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Abstract
Specific p53 binding-induced DNA bending and its underlying driving forces are crucial for the
understanding of selective transcription activation. Diverse p53-response elements exist in the
genome. However, it is not known what determines the DNA bending and to what extent. In order
to gain knowledge of the forces that govern the DNA bending, molecular dynamics simulations were
performed on a series of p53 core domain tetramer-DNA complexes in which each p53 core domain
was bound to a DNA quarter site specifically. By varying the sequence of the central 4-base pairs of
each half site, different DNA bending extents were observed. Our analysis shows that the interactions
between p53 dimer-dimer were similar in all complexes; on the other hand, specific interactions
between the p53 and DNA, including the interactions of Arg280, Lys120 and Arg248 with the DNA
varied more significantly. In particular, the Arg280 interactions were better maintained in the
complex with the CATG-containing DNA sequence, and were mostly lost in the complex with the
CTAG-containing DNA sequence. Structural analysis shows that the base pairings for the CATG
sequence were stable throughout the simulation trajectory while those for the CTAG sequence was
partially dissociated in part of the trajectory, which affected the stability of nearby Arg280-Gua base
interactions. Thus, DNA bending depends on the balance between the p53 dimer-dimer interactions
and p53-DNA interactions, which in turn are related to the DNA sequence and DNA flexibility.
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Introduction
Tumor suppressor p53 is responsible for human genome stability through its function to
transactivate many genes upon cellular stress such as DNA damage, preventing uncontrolled
cell development 1–4. The crucial biochemical event for the p53 transactivation activity is its
sequence-specific binding to DNA 5. p53 binding sites are usually composed of two 10-base
pair (bp) repeats, or two half sites, with the consensus of 5’-PuPuPuC(A/T)(A/T)GPyPyPy-3’,
where Pu and Py stand for purine and pyrimidine bases, respectively 6–8; the two half sites can
be separated by as many as 13 base pairs 7,9. More than 100 different specific p53 response
elements have been characterized in the human genome 7. The variance of the DNA sequence

Address correspondence to: R. Nussinov at NCI-Frederick Bldg 469, Rm 151, Frederick, MD 21702. Tel: 301-846-5579, Fax:
301-846-5598; Email: ruthn@ncifcrf.gov.

NIH Public Access
Author Manuscript
J Phys Chem B. Author manuscript; available in PMC 2009 October 1.

Published in final edited form as:
J Phys Chem B. 2008 May 29; 112(21): 6716–6724. doi:10.1021/jp800680w.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and the consequent difference in p53 binding affinity was suggested to be important in the
selective activation of target genes.

The p53 protein is a tetramer of four homologous peptide chains, with each chain composed
of several domains including the N-terminal domain which regulates the p53 transactivation
activity 10, the specific DNA-binding core domain 11, the tetramerization domain 12, and the
C-terminal domain. When p53 is bound to DNA, DNA experiences conformational changes,
notably axial bending 13–15, and p53 adjusts its conformation accordingly to adapt to the new
environment 16. The proposed DNA bending in the p53-DNA complex in the middle of the
half site and at the center of the full site points to the major role of the DNA-binding domain
in DNA bending. Further experimental evidence indicates that p53 binding affinity is correlated
with the DNA sequence 17. In particular, the p53-binding sites that contain CATG at the centers
of the half sites usually have a higher binding affinity while those containing CTAG show low
binding strength 17. The flexibility (bendability under axial stress) of a DNA segment with
CATG at the center of the half sites is also shown to be higher than with other sequences at
the center 6. However, there are no direct experimental structural data to show how the DNA
bends and whether the binding affinity is truly correlated with the bending extent. Hence,
important questions which might be the key to the differential transactivation, such as how the
p53 interacts with different DNA sequences and how those interactions will affect the extent
of DNA bending, can not be fully addressed.

