulations on DNA segments with the consensus sequence for
p53-specific binding, half site DNA-p53 complexes, and full site
DNA-p53 complexes. We show that each DNA-bound p53 core
domain caused a local DNA conformational change within the
quarter site; upon the binding of the p53 dimer, there was an
apparentDNAbending at the center of thehalf site; whenbound
with two p53 dimers, the full site DNAs with two different
sequences bent 20 and 35°, respectively. These results are in
agreement with experimental observations. Our simulations
demonstrate that the two p53 dimers favored a staggered con-
formation in which they make favorable interactions at the
interface. This dimer-dimer interface organization necessitated
conformational changes in the DNA, leading to the bending at
the center of the full site, which in turn is dependent on theDNA
sequence.Overall, our results provide thedetailed atomicmodel
for the DNA-p53 tetramer complex and delineate the roles of
DNA-p53, p53 dimer-dimer interactions, and DNA sequence in
specific p53 binding-induced DNA conformational changes.

In response to cellular stress such as DNA damage, tumor
suppressor p53 is activated and functions as a transactivator to
regulate several genes, preventing the development of cancer
(1–4). A critical biochemical event for the p53 transactivation
activity is its sequence-specific binding toDNA (5). p53 binding
sites are usually composed of two 10-base pair (bp) repeats 5�-
PuPuPuC(A/T)(A/T)GPyPyPy-3�, where Pu and Py stand for
purine and pyrimidine bases, respectively (6–8); the two
repeats can be separated by asmany as 13 base pairs (7, 9).More

than 100 different specific p53 response elements in the human
genome that satisfy the consensus have been characterized (7).
The variance of the DNA sequence and the consequent differ-
ence in p53 binding affinity were suggested to be important in
deciding which target gene to activate. The p53 protein is a
tetramer of four homologous peptide chains, with each chain
composed of several domains including theN-terminal domain
that regulates the p53 transactivation activity (10), the specific
DNA-binding core domain (11), the tetramerization domain
(12) that allows the equilibration between the tetrameric and
other conformational states, and the C-terminal domain. It was
shown that during the specific p53-DNA binding process, p53
first binds to the DNA non-specifically and then diffuses along
the linear DNA duplex until it reaches the target sequence
where the p53 core domain interacts with the DNA specifically
(13). As a result, DNA experiences conformational changes
such as axial bending (14–16) and the p53 exposes its acetyla-
tionmotifs (17). Such a specific binding process has been shown
to be highly cooperative in that both the oligomerization of p53
and the presence of the full p53 binding site are required (18,
19). The binding of the half site only or of the altered full site is
very weak and non-cooperative (18, 20).
The overall organization of the p53 tetramer-DNA complex

has been proposed by several groups based on crystal structures
and other biophysical and biochemical data (11, 20–23) in
which each of the four p53 core domains binds to a DNA quar-
ter site in the same manner, with each pair of the core domains
associatedwith one another through salt bridges at theH1 helix
region, resulting in a symmetric arrangement of the p53 core
domains. These specific ways of association between p53 and
DNA and between p53 monomers are supported by several
experiments (24–27). Alternatively, p53 core domain dimer-
ization interface in a crystal structure was also examined to
explore their biological relevance (28). Overall, there are little
experimental data with respect to the association between the
p53 dimers. Model building by mapping the four p53 domains
onto the straight DNA consensus sequence suggested that such
a dimer arrangement would incur some steric conflict between
the dimers (23). As a result, theDNAhas to bend asmuch as 50°
to avoid direct repulsion and to allow favorable interactions
between the p53 dimers (23). Recently, a crystal structure of
two p53 dimer half site DNA stacked side by side was solved
(29), showing the staggered interface between the dimers of
p53. However, because the oligonucleotides used in the exper-
iment are not continuous, the dimer-dimer interface incurred
in the corresponding complex does not warrant the same orga-
nization when a continuous full site DNA is applied.
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To gain insight into the p53-DNA interactions and the
consequent DNA conformational changes, we systematically
studied the structural properties of DNA alone, DNA-p53
monomer (DNA-p53m), DNA-p53 dimer (DNA-p53d), and
DNA-p53 tetramer (DNA-p53t) complexes with molecular
dynamics simulations based on the symmetricmodel.We show
that the binding of the p53monomer or dimer caused the DNA
to bend at the center of the half sites. Upon the binding of dimer
of dimers, the DNA bend 20 and 35° for two different DNA
sequences, respectively, in qualitative agreement with the
bending extent observed experimentally and consistent with
other modeling results (30). The simulations results reveal that
the two p53 dimers in the DNA-bound state adopted a slightly
shifted conformation that allows the favorable interactions and
packing at the p53 dimer-dimer interface and results in the
bending of DNA.

