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Abstract

Two molecular dynamics simulations of the region E17–N29 of p53 (p5317–29) at different temperatures were performed for a total
time of 0.2 ls, to study the conformational landscape of this region. Previous studies have suggested that this region displays different
structural motifs, such as helix of a double b-turn, and that its secondary structure might be transiently stable. Interestingly, in this study
it was found that the region F19–L25, and particularly its fragment F19–L22, display a stable, transient helical pattern at sub-microsec-
ond periods. The region F19–L22, which contains one of the most important residues needed for the interaction of p53 with MDM2,
seems to be formed and stabilized by the existence of one hydrophobic and one aromatic cluster. The main function of these clusters
is to help their surrounding area to desolvate, to allow the hydrogen bond network, therefore favoring the formation of a stable helix.
This preliminary study would be useful for a better understanding of the structure and function of the N-terminal domain of p53 and its
implications for the control of different types of cancer.
� 2006 Published by Elsevier Inc.
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p53, called by Lane as the ‘‘guardian of the genome’’ [1]
and by Levine as a ‘‘cellular gatekeeper’’ [2], plays a central
role in maintaining the genomic integrity of the cells. Its
activation due to cellular stress induces cell-cycle arrest
and apoptosis [3–5]. The structure of p53 contains a tran-
scription activation domain and proline-rich region, which
together constitute the N-terminal domain of the protein
[6,7]. This region is followed by the DNA-binding domain
[8], which is highly conserved, and a tetramerization
domain [9,10]. Finally, a sequence-unspecific DNA-binding
regulatory domain is found at the C-terminal domain of
p53 [11,12].

Given the complexity of p53, its structure and function
are still not well understood. Up to now, only the struc-
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tures of the DNA-binding domain and the tetramerization
domain have been solved by means of X-ray crystallogra-
phy and NMR studies [13–17].

Unfortunately, few studies addressing the structure and
function of the N-terminal domain of p53 have been pub-
lished [18–20]. It has been shown that this region is natively
unstructured, as demonstrated by NMR studies. However,
it has been hypothesized that short regions transiently dis-
play an ordered behavior (e.g., they display well-defined
secondary structure motifs) [21]. Particular interest has
been paid to the region that binds MDM2, a protein that
regulates p53 in an auto-regulatory feedback-loop [22].
MDM2 binds to the region T18–N29 of the N-terminal
domain of p53, but only few residues play a key role in
the molecular recognition mechanism and stabilization of
the complex. In addition, this region contains highly con-
served residues such as F19 and W23.
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It has been postulated that, upon binding to MDM2, the
region F19–L25 of p53 adopts an induced coil-to-helical
pattern [23]. This pattern seems to be common for natively
unfolded regions, in which flexible, highly specific confor-
mation of a low binding affinity changes into a more
ordered structure which displays higher binding affinity
[24,25]. However, in other study, it was shown that region
T18–L26 of p53 natively folds into a helix [19].

Considering those findings, in this study we performed
relatively long, all-atom molecular dynamics simulations
of the fragment E17–N29 of p53 at two different tempera-
tures. Molecular dynamics simulations currently represent
a useful tool to capture sub-microsecond transitions in pro-
teins and allow a better sampling of the conformational
landscape of a given biomolecule.

By using molecular dynamics simulations, in this study
it was found that the region comprising residues F19–L22
may natively display both unstructured and structured pat-
terns. A mechanism in which this region is stabilized is pre-
sented, and some of its biological implications are
discussed.
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Materials and methods

Systems setup. The structure of the fragment E17–N29 of the
N-terminal domain of p53 (denoted here as p5317–29) was taken from the
X-ray structure of the complex MDM2–p53 [23]. The peptide was capped
with an acetyl group to the N-terminus and N-methylamide to the C-
terminus, and embedded in a TIP3P water box with dimensions of 60 Å in
each direction (6449 molecules of water). Finally, one sodium counterion
was added to the system in order to obtain a total charge of zero. All
atoms were described using the CHARMM27 forcefield [26].