Several structures involving p53 core domain-DNA specific binding became available during
the last decade 11,18–20. Biophysical and biochemical data 11,21–24 were obtained and a similar
p53 core domain tetramer-DNA complex model was proposed 11,21–24. The specific ways of
association between p53 and DNA and between p53 monomers are supported by experiments
18,25–27. In addition, biophysical studies show that the p53 core domain alone can bend the
DNA by only 30–35 degrees while the full length p53 can induce bending of 50–70 degrees,
depending on the techniques used in the estimation 14. Molecular dynamics simulation also
demonstrates a DNA bending of 35 degrees by p53 core domain alone 28 . This information
provided the structural basis for computational investigation of the underlying forces that
trigger the DNA bending. Here, we performed molecular dynamics simulations on the p53 core
domain tetramer-DNA complexes and show that the DNA bending extent was correlated with
the concurrent interactions between p53 dimer-dimer and p53-DNA.

Materials and Methods
Model construction

The method for building the p53 tetramer-DNA complex model was described previously 28.
Briefly, the DNA segment and the B chain of p53 in the crystal structure that was bound to
DNA specifically were extracted from the PDB file 11. We superimposed the base pairs from
two copies of the extracted p53-DNA complex in reverse order so that the two copies of p53
were bound to two consecutive quarter sites of the DNA. The resulting DNA-p53 dimer
complex structure ensures specific DNA-p53 binding and that the two copies of p53 have a
C2 symmetry, with formation of the two salt bridges between Arg180 and Glu181 from the H1
helices of the p53 core domains. The p53 tetramer-DNA model was then constructed by
connecting two copies of p53 dimer-DNA complex such that the resulting DNA segment has
a continuous p53 full site binding with no insertion of base pairs and that the two dimers of
p53 were side by side (Figure 1). The DNA sequence was 5’ATAATTGAGCA|TGCTC||
GAGCA|TGCTCAGGAA3’, with the binding site (in bold) taken from the crystal structure
solved by Ho et al 19 and is referred to below as the Ho complex. In order to study the
relationship between DNA bending and the composition of the four base pairs at the centers
of the half sites, the central four base pairs for each half site were mutated to CAAG, CTAG
and CTTG. These complexes are named Ho_CAAG, Ho_CTAG and Ho_CTTG complexes,
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respectively. To ensure the reliability of the simulations results, a second set of simulations for
the Ho, Ho_CAAG, Ho_CTAG and Ho_CAAG complexes were performed with slightly
different starting configurations by varying the number of minimization steps during the
preparation.

MD simulation protocol
Each starting structure was first solvated with a TIP3P water box 29 with a margin of at least
10 Å from any edge of the water box to any protein or DNA atom. Solvent molecules within
1.6 Å of the DNA or within 2.5 Å of the protein were removed. The systems were then
neutralized by adding sodium ions. The resulting systems were subjected to a series of
minimizations and equilibrations using the CHARMm program 30 and the CHARMm 22 and
27 force field for the protein and nucleic acid, respectively 31. Prior to the MD simulations,
each system was minimized for 500 steps with the steepest decent algorithm, and 500 steps
with the ABNR algorithm. For the second set of the simulations, additional 500 steps of ABNR
minimization were applied to generate the slightly different configuration for the starting
structures. The production MD simulations were performed at 300 degrees Kelvin using the
NAMD program 32 and the CHARMm force field. Periodic boundary conditions were applied
and the non-bonded lists were updated every 20 steps. NPT ensemble was applied and the
pressure kept at 1 atom using Langevin-Nose-Hoover coupling. SHAKE constraints on all
hydrogen atoms and a time step of 2 fs and a nonbonded cutoff of 12 Å were used in the
trajectory production. The sizes of the systems were about 110,000 atoms and the duration for
each simulation was 60 ns except for the second set of the simulations each of which lasted for
30 ns.

Results
DNA bending of the four complexes

It has been shown that CATG is the most frequent sequence at the center of the half sites for
the p53-response elements 33. However, other sequences such as CAAG, CTAG and CTTG
also exist in many p53-response elements. In order to delineate the relationship between the
composition of the central 4 base pairs and the p53-induced DNA bending, we mutated the
CATG in the Ho complex into CAAG, CTAG, and CTTG to obtain the starting structures for
the corresponding Ho_CAAG, Ho_CTAG and Ho_CTTG complexes and subjected them to
MD simulations. Figure 2A shows the time series of DNA bending over the 60 ns trajectory
for each of the complexes. The Ho complex, with the CATG sequence at the middle of the
DNA sequence, induced the largest DNA bending extent with an average of 36.8 degrees for
the last 20 ns (Table 1). The complexes Ho_CAAG and Ho_CTTG were expected to yield
similar results because of the symmetric nature of the DNA sequences and their overall DNA
bending extents were indeed similar to each other, with the average DNA bending for the last
20 ns at 25.1 degrees in both cases (Figure 2A, Table 1). In contrast, throughout the 60-ns
trajectory the DNA bending in the Ho_CTAG complex was not significant, with an average
DNA bending of about 11.5 degrees for the last 20 ns (Figure 2A, Table 1). The DNA essentially
stayed in a straight conformation with visually undetectable bending. These results show that
the DNA bending ability is in decreasing order for CATG, CAAG/CTTG, and CTAG.