MATERIALS AND METHODS

Model Construction—DNA alone and DNA-p53 complexes
with one, two, and four copies of the p53 core domain were
investigated in this study. All molecular models were derived
from the crystal structure (Protein Data Bank code 1TSR) (11).
The DNA segment and the B chain of p53 in the crystal struc-
ture that was bound toDNA specifically were directly extracted
from the Protein Data Bank file as the DNA-p53 monomer
model (DNA-p53m; Fig. 1A); the DNA-p53 dimer complex
(DNA-p53d) was constructed by superimposing the base pairs
from two copies of the DNA-p53m complex in reverse order
and in a way that the superposition resulted in a DNA double
helixwith the two copies of p53 bound to two consecutive quar-
ter sites of the DNA (Fig. 1B). The resulting DNA-p53 dimer
complex (DNA-p53d) structure ensures the specific DNA-p53
binding and that the two copies of p53 have a C2 symmetry,
with formation of the salt bridges between the H1 helices. The
DNA-p53 tetramer (DNA-p53t) model was constructed by
merging two copies of DNA-p53d such that the resulting DNA
segment has a continuous p53 binding full site with no base pair
insertions and the two dimers of p53 are side by side (Fig. 1C).
Although other ways of p53 tetramer-DNA complex organiza-
tions are possible, themodel used here focused only on the type of
organization where the dimers are symmetrically positioned on
theDNAwith respect to eachother,with eachmonomerbound to
theDNAspecifically, as observed in the crystal structure (11). The
DNA sequence for theDNA-p53m andDNA-p53d complex sim-
ulation is 5�-ATTGGGCAAGTCTAGG-3�, extracted from the
crystal structure. For the DNA-p53t complex simulations two
DNA sequences were used, 5�-ATAATTGGGCAAGTCT�GG-
GCAAGTCTAGGAA-3�, or the Cho sequence (11), and
5�-ATAATTGAGCA TGCTC�GAGCA TGCTCAGGAA-3�, or
the Ho sequence (31) with the base pairs for p53 binding site in
bold. The secondDNA-p53tmodel was obtained bymutating the
base pairs in the first DNA-p53t model into the sequence used in
previous experimental work (31).
MD Simulation Protocol—Each system was first solvated

with a TIP3P water box (32) with a margin at least 10 Å from
any edge of the water box to any protein or DNA atom. Solvent
molecules within 1.6 Å of DNA or 2.5 Å of protein were
removed. The systems were then neutralized by adding either

sodium or chloride ions. The resulting systems were then sub-
jected to a series ofminimizations and equilibrations before the
production of MD2 simulations with the CHARMM program
(33) and the CHARMM22 force field (34). Minimizations were
first performed for 500 stepswith the steepest decent algorithm
with the backbone of the core domain constrained and an addi-
tional 500 steps for the whole system to reduce the unfavorable
interactions. The systems were further pre-equilibrated for 20
ps with the NVT ensemble before the production simulations,
which lasted for 10 ns with the NPT ensemble at temperatures
of 300 K. Periodic boundary conditions were applied, and the
non-bonded lists were updated every 20 steps. A time step of 2
fs and a nonbonded cutoff of 12 Å were used in the trajectory
production. Electrostatic energies were calculated with the
PME algorithm implemented in Charmm, and the order of 6
was specified for B-spline interpolation. Structures were saved
every 2 ps for analysis.