Molecular dynamics protocol. Two simulations were performed using
the program NAMD 2.6 [27]. The NPT ensemble was used, and periodic
boundary conditions [28] were imposed on the systems. The nonbonded
cutoff, switching distance, and nonbonded pair-list distance were set to 9,
8, and 10.5 Å, respectively. The electrostatic term was described by using
the particle mesh Ewald algorithm [29,30]. The SHAKE algorithm for
bonds to hydrogen atoms allowed a 2 fs time step [31]. Constant pressure
and temperature on the system were maintained with an isotropic
Langevin barostat and a Langevin thermostat. Five hundred steps of
conjugate gradient algorithm first minimized each system with restraints to
protein backbone, followed by 500 steps without restraints. The systems
were slowly warmed up for 30 ps and equilibrated for 80 ps with lower
restraints, finishing at no restraints and 298.15 and 400 K, respectively.
Finally, the two simulations were continued for 150 ns (298.15 K) and
50 ns (400 K).

Analysis. Visual Molecular Dynamics (VMD) program was used for
clustering, visualization, rendering, and analysis [32]. The program
STRIDE [33], included in VMD, was used to analyze the evolution of the
secondary structure of p5317–29.
Fig. 1. (A) Radius of gyration (blue line), root-mean-square fluctuations
of the full peptide (green line) and for the region F19–L22 of p5317–29

(orange line) at 298.15 K. The red line represents the radius of gyration of
p5317–29 of the original X-ray structure. (B) Secondary structure of
p5317–29 throughout the 150-ns simulation. The secondary structure is
colored as follows: purple, a-helix; red, p-helix; cyan, turn; white, random
coil. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this paper.)
Results

Conformational evolution of p5317–29 at 298.15 K

The structural evolution of p5317–29 throughout the
150 ns of simulation at 298.15 was analyzed by the second-
ary structure changes and simple clustering based on the
root-mean-square deviation (RMSD) and the radius of
gyration (RGYR) of the Ca trace. On this basis, the
RMSD and RGYR of the entire peptide were computed
every 10 ps. The plots of the RGYR and RMSD are shown
in Fig. 1A.

The plot of the RGYR (Fig. 1A, blue line) shows a rel-
atively ordered structure of the fragment throughout the
first 140 ns of simulation, which approximately represents
the 94% of the total time of simulation. In the plot men-
tioned above was included the trace of the RGYR comput-
ed for the single structure of p5317–29 obtained via
crystallographic studies of its complex with MDM2 (red
line), which is believed to be the stable helical-induced form
of this fragment. It was observed that, during the first 78 ns
of simulation, the average RGYR of p5317–29 in this simu-
lation remained below the value obtained for the X-ray
structure of the peptide (7.33 Å). Moreover, the RGYR
remaining within this period of time did not show any sig-
nificant change. After this period of time, larger fluctua-
tions of the RGYR were observed, due to the lost of the
helical pattern (ordered) of residues W23–L25. The largest
value of RGYR observed for this fragment constitutes an
intermediate state between the helical motif of the region
F19–L22 and the completely unstructured form of p5317–29.



Fig. 2. (A) Radius of gyration (blue line), root-mean-square fluctuations
of the full peptide (green line) and for the region F19–L22 of p5317–29

(orange line) at 400 K. The red line represents the radius of gyration of
p5317–29 of the original X-ray structure. (B) Secondary structure of
p5317–29 throughout the 50-ns simulation at 400 K. The secondary
structure is colored as follows: purple, a-helix; red, p-helix; yellow, b-
sheet; green, isolated bridge; cyan, turn; white, random coil. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this paper.)
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Similarly, when the RMSD is plotted for the entire frag-
ment (Fig. 1A, green line), most of the values do not go
beyond 5 Å in the first 78 ns, as observed for the fluctua-
tions of the RGYR value in the same period of time. Dur-
ing the interval of time between 78 and 100 ns, p5317–29

shows a drastic change on its RMSD, largely attributed
to the loss of the ordered helical structure of residues
W23–L25. After this period of time, the fluctuations of
the RMSD of the fragment are significantly large, display-
ing in some cases a difference >4 Å. Since most of the large
fluctuations of the RMSD come from the highly flexible
termini of the peptide, the RMSD of the short region
F19–L22N was calculated (Fig. 1A, orange line). It was
observed that this fragment remains very stable until
�144 ns, displaying a RMSD <1 Å. After this period of
time, a drastic increase of the RMSD was observed, reach-
ing a maximum value of 3.3 Å.