In order to further confirm the DNA bending extent for the different sequences, the complexes
Ho, Ho_CAAG, Ho_CTAG and Ho_CTTG were simulated again starting from slightly
different configurations, each with duration of 30 ns (see Methods). Overall, the new simulation
results revealed a similar DNA bending trend as in the first simulation (Figure 2B, Table 1).
For the same DNA sequence, the two sets of simulations also yielded consistent DNA bending,
except that in the new simulations the Ho_CAAG complex displayed a bending extent that was
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comparable to the Ho complex (Figure 2, Table 1). However, the overall trend among the
complexes did not change.

Difference in base pair parameters
In order to understand the structural basis of the DNA bending difference between the
complexes, representative global inter-base pair parameters were measured for the last 20 ns
(Figure S1). Calculations of the base pair parameters have been pioneered by Calladine 34,
Lavery 35, and others. Conformational changes such as DNA bending might be reflected in the
details of the base-step parameters, particularly the base-pair rolls and twists. Interestingly,
although calculations clearly showed that the major groove narrowed and became deeper at
the centers of the half sites (Figures S1–A, B), the inter-base pairs roll and twist parameters
for the Ho complex, which involved the largest DNA bending, did not show significant
variation among the 20 base pairs of the p53-response elements (Figures S1–C, D). There was
no apparent difference between the central 4 bases and the rest of the bases within the DNA
for the same Ho complex either (Figures S1, C, D). In addition, other parameters including
shift (E), slide (F), rise (G) and tilt (H) did not show much difference among the 20 base pairs
either. In general, comparison of these parameters among the Ho, Ho_CAAG and Ho_CTAG
complexes revealed little difference, although for the Ho_CTAG complex these parameters
fluctuated dramatically near the centers of the half sites where the CTAG motifs reside.
Structural analysis revealed that this fluctuation was caused by the structural deviation from
the WC base pairing for the Ho_CTAG complex: during the simulation, the AT base pairing
for this complex was not well maintained in the Ho_CTAG complex unlike the Ho and
Ho_CAAG complexes. Figure S2 shows that while the AT base pairs at the center of the half
sites were well associated in the Ho complex, the base pairs at the same positions were
unraveled to some extent in the Ho_CTAG complex. It seems that when the p53 attempted to
bend the DNA, the base pairing at the center of the half sites were perturbed and the hydrogen
bonding for the AT base pairs became vulnerable to conformational changes. Previous
experimental and simulation results showed that in the CATG motif, the G or A base cross-
strand stacking helped maintain the stability of the duplex while in the CTAG motif such G or
A base stacking is not present 36,37. It seems that large base stacking may also help in stabilizing
the bent DNA conformation upon p53 binding.

Conformational changes of the p53 tetramer
Structural fluctuations for individual domains of p53 were minimal, with an RMSD of 1.5 Å
or less for the backbones compared with the starting structure. A simulation work on both free
p53 and DNA-bound p53 core domains obtained similar results 11,38 and the small fluctuation
in the p53 tetramer-DNA complex context is expected. The salt bridges within each of the two
p53 core domain dimers were also largely intact throughout the trajectories for each complex.
The most interesting conformational changes compared with the starting structures were in the
p53 dimer-dimer organization. Figure 3 shows the averaged structures of four complexes from
the respective trajectories. In each of the conformations for the Ho, Ho_CAAG, Ho_CTAG,
and Ho_CTTG complexes, the dimer in the front (red and green) rotated clockwise with respect
to the p53 dimer in the back (cyan and magenta), as indicated by the arrows (Figure 3). To
quantify the extent of the rotation, a dihedral angle was defined as D1a1b2b2a where 1a, 1b, 2a
and 2b were the four Cα atoms of residues Met160 from each of the four p53 core domains
defined in Figure 1A. Met160 is located near the center of the core domain (not shown). The
average dihedral angles for the last 10 ns of the trajectories were −15, −10, −13 and −14 degrees
for the Ho, Ho_CAAG, Ho_CTAG and Ho_CTTG complexes, respectively. Although the
magnitude was small, it did show that the two dimers did not favor the totally eclipsed
conformation. In addition, the dimer in the front also slightly shifted toward the right, with the
shift being slightly less significant in the Ho_CTAG complex than in the others. The similarity
of the relative movement of the two p53 dimers with respect to each other among the complexes
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suggests that the p53 core domain tetramer preferred a similar organization regardless of the
DNA sequence, implying that the DNA bending difference may be caused by the p53-DNA
interactions.