RESULTS

Half Site DNA and Complex Simulations

DNA Intrinsic Properties and Conformational Changes upon
p53 Binding—The 15-base pair DNA containing the consensus
sequence (half site) was subjected to MD simulations by itself,
in complex with one p53 core domain (DNA-p53m; Fig. 1A),
and in complex with two p53 core domains (DNA-p53d; Fig.
1B). These simulations were designed to investigate the intrin-
sic DNA conformational preferences and the conformational
changes upon p53 binding in the context of the half p53 binding
site. Fig. 2 shows the DNA conformations for the three cases.
The DNA apparently preferred a double helical conformation
with a straight axis when it was not in complex with p53 (Fig.
2A). When DNA was in complex with either one or two p53
core domains, the axis of the DNA became slightly yet notice-
ably bent (Fig. 2, B andC). Only the quarter site that was bound
with p53 in theDNA-p53mcomplexwas bent, and both quarter
sites were bent in the DNA-p53d complex. More specifically,
the bending was located at the base pair that was absolutely
conserved in the consensus sequence, corresponding to the 4th
and 7th positions of the half site (indicated by small arrows in
Fig. 2). TheDNAbending caused by the binding of two p53 core
domains was consistent with the experimental findings (31). A
view through the DNA axis further reveals the deformation of
the DNA. In free DNA, the double helix adopted a regular
round shape, as expected. However, the double helical DNA
took an oval-like shape when in complex with two p53 core
domains (Fig. 2). This is reminiscent of the clamp-like action by
the p53 dimer proposed earlier with the salt bridges between
the H1 helices as a hinge. These results suggest that the inter-
actions between p53 and the conservedGbase at the 4th (upper
chain G base) and 7th (lower chain G base) positions within the
consensus sequence played a major role in triggering the DNA
conformational changes. However, it should be noted that the
extent of DNA bending was quite limited.
Analysis of the DNA helical parameters further revealed the

details of the DNA conformational changes upon p53 binding.

2 The abbreviation used is: MD, molecular dynamics.
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Compared with the parameters of free DNA, it is noticeable
that the major groove width became larger at the quarter site
that was bound with p53, particularly at the 4th position (sup-
plemental Fig. S1A, red) whereas the major groove depth
became shallower at the 3rd and 4th positions in the first quar-

ter site (supplemental Fig. S1B, red).
The changes in the minor groove
parameters showed opposite trends
compared with those of the major
groove. Note that the minor groove
parameters for both quarter sites
were affected by the binding of one
p53 core domain. The effect on the
second quarter site was likely
caused by the interactions of Arg-
248 and other residues (Fig. 1A).
Overall, the difference in the helical
parameters between free DNA and
p53-bound DNA was correlated
with the specific interactions
between the DNA and p53, particu-
larly the p53 interactions of Arg-280
with the G base at the 4th and 7th
positions. These specific interac-
tions seemed to have resulted in the
major groove narrowing near the
center of the half site.
Key Interactions Responsible for

the DNA Conformational Changes—
To further characterize the impor-
tant interactions between DNA and
p53, the specific interactions
between the DNA and p53 (B chain)
in the crystal structure (11) were
analyzed first. Next, each of the base
pairs in the consensus sequence

were substituted with the other three bases, one position at a
timewith the conformation of theDNA retained, and the inter-
actions re-evaluated for the mutants. These data were then
compared with the results from the MD simulations for the
DNA-p53 complexes.

FIGURE 1. DNA-p53 model complexes used in this study. A, DNA-p53 monomer complex (DNA-p53m) derived from the crystal structure 1tsr. The B chain of
the p53 that bound to DNA specifically was used, and the DNA segment was composed of bases 5–19 from the E chain and 4 –18 from the F chain. Key residues
involved in the specific DNA-p53 interactions are shown with Lys-120 (K120) and Arg-280 (R289) bound at the major groove forming hydrogen bonds and
Arg-273 (R273) and Arg-248 (R248) to the minor groove backbone. B, DNA-p53 dimer complex (DNA-p53d), constructed by matching the DNA heavy atoms for
the two copies of DNA-p53m so that the second p53 bound to DNA in the same manner as the first p53 and bears the D2 symmetry for the p53 dimer.
C, DNA-p53 tetramer complex (DNA-p53t), built by connecting two copies of DNA-p53d so that the two DNA consensus half sites are next to each other without
any base pair insertions. The DNA sequences used in these complexes were given under “Materials and Methods.”