To complement the plots described in the previous para-
graphs, the secondary structure of individual residues of
p5317–29 was calculated every 10 ps (Fig. 1B). It was
observed that the conformational fluctuations of the Ca
trace represented by the RMSD and RGYR are in agree-
ment with those of the secondary structure elements
observed throughout the 150 ns of simulation. For
instance, a stable helical pattern of the fragment F19–L25
was observed between 0 and 78 ns, while a very stable heli-
cal pattern observed for the fragment F19–L22 was
obtained for more than 90% of the total simulation. Inter-
estingly, transitions between the folded and unfolded struc-
tures of the fragment involve the formation of turns, as
observed for the period of time between 138 and 145 ns.

Conformational evolution of p5317–29 at 400 K

In order to accelerate the conformational sampling of
p5317–29, a short MD simulation at 400 K was performed.
To analyze the transitions and dynamics of the peptide
over the time, the same analysis used for the simulation
at 300 K was employed in this case. Thus, the RMSD
and RGYR versus time were computed (Fig. 2A).

Given the high temperature of the simulation and the
size of p5317–29, large conformational transitions are
expected. When the RGYR for individual snapshots over
the time was plotted (Fig. 1A, blue line), changes 61 Å
on the values of RGYR were observed during the first
5 ns of simulation. After this period of time, large chang-
es (RGYR > 2.5 Å) are observed. These changes are sig-
nificantly larger compared to the value of RGYR
calculated for the crystal structure of p5317–29. Similarly,
the plot of RMSD versus time (Fig. 2A, green line)
shows a highly dynamic structure of peptide along the
simulation. In this case, a stable structure of p5317–29

was obtained during the first 2 ns of simulation. After
this time, the peptide experienced long conformational
changes (RMSD P2 Å), leading to the formation of
local structural motifs as well as completely unstructured
regions.
Due to the high flexibility of the peptide at 400 K, the
stability of its local structured regions was not easily distin-
guishable when the RGYR and RMSD values were ana-
lyzed. Considering that a high, local stability of the
helical pattern of the region F19–L22 was observed in the
150-ns simulation at 298.15 K, the analysis of the RMSD
was focused on this region. Thus, the values of RMSD
were computed every 10 ps for the fragment F19–L22
(Fig. 2A, orange line). When the dynamics of this region
was analyzed, some interesting features were observed.
First, the helical pattern of this region remains constant
during the first 4.5 ns, where the RMSD displayed a
roughly constant RMSD value <1 Å. After this period of
time, fluctuations larger than 1.5 Å were observed for the
peptide along the 50 ns of simulation. Interestingly, when
the RMSD of the helical pattern of this fragment
(60.5 Å) is compared to those obtained at different periods
of time during the simulation, it was observed that, after
the loss of the helical pattern of the fragment at �5 ns, a
very similar behavior was obtained at �34.2 ns (Fig. 2A,
orange line). This behavior remained constant for approx-
imately 3 ns.

When the secondary structure motifs of individual resi-
dues of the peptide were analyzed over the 50 ns of simula-
tion, it was confirmed that the helical pattern of the region
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F19–L22 is regained between 34.2 and 37.2 ns (Fig. 2B).
During this time, a very organized helical pattern of this
4-residue region was observed. The helical pattern contains
not only a-helical motifs, but also few p-helical ones. This
behavior might be attributed to the faster protein–protein
and protein–water contacts, which increase the solvent
accessibility of the peptide’s backbone. After this period
of time, the structure of the peptide returns to its unfolded
state.

Throughout the simulation, other local secondary
structure elements were observed, such as the formation
of b-hairpins at 22 and 23 ns, and b-hairpin precursors at
7–14, 21, 32–33, 39–39.5, 43.5, 43.5–44.5, and 48 ns. The
formation of these motifs might be intrinsic to the nature
of the short peptide used in this study. However, it is pos-
sible that these intermediates do not exist in the folding
pattern of the complete N-terminal domain of p53.