Analysis of the p53-DNA and the p53-p53 interactions
Overall DNA-p53 interactions—In the first 10 ns of the trajectories, the DNA-p53
interaction energy changed dramatically and became less favorable for each of the complexes
(Figure 4A). This result is expected since the initial specific interactions were optimized for
the p53 core domain monomer-DNA contact; that is, it was not in the tetramer complex
environment. The interactions for each p53 core domain-DNA relaxed to some extent in the
p53 tetramer-DNA complex environment, as observed previously 28. After 30 ns, each of the
systems became equilibrated and the interaction energies were stabilized. The average
interaction energies for the last 20 ns were −400±11, −413±13, −369±12 and −420±10 kcal/
mol for the Ho, Ho_CAAG, Ho_CTAG, and Ho_CTTG complexes, respectively (Figure 4A).
The large difference in interaction energy between the Ho_CTAG and other complexes
suggests a more significant loss of interactions between the DNA and p53 for the Ho_CTAG
complex than for the other three complexes. We subsequently observed that the p53-DNA
interactions, specifically the hydrogen bonding, for the Ho_CTAG complex were indeed less
populated in the simulations. On the other hand, interaction energies for the Ho, Ho_CAAG,
and Ho_CTTG complexes were comparable with one another (Figure 4A) with similar p53-
DNA interaction strength, as shown later.

Base-pair based p53-DNA interactions—Figure 4C shows that the interactions between
the absolutely conserved GC base pair (the 4th position within the quarter-site Pu1Pu2Pu3C4
(A/T)5) and p53 was the second most favorable among the five base pairs. The most favorable
interaction energy was from the 5th position base pair, consistent with previous results 28, while
the interaction of the second most conserved base pair at the 2nd position was much weaker.
Therefore, 4th and 5th position base pairs dominate the DNA quarter site interactions with p53.
Comparing these interactions among the Ho, Ho_CAAG, Ho_CTAG and Ho_CTTG
complexes further shows that these interactions for the Ho_CTAG complex were the least
favorable at both half sites among the four complexes (Figure 4C, the two peaks near base pairs
5 and 15); The same interactions for the other complexes were comparable with each other
(Figure 4C). These results were consistent with the overall interaction energy trend shown in
Figure 4A, suggesting that the associations between p53 and DNA was weaker for the
Ho_CTAG complex after dynamic equilibration.