FIGURE 2. Conformational changes of the 15-bp DNA segment upon p53 binding. A, free DNA conforma-
tion. B, DNA conformation bound with one p53 core domain. C, DNA conformation bound with two p53 core
domains. The conformations were averaged over the last 5 ns from the 10-ns MD trajectories. The DNA axes are
shown for each conformation. P53 binding sites for DNA-p53m and DNA-p53d complexes and the DNA bend-
ing locations are indicated with large and small arrows, respectively. The right panels are the view through the
DNA axis, and only the backbone of DNA is displayed to visualize the deformation.
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The interaction energies for each base pair of the DNA con-
sensus sequence with the p53monomer in the crystal structure
are shown in Fig. 3A. In this conformation, base pairs 1–5 and
6–10 were in contact with p53 through the major groove and
minor groove, respectively. The interaction energies for the
base pairs interacting through the major groove (bp 1–5) were
in general more favorable than the corresponding energies for
base pairs interacting through the minor groove (bp 6–10).
Among the five base pairs of the first quarter site, the 2nd and
4th base pairs, which were second mostly and absolutely con-
served, respectively (7), were sensitive to base pair replacement
(Fig. 3A). When the pyrimidine base C at the 4th position was
replaced with the other pyrimidine base T that is geometrically
similar to C, the interaction energy was not or only slightly
affected (Fig. 3A). However, when replacedwith a purine baseA
or G, the interaction energy became much less favorable. The
specific interaction of this bp with p53, which involves hydro-
gen bonding between the side chains of Arg-280 and the G base

from the other DNA strand, was described in detail previously
(11). Similarly, the interaction of the G base at the 2nd position,
which made specific interactions with Lys-120, was only
slightly affected when replaced with the other purine base, A,
and becamemuch less favorable when substituted with either a
C or T. The other three positions (1st, 3rd, and 5th) were not
sensitive to mutations, because only the backbones of these
base pairs interactedwith p53 and the conformationwas essen-
tially unaltered. Among the five base pairs of the second quarter
site (bp 6–10), the most favorable interactions were between
base pairs at the 6th and 8th positions and Arg-248 of p53 (11).
The crystal structure shows that Arg-248 interacts with the
phosphate backbones of these nucleotides. The side chain of
Arg-248 was partially buried in the minor groove at the 8th
position (Fig. 1A). Our results show thatmutations at these two
positions did not alter the interaction energy, consistent with
the nonspecific backbone interactions. Interestingly, the inter-
actions of base pairs at the 7th and 9th positions of the second
quarter site deviated from the crystal structure, especially for
the base pair at the 9th position.However, it did notmakemuch
difference whether the base pairs were replaced with a purine
base or a pyrimidine base. Therefore, such a deviation of the
interaction energy uponmutationmay be related to conforma-
tional perturbation, not the direct disruption of specific inter-
actions or the outcome of the mutations.
Next, the same interactions were analyzed from the molecu-

lar dynamics trajectories to compare their changes in the con-
text of DNA-p53m and DNA-p53d complexes. Fig. 3B shows
that only the interactions for base pairs at the 2nd, 3rd, and 4th
positions essentially did not decrease. The strong interactions
of the base pairs at the 2nd and 4th positions with p53 are
supported by the high conservations and are consistentwith the
mutational results in Fig. 3A. These results demonstrate that
the extensive interactions at the major groove, both specific
interactions such as hydrogen bonding with the bases and non-
specific interactions with the backbones, helped maintain the
strong interactions at the first quarter site; in contrast, because
of the sparse contacts at the minor groove for the second site,
these interactions were fragile and susceptible to changes in
the environment. When DNAwas bound to a p53 dimer, almost
all the interactions becamemore favorable (Fig. 3B, green) relative
to those for the DNA-p53m complex, suggesting that the dimer-
ization, which was mediated by the salt bridge in the H1 helix
motif, may have augmented the interactions between the DNA
and each p53 monomer. The simulation results confirm that the
interactions at the major groove were dominant and more stable
than the interactions at the minor groove.