Discussion

The N-terminal domain of p53 has been believed to play
an important role in the regulation of the p53 network.
Unfortunately, the precise structure of this region and its
biological implications have not been studied in depth.
Thus, in this study, two independent molecular dynamics
simulations of p5317–29 were performed under different
temperatures in order to largely explore the conformation-
al transitions and dynamic stability of this region, obtain-
ing a total of 0.2 ls of simulation. The analysis of the
secondary structure of this peptide and its dynamical
behavior suggests that the helical pattern of short regions
of this fragment of p53 is found in its unbound form. In
addition, this helical structure is found transiently, as sug-
gested in a previous study [21].

We have found that, at room temperature, the structure
of p5317–29 remained almost unchanged during the �78 ns
of simulation. A similar observation was made when short
regions of this peptide displayed a very stable helical pat-
tern [19]. Particularly, the region comprising residues
F19–L22 remained fairly constant for more than 140 ns,
which is quite surprising for small peptides such as the
one used in the present study. This region has been found
to be conserved and its high content of hydrophobic resi-
dues seems to play an essential role in its regulation by
MDM2. Given the limitations of the current molecular
dynamics methodologies, we subjected p5317–29 to a high-
temperature molecular dynamics simulation in order to
speed up the conformational sampling of the peptide in
an aqueous environment. During the 50 ns of simulation,
some very interesting features of this peptide were
observed.

In first place, the helical pattern of the region F19–L25
does not remain stable for a relatively long period of time
(less than 80 ns in our simulation at 298.15 K). However, a
shorter region comprising residues F19–L22 keeps its heli-
cal motif for more than 100 ns, and is completely lost after
�140 ns. When we compared this behavior to that
obtained at 400 K, a very interesting behavior was
observed. As expected, the helical pattern of the region
F19–L25 is lost after a short period of time (�5 ns). After-
wards, the peptide experienced several conformational
changes, leading to the formation of other structural motifs
such as b-hairpin precursors. Strikingly, a reestablishment
of the helical pattern of the region F19–L22 was obtained
for a period of time of �3 ns (See Fig. 2B).

Buchner and co-workers have carried out some studies
to determine the native conformation of the NTD of p53
[20,21]. In their studies, they found that most of the
N-terminal domain is unstructured. However, they suggest-
ed that this region also contains folded, well-structured
regions, and that these regions work synergistically with
the unfolded regions [21]. In a NMR study performed by
Han and co-workers, it was experimentally shown that
the region T18–L26 of the full-length transcription activa-
tion domain of p53 displayed a strong helical pattern [19].
These authors also proposed that the presence of a ‘‘preex-
isting’’ helix instead of a coil-to-helix folding pattern would
constitute the structural transition of the p53 transcription
activation domain upon target binding, and that a tighten-
ing of the preexisting helix would lead to a stable helix. In
contrast, a study performed by Chen and co-workers
showed that the small fragment L14–E28 of p53 displayed
two b-turns, which stabilized by a hydrophobic cluster con-
sisting of residues known to be important for transcription/
activation and binding to p53-binding proteins [18]. Even
though these results are somehow contradictory, there is
a high possibility that this region of the NTD of p53 will
actually display diverse, unrelated conformations through-
out the time. A possible explanation for this behavior will
be discussed in the subsequent paragraphs.

To determine which regions of p5317–29 play an impor-
tant role in the formation of well-defined structural motifs,
snapshots of the simulations at 298.15 (Fig. 3) and at 400 K
(Fig. 4) representing the important conformational changes
were taken and their structures analyzed. We focused our
attention to residues F19 and W23, which are two impor-
tant residues needed for the interaction between p53 and
MDM2. These residues are surrounded by other
hydrophobic residues, such as L22, L25, and L26. Consid-
ering the composition of this region and the information
extracted from our simulations, a possible mechanism of
stabilization/destabilization of this fragment is proposed
as follows. The formation of the helical pattern of the
region F19–L22 as well as the longer fragment F19–L25
is given due to the formation and stabilization of a hydro-
phobic cluster between residues F19, L22, and W23. In
addition, the existence of an aromatic cluster between
F19 and W23 was observed for �140 ns of the simulation
at 298.15 K as well as for the short helix obtained at
�34.2 ns in the 298.15 K simulation. Both hydrophobic
and aromatic clusters seem to play a very important role
in reestablishing the helical pattern of the small region
F19–L22. It can be better observed in the snapshots taken
from the simulation of p5317–29 at 400 K (Fig. 4). In this