p53-p53 interactions—Opposite to the trend of the p53-DNA interactions, the p53 dimer-
dimer interactions became increasingly favorable in the first 35-ns simulations (Figure 4B).
The interaction energies became relatively stabilized in the last 20 ns for each of the trajectories.
In the last two sections we show that the association between the protein and DNA in the
Ho_CTAG complex was weaker than in the other three complexes (Figure 4A, C). However,
after the systems reached equilibration, the p53 dimer-dimer interactions approached a similar
level for all four complexes (Figure 4B). These data suggest that regardless of the DNA
sequence differences, the p53 dimers tend to reach similar extent of favorable interactions.
Such typical p53 dimer-dimer interface has been proposed previously 28 and the organizations
of the complexes at the dimer-dimer interface were similar to each other as well (Figure 3).
Comparison of the interfaces for the four complexes further shows that important interactions
between the p53 monomers at the dimer-dimer interface and the residues involved were similar
among the four complexes. Ser96, VAl97, Pro98, Gly99, Lys101, Ser166, Gln167, Met169,
Thr170 and Glu171 were among the common residues at the interface within 4.5 Å of one p53
core domain, although the interacting partners were slightly shifted.
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Specific p53-DNA interactions—p53 interacts with DNA mainly through the hydrogen
bonding of Arg280 and Lys120 with DNA bases at the major groove and through van der Waals
contact of Arg248 with the DNA minor groove. These interactions were therefore monitored
in order to compare the interaction extents among the complexes. Arg280 can form two
hydrogen bonds with a G base. Here, we presented only one distance (Figure 5) since the
behavior of the two were very similar and fluctuated concurrently. Figure 5A shows that for
each of the p53 core domains the distance was largely maintained within the hydrogen bonding
range throughout the trajectory for the Ho complex. Only the distance for one of the core
domains was not within the hydrogen bonding distance in the first 38 ns, but the hydrogen
bond reformed in the remaining trajectory (Figure 5A). For the Ho_CAAG complex, all the
four hydrogen bonds were initially disrupted and were not present until about 25 ns where one
hydrogen bond was formed and the other two distances were very close to the hydrogen bonding
distance for most of the trajectory (Figure 5B). Only one distance was never within the
hydrogen bonding range for the length of the trajectory (Figure 5B). In the case of the
Ho_CTAG complex, only one core domain was able to maintain the hydrogen bonding,
although another one formed at the end of the trajectory (Figures 5C). For the Ho_CTTG
complex, two of the hydrogen bonding distances were maintained for most of the trajectory
and a third one was very close to the hydrogen bonding distance for most of the trajectory
(Figures 5D). The fourth distance was also fluctuating near the hydrogen bonding range for
the first 25 ns although it did not come close again in the remaining simulation (Figure 5D).

Overall, these results show that in the initial phase of the simulation, the Arg280 hydrogen
bonds were disrupted to different extents in different complexes. Clearly, the Ho complex was
able to retain or quickly reform the hydrogen bonds. While for the Ho_CTAG complex, this
hydrogen bond was almost completely abolished for most of the core domains. The hydrogen
bonding populations are shown in Table 2.

The interactions between Arg280 and the G base at the 4th position of a quarter site of the DNA
have been shown previously to be the most critical to the p53-DNA binding. The large loss of
such interactions for the Ho_CTAG complex suggests a weaker association in this complex
and the results were consistent with the implications from Figures 4A and 4C. As discussed
earlier, under the stress of DNA bending the association of AT base pairing at the center of the
half sites was less stable in the Ho_CTAG complex than in the Ho complex possibly due to
the less favorable inter-strand base-pair stacking. Such fluctuation of the AT base pairing,
which is located right next to the 4th Gua base, may have directly affected the specific hydrogen
bonding between Arg280 and the Gua base at the 4th position of the quarter site.

The second key residue involved in hydrogen bonding at the major groove is Lys120 with the
less conserved Ade base at the 2nd position of the quarter site. Overall, the stability of these
interactions among the four complexes did not show as significant a difference as displayed in
the Arg280 hydrogen bonding (Figure 6). The overall population of the Lys120 hydrogen bonds
for the Ho complex was lower than the Arg280 hydrogen bonds. Given that none of the
complexes yielded high stability for this hydrogen bond, the result suggested that this hydrogen
bond was flexible and may be not as important as the Arg280 interactions.

Arg248 is the key residue that interacts with the minor groove through electrostatic and van
der Waals forces. The interactions were monitored through two distances between the
guanidine carbon in the side chain of Arg248 and the nearest DNA backbone oxygen (3rd

position Gua base and 4th position C base). Figure 7 presents only one distance because of their
similarity. Overall, all four complexes maintained this interaction well, with Ho_CAAG having
the highest stability (Figure 7B). Interestingly, the Ho complex displayed some fluctuation
(Figure 7A) while the Ho_CTTG complex lost one of the contacts for most of the trajectory
(Figure 7D). Regardless of the different behavior of the complexes, the overall populations of

Pan and Nussinov Page 6

J Phys Chem B. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the distance within the cutoff were all high (Table 2), suggesting the relative stability of this
interaction.