Full Site DNA and Complex Simulation

DNA Bending—As described under “Materials and Meth-
ods,” the starting structure of the DNA in complex with four
p53 core domains was almost linear (Fig. 4A). Each of the four
copies of the p53 core domains binds specifically to a DNA
quarter site of the 20-bp consensus sequence. For the complex
with the Cho DNA sequence, after �4.5 ns of production MD
simulations, the DNA became bent with a bending angle of 20°
(Fig. 4B). Further DNA bending was not observed in the simu-
lation trajectory that was extended to 10 ns. In a parallel simu-

FIGURE 3. The interaction energies between each base pair in the consen-
sus sequence and p53 monomer in different conditions. A, the interaction
energies for the wild-type sequence in the crystal conformation and their
changes upon base pair mutations. The conformation was taken directly from
the crystal structure 1tsr for the wild type, and 1000 steps of energy minimi-
zations with ABNR algorithm were performed for all the mutants to allow the
DNA to accommodate the substituted base pair. B, the interaction energies
for each base pair in the wild type averaged over the last 5 ns from the 10-ns
MD trajectories for DNA-p53m (red) and DNA-p53d (green) complexes in com-
parison with the interaction energies from the crystal structure (black). In the
DNA-p53d complex, only the interactions between DNA and one p53 core
domain were calculated to facilitate the comparison. Nucleotide pairs,
instead of base pairs, were used in the energy calculations.
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lation with the Ho sequence of DNA, similar DNA conforma-
tional changes were observed (Fig. 4C). However, the DNA
bending happened earlier with amuch higher bending extent of
35° at 7.5 ns. This extent of DNA bending was maintained for
the rest of the simulation trajectory. The magnitude of DNA
bending observed here is in qualitative agreement with the
experimental measurement for the p53 core domain-induced
DNA bending, which could span a range from 20 to 45° under
different conditions. In addition, the bending extents of the two
DNAs also correlate with the different DNA flexibilities corre-
sponding to the CAAG and CATG sequences at the middle of
the half site.
To better characterize the DNA bending properties, the

DNA helical parameters for the free DNA, constrained DNA,
and the DNAs bound to the p53 tetramer were compared (sup-
plemental Fig. S2). The 31-base pair-free DNA simulation
(without constraint) yielded similar helical parameters across
the 20-base pair consensus sequence (supplemental Fig. S2,
black), which was typical for B-formDNA conformations. This
resultwas expected but different from those of the shorterDNA
simulations described earlier, indicating that the simulations
can better reproduce theDNAconformational propertieswhen
a longer DNA segment is used. The helical parameters for the
force-bent DNA show clear patterns of changes similar to the

mathematical sine or cosine func-
tions (supplemental Fig. S2, green).
Interestingly, the peaks and the val-
leys for each of these parameters
were one or two bases shifted from
the centers of the half sites.
Comparison between those from

the MD simulations of the DNA-
p53t complex and those from the
DNA that was bent by force showed
a similar pattern for major groove
parameters, particularly the major
groove depth (supplemental Fig
S2B). Because the parameters for
the DNA bent by force were aver-
aged over bending angles from 0 to
90° while the DNA bound with the
p53 tetramer was only bent to a
smaller extent, the differences in
magnitude of the parameters were
expected. However, the consistency
in patterns between the major
groove parameters for DNA bent by
force and DNA bound with the p53
tetramer shows that the DNA pre-
ferred to bend at or near the centers
of each half site for this particular
binding site sequence (supplemen-
tal Fig. S2, A and B). For the minor
groove, the pattern revealed in the
force-bent DNA was not observed
in the complex simulation, espe-
cially for theminor groove depth. In
both simulation cases, the minor

groove depth increased at the middle of the full site (supple-
mental Fig. S2D, red and blue). Given the short duration of the
simulation and the weak interactions at the minor groove
side, the discrepancy between the minor groove parameters
was likely to be caused by the insufficient convergence.
To confirm that the DNA bending results from the forced

bending and the DNA bending from the DNA-p53 complex
simulations are reasonable, we compared them with data
obtained for a representative DNA segment from a DNA loop
crystal structure when bound with proteins (35). In this DNA
segment the bending angle is �60° (Fig. 5). The major groove
parameters for this bent DNA were very similar to those of the
DNA bent by force, not only in magnitude but also in patterns
of changes, supporting the results obtained from the force-in-
duced DNA bending. The crystal structure of the bent DNA
clearly shows that the region bent the most corresponded to
base pairs with the deepest major groove (Fig. 5). In the DNA-
p53t complexmodel, this corresponds topositionsnear the center
of the half sites, consistent with the notion that the A/T-rich
regions have the tendency to bend. Thus, the observedDNA con-
formational change in our simulations was reasonable.
p53 Dimer-Dimer Interactions—The two dimers of p53 sat

on theDNA side by side in the starting structure of the complex
for the simulation (Fig. 4A). Because canonical B-form DNA