0 ns 10.1 ns 25 ns 35 ns 

50 ns 65 ns 79.9 ns 90 ns 

112.5 ns 118 ns 144 ns 150 ns 

Fig. 3. Representative snapshots taken from the 150-ns simulation of p5317–29. Residues F19 (brown) and W23 (green) are rendered as balls and sticks.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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case, at �34.2 ns, a helix precursor is obtained due to the
formation of a hydrophobic cluster. This hydrophobic
cluster is formed by residues F19, L22, and W23. The for-
mation of this hydrophobic cluster favors the desolvation
of the backbone of this region and the eventual formation
of a short helix. In a second step, the stabilization of the
helical pattern in the region F19–L22 is favored by the for-
mation of an aromatic cluster between F19 and W23
(Fig. 4, 35.7 ns). In this case, ‘‘sandwich’’ and ‘‘T-shaped’’
p–p interactions govern most of the contacts between these
two residues. Finally, a stable helical conformation is
reached, and both hydrophobic and aromatic interactions
work synergistically to stabilize it.

The destabilization/stabilization mechanism of the heli-
cal pattern of this region is still not clear, but it might be
possible that some of the hydrophilic residues in this region
such as S20 or D21 favor the solvation of the backbone,
therefore considerably increasing the solvent-access surface
area of the backbone and finally the disruption of the
hydrogen bonding network of the helix.
It was mentioned that a NMR study of the fragment
L14–E28 showed that a double b-turn pattern is obtained
for this fragment [18]. When we analyzed the conforma-
tional changes of the peptide at 400 K, several turns were
observed throughout the time, some of them at the regions
reported by Han and co-workers. It is possible that in the
studies mentioned above only few structural motifs of this
region were observed. These contradictory observations
could be explained due to the fact that the broad confor-
mational landscape of the region was not fully sampled,
and that only one energetic minimum was recorded in the
NMR studies. Therefore, important conformational transi-
tions such as helix precursors as well as other structural
motifs that exist locally and transiently in this region would
not be observed.

In summary, this preliminary study demonstrated that
the region F19–L22 of p53 displays a stable, transient
helical pattern. This fragment of p53 contains the
most important residues involved in the molecular recogni-
tion mechanism by MDM2, a negative regulator of



0 ns 5.4 ns 12.2 ns 15.3 ns 

20 ns 25 ns 32.2 ns 34 .2 ns 

35.7 ns 37.2 ns 44.8 ns 50 ns 

Fig. 4. Representative snapshots taken from the 50-ns simulation of p5317–29. Residues F19 (brown) and W23 (green) are rendered as balls and sticks. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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transcription [23,34–38]. The biological significance of the
co-existence of transient structural motifs and unstructured
regions has far-reaching consequences. A mostly unstruc-
tured region of the N-terminal domain of p53 might allow
a great deal of promiscuity, needed to recognize a large
number of molecules, and therefore modulate its transcrip-
tion/activation functions. However, critical processes, such
as the auto-regulatory feedback-loop one by MDM2,
might require very specific recognition patterns that
unstructured regions might lack. Therefore, the existence
of transient, well-structured regions would give p53 the
specificity needed to recognize some of its incoming
partners.

It has been shown that the binding of MDM2 induces a
helical pattern in the region F19–L25 of p53 [23]. However,
the results obtained in this study suggest that the very short
region F19–L22 of p53 might play a crucial role in the rec-
ognition mechanism between MDM2 and p53. Thus, this
region might serve as an anchor between p53 and
MDM2, leading to the formation of a more stable com-
plex. Further questions arising from this study such as
how specific is the interaction between p53 and MDM2,
how the ratio between structured and unstructured popula-
tions is regulated, and how these regions work together
need to be carefully weighted and addressed in future
experimental and computational studies. Even though
more work needs to be performed, this study will be helpful
for a better understanding of the structure and function of
the N-terminal domain of p53 and its implications for the
control of different types of cancer.
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