In the second set of the simulations, similar results were observed for each of the interactions.
Again, the Arg280 hydrogen bonds were better retained in the Ho, Ho_CAAG, and Ho_CTTG
complexes (Figure S3–A, B, D), while it was largely disrupted in the Ho_CTAG complex
(Figure S3–C). The difference for the Lys120 and Arg248 among the complexes was smaller
compared with that for the Arg280 interactions (Figure S4, Figure S5). However, comparison
of the percentage of the distances with the cutoff (Table 2) shows the relative lower stability
(lower percentage) of these interactions for the Ho_CTAG complex.

Comparing all the interaction data among the complexes, it seems clear that the disruption of
these specific interactions was responsible for the loss of total favorable interactions between
p53 and DNA. The importance of Arg280 in the stabilization of p53-DNA interactions was
highlighted in both Figure 4 and Figure 5–Figure 7. Results from Figure 5–Figure 7 further
show that the stability of this interaction was important for the DNA conformational change
during p53 binding. Indeed, Arg280 was anchored in the helix motif (the H2 helix of p53) of
the core domain as in many other DNA binding proteins, rendering it as the major DNA binding
motifs. The role of the specific interaction of Lys120 with DNA is unclear because of its
variable presence in existing crystal structures. Lys120 was attached to the mobile loop L1 of
the p53 protein and it is likely that because of this flexible structural feature, the Lys120-DNA
interactions were well maintained in some crystal structures under one condition 11, while in
others these interactions were not observed 19,20. Arg248, on the other hand, interacts with the
DNA backbone and therefore was less specific in its interactions with the DNA, and these
interactions were relatively better maintained in all of the complexes in our simulations. It
should be noted that when the specific interactions were disrupted during the simulations,
residues Arg280, Lys120 and Arg248 still interacted with the DNA, but non-specifically, with
the DNA backbone. As a result, the p53 core domain only touched the surface of the DNA,
instead of the previous clamp-like tight “grip” of the DNA which was necessary for the DNA
bending upon p53 dimer-dimer interactions.

Discussion and Conclusions
Base pair composition is known to play crucial roles in structure and stability properties. A/T
rich segments such as a TATA box are more flexible/bendable than others 39–41. How the
change of sequence affects the DNA and the DNA-protein complex structures depends on the
content of the complex. The sequence-dependent DNA deformation has been systematically
studied with molecular modeling and compared with experimental data 42. Sarai and his
colleagues have shown that the AT dimer has the highest stability while the PyPu dimers such
as TA present large fluctuations, depending on the flanking sequences. In our simulations, the
dissociation of A/T base pairs was also observed more frequently in the Ho_CTAG complex
than in others. A recent study has shown that the flexibility and bending extent of the TATA
box is dependent on the context of nearby sequences, classified into flexible and rigid groups
43. Even the concentration and type of ions present in the environment can have large impact
on DNA conformations 44. From our simulations, with everything else equal, the CATG
containing DNA segment seems to be more stable and could maintain its helical conformation
even in the bent state. While the more rigid CTAG containing DNA was less tolerable to
conformational change and easy to suffer from base pairing disruption. It should be noted that
there were other A/T base pairs in the p53-response elements. However, only the segments at
the middle of the half sites were not in extensive contact with the p53 protein and therefore
can undergo conformational changes.
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Among the p53 response elements, the majority of the 20-base pair segments contain CATG
at the centers of the half sites; however, there are also combinations of CATG, CAAG, CTTG
or CTAG at the same positions 33. Nature seems to have used the variations of the DNA
sequence to modulate the response to the environmental stress. This was illustrated by previous
experimental and simulation results which showed that CATG and CAAG containing p53
response elements can bind p53 efficiently and bend significantly 45,19,28. Many factors may
contribute to the DNA bending; other parts of the protein or base pairs flanking the p53-
response elements may also be involved in triggering additional conformational change and in
stabilizing the bent DNA conformation. There is evidence indicating that efficient p53 binding
requires both the core domain and the C-terminal domain of the p53 protein 46,47. In addition,
base pairs other than the central 4 could also contribute to different extents. However, current
experimental data suggest that the bending of the DNA induced by specific p53-binding is
correlated with the presence of the CATG motif at the center of the half sites 45.
Balagurumoorthy et al. further observed that the CATG region in the p53 response elements
is kinked; the less flexible CAAG/CTTG containing DNA segments are less so 8; and the
CTAG containing DNA segments were not observed to bend. It seems that in most cases nature
has chosen more flexible sequences to allow the DNA bending required for efficient p53
binding, as was found in the majority of the p53-response elements 33. Although other
sequences such as CTAG also exist, comparative study of the p53 response elements shows
that most high-affinity segments contain CATG, while the CTAG containing response
elements showed binding affinities at the lower end of the spectrum 17.