FIGURE 4. DNA bending upon binding to p53 tetramer. A, starting conformation for the MD simulation with
two views perpendicular to each other. B and C, snapshots of the DNA-p53t complexes at 4.5 ns from the
simulation involving the Cho DNA sequence and at 7.5 ns from the simulation involving the Ho DNA sequence,
respectively. Two views perpendicular to each other are shown. The left panels show the DNA bending angle of
20 and 35° for the two DNA sequences, respectively, and the right panels present the p53 dimer shift with
respect to each other.
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takes 10.5 base pairs to make a complete helical turn, two
dimers bound to two consecutive 10-bp half sites will assume a
slightly staggered conformation with the front dimer shifted to
the right with respect to the second dimer (Fig. 4A, right panel).

After 4.5 ns of dynamics simulation for the complex with the
ChoDNA sequence, the front dimer shifted further in the same
direction (Fig. 4B). The dimer-dimer interface apparently
preferred a slightly staggered conformation that allowed the
dimers to associate favorably without steric conflict between
the contacting monomers across the interface. Consistently,
the conformational change in this regard was the same for the
complex with the Ho DNA sequence (Fig. 4C). When viewed
through the dimer-dimer interface, it can be seen that in the
starting structure, the dimer-dimer interface on both sides was
relatively loose (Fig. 6A). Comparing with the starting confor-
mation, the left side of the interface became tighter while the
right side of the interface changed little for the complex involv-
ing the ChoDNA sequence (Fig. 6B); however, both sides of the
interface became nicely packed when the Ho DNA sequence
was used (Fig. 6C). It is also visible that the DNA at the center
was more compressed for the Ho sequence than for the Cho
sequence (data not shown). These results show that the DNA
flexibility was important for the p53 dimers to optimize the
interactionswhilemaintaining the specific binding to theDNA.
Fig. 7 further shows the atomic details for half of the p53

dimer-dimer interface, representing both cases. The concavity
at the joint of turn S7S8 and loop L1 from the top monomer
complemented well the molecular contour of the bottom
monomers at loop L2, turn S5S6, and the N terminus, with the
atomic details showing the favorable interactions. The interac-
tion energies between the p53 dimers for both complexes were
also calculated (Fig. 8A). In both cases, the interaction energy
seems to reach equilibrium after �4 ns of simulation. On the
other hand, the interaction energies between p53 and the cen-
tral 4 base pairs were very different (Fig. 8B). When the system
was equilibrated after 6 ns into the trajectory, the interaction
energy was muchmore favorable for the complex involving the
Ho DNA sequence than for the complex involving the Cho
sequence, indicating the tight packing between the DNA and
protein in the former case.

FIGURE 5. A snapshot of a 30-bp DNA segment extracted from a DNA loop
bound with proteins (35) and its helical parameters. The selected DNA seg-
ment involves base pairs 16–45. The major groove width (thick black), major
groove depth (thick red), minor groove width (thin black), and minor groove
depth (thin red) for the middle 23 base pairs (highlighted in red and cyan) were
analyzed. The correspondence between the structure and the helical parameters
is shown with the arrows. The helical parameters from this segment are quite
similar to the ones from the DNA segment that was bent by force.