To further illustrate the correlation between DNA bending/efficient binding and the
transactivational function, Inga et al. measured the capacity of various response elements for
transactivation 48. They found that there is a good correlation between the binding affinity of
p53 and its transactivation capacity. They attempted to elucidate the relationship between
features of the DNA sequence and the transactivation capacity using several parameters, such
as the number of non-consensus base pairs or the location of the non-consensus pairs or both.
However, no obvious trend was detected. In the end, they proposed that the transactivation
capacity is correlated with the conformational change of the DNA and p53 upon p53 tetramer-
DNA association. Their hypothesis was strongly supported by the measurements of these
parameters for sequences that are different only in the central 4 base pairs.

While DNA bending for the 20 contiguous base pair binding site appears to be the key for the
differential binding affinity, the functions of the low affinity p53 response elements and those
with base-pair insertions are largely unknown. Even those with only a couple of base-pair
insertions will greatly alter the p53 core domain dimer-dimer interactions and are likely to be
very different from those without base-pair insertions. Studies of the structural properties could
present significant difficulties for structural biologists. However, with the accumulating
experimental structural results 19,20,49 and with more advanced computational power,
computational studies can play a more important role in revealing the relationship between the
complex structure and transcriptional selection and activity.

In summary, we have performed MD simulations on p53-DNA complexes with different DNA
sequences containing CATG, CAAG, CTAG and CTTG at the centers of the half sites. Our
results show that the extent of DNA bending depends on the ability of DNA to maintain its
specific interactions with p53 while the p53 dimers approach each other to maximize the p53-
p53 interactions. Complexes with DNA containing the CATG motif can better retain the
specific interactions than the complexes with DNA containing the CTAG motif, which is
associated with the intrinsic bendability of the CATG motif or the rigidity of the CTAG segment
of the DNA.
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Figure 1.
The starting structure conformation for the simulations. The four p53 core domains were bound
to the DNA specifically. The helical DNA is in linear conformation. For clarity, only the
backbones of p53 and DNA are shown.
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Figure 2.
The extent of DNA bending for p53 core domain tetramer-DNA complexes Ho, Ho_CAAG,
Ho_CTAG and Ho_CTTG from the 60 ns (A) and the 30 ns (B) trajectories. The DNA curvature
was calculated with the CURVES program 35,50. The starting structure difference between (A)
and (B) was the one following the minimization steps in the preparation stage.
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Figure 3.
The average structures over the 25–30 ns period for the Ho, Ho_CAAG, Ho_CTAG, and
Ho_CTTG complex simulations, showing the relative movement of the p53 dimers with respect
to each other and their conformational changes from the starting conformation illustrated in
Figure 1. The direction of the movement of the front p53 dimer is shown with the arrows.
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Figure 4.
Time series for the p53-p53 and p53-DNA interactions for the Ho, Ho_CAAG, the Ho_CTAG,
and Ho_CTTG complexes. (A) Total p53-DNA interaction energies. (B) p53 dimer-dimer
interactions energies. (C) The interaction energies between p53 tetramer and each of the 20
base pairs of the response elements, averaged over the period of 20–30 ns of the trajectory.
Interaction energies were calculated with the interaction module of the CHARMm program
and distance-dependent dielectric constant of 4 was used for electrostatic energy calculations
and a nonbonded cutoff of 12 Å.
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Figure 5.
Time series from the 60-ns trajectories for the distances between the Arg280 guanidium
nitrogen atom and the fourth Gua base of the p53 half site for complexes Ho (A), Ho_CAAG
(B), Ho_CTAG (C) and Ho_CTTG (D), respectively. The atom specification shown on the Y-
axis uses the CHARMm atom type convention. The pairs of atoms formed hydrogen bonds in
the crystal structure and therefore were monitored for their dynamics behavior. These distances
were shown for each of the four p53 monomers for every complex with the p53 core domains
denoted as 1a, 1b, 2a and 2b in the inset legend as in Figure 1. The numerical notation for the
base indicates its position in the quarter site G1A2G3C4A/T5.
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Figure 6.
Time series from the 60-ns trajectories for the distances between the Lys120 side-chain
nitrogen atom and the second Ade base of the p53 half site for complexes Ho (A), Ho_CAAG
(B), Ho_CTAG (C) and Ho_CTTG (D), respectively. The pair of atoms shown in the figure
formed hydrogen bonds in the crystal structure and therefore their distances were monitored
for their dynamics behavior. These distances were shown for each of the four p53 monomers
for every complex with the p53 core domains denoted as 1a, 1b, 2a and 2b in the inset legend
as in Figure 1. The numerical notation for the base indicates its position in quarter site
G1A2G3C4A/T5.
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Figure 7.
Time series from the 60-ns trajectories for the distances between the atoms of Arg248
guanidium carbon and the backbone oxygens of the fourth Cyt base of the p53 half site for
complexes Ho (A), Ho_CAAG (B), Ho_CTAG (C) and Ho_CTTG (D), respectively. The pair
of atoms formed tight interactions in the crystal structure and therefore were monitored for
their dynamics behavior. These distances were shown for each of the four p53 monomers for
every complex with the p53 core domains denoted as 1a, 1b, 2a and 2b in the legend as in
Figure 1. The numerical notation for the base indicates its position in quarter site G1A2G3C4A/
T5.