FIGURE 6. p53 dimer-dimer interactions in the DNA bent conformation. A, starting structure. B and C, snapshots of the DNA-p53t complexes at 4.5 ns from
the simulation involving the Cho DNA sequence and at 7.5 ns from the simulation involving the Ho DNA sequence, respectively. The dimer-dimer interface is
highlighted with boxes. In the starting structure (A), both sides of the interface have limited interaction with large spaces between the dimers. In the complex
for the Cho sequence (B), the interactions on the left side of the interface are more extensive than the right side whereas in the complex for the Ho sequence
(C) both sides have more favorable interactions than the starting structure. It is also visible that the DNA is more compact at the center of the DNA for the Ho
sequence than for the Cho sequence.
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Tetramer Modeling—We have
shown that the forcedDNAbending
conformations were consistent with
the structural parameters of bent
DNA conformations from the data
base. On the other hand, our simu-
lations were able to observe only
moderate DNA bending and a p53
dimer-dimer interface shift from
the starting conformation. Experi-
mentally it was shown that the
bending can be much larger, partic-
ularly in the context of the full-
length p53 protein. To bridge this
missing link, we attempted to man-
ually dock the p53 tetramer onto the
specific DNA consensus site using
the DNA conformation that was
force bent by �45°. Fig. 9 shows the
docked organization of the com-
plex.Here, we assumed that the spe-
cific interaction between p53 and

the DNA at the major groove is retained in the DNA bent con-
formations. Thus, the docked conformation was unique, given
the constraints that were imposed for the specific interactions
at the major groove. When the dimer-dimer interface in the
docked conformation is placed parallel to the surface of the
paper, the staggered organization of the p53 dimers is clearly
visible (Fig. 9B) and is consistent with the simulated DNA-p53t
complex conformation (Fig. 4, B and C). Thus, our combined
simulation and docking results suggest that the observed p53
tetramer-DNA complex model is biologically relevant.
The stability of the complex depends onmany factors includ-

ing the DNA sequence (36), the length of the DNA segment,
whether full-length p53 protein or its core domains were
involved, and possibly the conformational changes within the
p53 monomer. The fact that full-length p53 can trigger a larger
extent of DNA bending clearly demonstrates the involvement
of other protein parts in maintaining the stability of the bent
DNA. Thus, the docked conformation may be more relevant to
the full-length p53-induced complex structure while the simu-
lation-derived structure corresponds better to the core
domain-triggered DNA bending.

DISCUSSION AND CONCLUSIONS

P53 Tetramer-DNA Organization—The p53 tetramer-DNA
complex structure and its associated properties have been the
focus of several groups in recent years. Unfortunately, nomodel
for the organization of the complex is presented so far with
reasonable validation. Recently, a crystal structure of four p53
core domains assembled on two half-site DNAwas solved (29),
shedding light on the organization of the complex. However,
the biological relevance of this structure needs further valida-
tion because of the discontinuity of the DNA. If the p53 dimers
do bind to the DNA in a specific manner, which was supported
by abundant experimental evidence, then the p53 dimers in the
DNA-bound state can arguably have only two ways of organi-
zation with respect to each other: one of the p53 dimer shifts

FIGURE 7. Snapshot of the p53 dimer-dimer interface taken from the complex with the Cho sequence at
5 ns. The surfaces from each monomer at the interface complement each other well geometrically. The details
of the residue interactions are shown to display the hydrogen bonding between several residues on the left
and extensive other interaction on the right side of the interface. The backbones of the proteins are colored as
in Fig. 4 while the atoms N, O, and C in the side chains are colored blue, red, and cyan, respectively.

FIGURE 8. Interaction energy (kcal/mol) changes over the 10-ns trajectories
between p53 dimers (A) and between p53 and the four base pairs at the
center of the half site (B). The interactions between the p53 dimers became
more favorable overall while the interactions between p53 and DNA became less
favorable compared with that in the starting conformation. The more favorable
p53-DNA interaction for the Ho sequence indicates the tighter packing than in
the complex with the Cho sequence. The interaction energy was calculated with
the Charmm program using distance-dependent dielectric constant with a coef-
ficient of 4 and a cutoff of 12 Å for non-bonded interactions.
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toward the right, as observed in our simulations (Fig. 4, B and
C), or itmoves to the left, as implied in the crystal structure (29).
Our simulation results, particularly the initial structure in
which the two dimers take a slightly staggered conformation
due to the 10.5-bp/turnDNAproperty, the correlation between
the DNA bending extent and the DNA sequence, and the
observed tight packing and interaction along the p53 dimer
interface, strongly suggest that our proposed model is relevant
to biological functions.
DNABending—DNAbending upon p53 binding is an impor-