Pan and Nussinov Page 17

J Phys Chem B. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Pan and Nussinov Page 18

Table 1
Starting structure information for the MD simulations

Complex Name Binding site DNA sequence Average Curvature (degrees, last 20 ns)a

Ho GAGCA|TGCTC GAGCA|TGCTC 36.8±4.2/33.7±4.5

Ho_CAAG GAGCA|AGCTC GAGCA|AGCTC 25.1±6.2/31.4.0±4.4

Ho_CTAG GAGCT|AGCTC GAGCT|AGCTC 11.5±4.4/10.6±5.1

Ho_CTTG GAGCT|TGCTC GAGCT|TGCTC 25.1±7.2/22.2±7.1
a
The two averages were extracted from the two trajectories of 60 ns and 30 ns long respectively. The difference between the two simulations for each

complex was the number of minimization steps in the preparation stage (see methods).

J Phys Chem B. Author manuscript; available in PMC 2009 October 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Pan and Nussinov Page 19
Ta

bl
e 

2
Ti

m
e 

pe
rc

en
ta

ge
 (%

) f
or

 e
ac

h 
of

 th
e 

di
st

an
ce

s t
ha

t a
re

 sh
or

te
r t

ha
n 

th
e 

cu
to

ff
s a

A
rg

28
0

L
ys

12
0

A
rg

24
8

A
rg

28
0

L
ys

12
0

A
rg

24
8

Fr
om

 th
e 

60
 n

s t
ra

je
ct

or
y

Fr
om

 th
e 

30
 n

s t
ra

je
ct

or
y

H
o

79
.3

33
.8

88
.1

60
.4

44
.2

88
.5

H
o_

C
A

A
G

41
.6

43
.8

98
.7

78
.5

39
.4

77
.0

H
o_

C
TA

G
17

.8
40

.8
85

.3
18

.3
24

.0
72

.2

H
o_

C
TT

G
47

.5
38

.3
81

.6
65

.0
46

.3
92

.8
a Fo

r e
ac

h 
re

si
du

e 
of

 L
ys

12
0,

 A
rg

24
8 

an
d 

A
rg

28
0,

 a
ve

ra
ge

s w
er

e 
ba

se
d 

on
 th

e 
da

ta
 se

t c
ol

le
ct

ed
 a

t e
ve

ry
 2

0 
ps

 fr
om

 th
e 

tra
je

ct
or

y.
 C

ut
of

f d
is

ta
nc

e 
fo

r t
he

 h
yd

ro
ge

n 
bo

nd
s (

Ly
s1

20
 a

nd
 A

rg
28

0)
 w

as
 3

.5
an

gs
tro

m
s a

nd
 th

at
 fo

r t
he

 A
rg

24
8 

in
te

ra
ct

io
ns

 w
as

 6
.0

 a
ng

st
ro

m
s.

J Phys Chem B. Author manuscript; available in PMC 2009 October 1.