tant biophysical event. The structural details of DNA bending
are crucial to the understanding of the mechanism of selective
gene activation and transcriptional activity. Although several
groups have determined the extent of DNA bending when
bound with p53, the atomic details for how and why the DNA
bends are unknown. Based on our results, it is suggested that
the p53 dimer-dimer interactions are the major driving force
for the DNA bending. However, the extent of interactions and
packing at the p53 dimer-dimer interaction depend on the flex-
ibility of the DNA involved. It has been shown that response
elements containing CATG base sequence can bend by �50°
upon binding of p53 core domain but response elements con-
tainingCTTGbase sequence bend only from25 to 37° (14). The
two base sequences used in this work contain a CAAG and a
CATG,which bend 20 and 35°, respectively, consistent with the

DNA flexibility property. The binding of the p53 dimer alone is
therefore mainly responsible for the tight interactions between
protein and DNA. It is the dimer-dimer interactions that force
the intrinsically flexible DNA to adopt the bent conformations.
Our results also suggest that upon further optimization of the
dimer-dimer interface interactions and protein-DNA packing,
more dramatic DNA bending is possible as long as the DNA
flexibility permits.
p53-DNA Binding Cooperativeness—The binding of p53 to

DNA is cooperative in that p53 interacts with full site DNA
much more strongly than with incomplete p53 binding site.
Previous comparative study of the DNA binding with a family
of p53 proteins, including p53, p63, and p73, suggests that the
cooperative binding is due to the p53 dimerization at the H1
helix interface (37), highlighting the key role of the dimeriza-
tion of p53 and its binding to DNA. The DNA binding study of
p53 modified at the H1 helix also seems to support the impor-
tance of the dimerization of p53 to cooperativity (25). However,
as we have pointed out, the p53 dimer-dimer interactions and
the tighter p53-DNA interactions upon DNA bending may
have played more important roles in the cooperativity of p53-
DNA binding. In a binding study of p53 to various promoters
and DNA recognition, it was found that most of the response
elements containing CATG sequence at the center of both half
sites correspond to high affinity whereas those containing at
least one CAAG or CTTG motif at the center of the half sites
correspondmostly to low binding affinities (38). Our results are
consistent with their observations. This consistency in turn
demonstrates that the favorable interactions at the dimer-
dimer interface and the enhanced p53-DNA packing, coupled
with the intrinsic DNA flexibility, are responsible for the coop-
erative nature of p53-DNA binding.
In summary, our simulation results provided a p53-DNA

complex model with many features that are consistent with
experimental observations and therefore are likely to be biolog-
ically relevant. Our results also reveal important atomic details
and the underlyingmechanism forDNAbending and the coop-
erative nature for p53-DNA interactions.
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Note Added in Proof—Wewere justmade aware that in a chapter not
indexed byMedline further details of theNagaich et al. (15)model of
the p53 complex with DNA illustrating bending at the half-site cen-
ters, between the half-sites (overall bend of 40°), and 2 Å sliding
between the two half-sites were provided by Durell et al. (39).
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Supplemental information 
 
Figure S1. The helical parameters for the 15-bp DNA segment in free form (black), in bound with p53 
monomer (red) and in bound with p53 dimer (green). For each comparison, major groove width, depth, 
minor groove width and depth were plotted separately in (A), (B), (C) and (D). Only the half site 
consensus base pairs were shown for clarity. 
Figure S2. DNA helical parameters for the full 20-bp binding site when the DNA segment was simulated 
alone without constraint (black), when forced to bend (green), when bound with p53 tetramer with the 
Cho DNA sequence (red), and when bound with p53 tetramer with Ho DNA sequence (blue). Forced 
DNA bending was achieved by applying a distance constraint between the centers of masses of the three 
nucleotides at each end of the DNA molecule with a force constant of 500 kcal/mol/Å with a distance 
decrement of 0.25 Å and equilibrated for 25 ps at each step. The parameters for the bent DNA by force 
were averaged over a range of bent angles from 0 to 90 degrees while the other two sets of parameters 
were averaged over the last 5 ns from the 10 ns MD trajectories. 
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