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ABSTRACT Elastic network models are used for investigation of the p53 core domain functional dynamics. Global modes of
motion indicate high positive correlations for residue fluctuations across the A-B interface, which are not observed at the B-C
interface. Major hinge formation is observed at the A-B interface upon dimerization indicating stability of the A-B dimer. These
findings imply A-B as the native dimerization interface, whereas B-C is the crystal interface. The A-B dimer exhibits an opening-
closingmotionaboutDNA, supporting thepreviously suggested clamp-likemodel of nonspecificDNAbinding followedbydiffusion.
Monomer A has limited positive correlations with DNA, while monomer B exhibits high positive correlations with DNA in the
functionally significant slow modes. Thus, monomer B might seem to maintain the stability of the dimer-DNA complex by forming
the relatively fixed arm of the dimer clamp, whereas the other arm of the clamp, monomer A, might allow sliding via continuous
association/dissociation mechanisms.

INTRODUCTION

The p53 tumor suppressor is a key transcriptional factor that

activates the transcription of genes responsible in cell cycle

arrest, apoptosis, and DNA repair. In normal cells, p53 level

is kept low. In case of cellular stresses such as DNA damage,

oncogene activation, etc., p53 is activated and facilitates the

repair and survival of damaged cells before further rounds of

replication or permanently removes the severely damaged

cells through apoptosis. Either response would prevent rep-

lication of cells undergoing oncogenic changes and thus

would inhibit tumor development (1–3). Studies show that

mutation or deletion of the p53 gene favors tumor develop-

ment and that p53 is mutated in half of all human cancers

(4–7).

To transactivate its target genes, p53 binds to specific

DNA sequences in tetramer form, i.e., dimer of dimers (8,9).

p53 with 393 residues is divided into three functional domain

regions, namely the N-terminal domain (residues 1–93)

including the transactivation (residues 1–42) and proline-rich

regions (residues 64–92); the DNA-binding core domain

(residues 102–292) that binds directly to the DNA sequence

and where most of the mutations in p53 are located (10,11);

and the C-terminal domain including the tetramerization

(residues 323–356) and negative regulatory regions (residues

363–393) (8–14). Although the structure of full-length p53 is

not yet known, the crystal structures have been resolved for

the DNA binding domain (10), tetramerization domain (9),

a short sequence of 11 amino acids from the N-terminal

domain in complex with p53 inhibitor protein MDM2 (15),

and C-terminal negative regulatory domain (16). However,

there are other functionally important domains and in between

flexible linkers that have not yet been explored and thus

the existing information is still not sufficient to deduce the

overall arrangement of the domains relative to each other

(17).

The crystal structure of p53 DNA binding core domain

includes three asymmetric monomers A, B, and C in com-

plex with DNA. P53 binds to a double-stranded DNA con-

sensus binding site, which contains two copies of the

10-basepair motif 59-Pu.Pu.Pu.C.(A/T).(T/A).G.Py.Py.Py-39
(Pu ¼ A/G; Py ¼ T/C) (10). However, the solution

characteristics of p53 and high-resolution NMR and crystal

structures of the tetramerization domain (8,9) have eluci-

dated the fact that p53 functions in tetramer form, i.e.,

a dimer of dimers. As a result of this finding, the mechanism

of tetramer formation, interdimer/intradimer interactions and

the identification of the native dimer pair has been the subject

of much recent research (18–20). In the crystal structure of

p53 core domain in complex with DNA, most of the inter-

actions with DNA are made by monomer B and C. Monomer

A is in contact with B, having little interaction with DNA.

Thus, the native dimer pair was believed to be B-C and

monomer A was thought to exist due to crystal packing (10).

However, a recent MD simulation focused on the A-B dimer

more likely being the stable biological interface than the B-C

dimer (20).

We present here the vibrational mode characteristics of

isolated monomers and dimer pairs of p53 core domain

present in p53 trimer-DNA crystal structure (Protein Data

Bank (PDB) code, 1tsr (10)). We use coarse-grained elastic

network models, namely Gaussian networkmodel (21) (GNM)

and anisotropic network model (22) (ANM) to obtain the

normal modes of monomers and dimers. Our objective is to

see whether any significant differences between A-B and

B-C dimer pairs exist in their cooperative fluctuations,

which could provide insight about the native dimer pair.
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Moreover, for the native pair identified, we aim to suggest a

mechanism of action for p53 core domain dimerization and

DNA binding.

METHODS

Gaussian network model

GNM is a simple but powerful analytical approach developed for modeling

the vibrational dynamics of folded proteins, providing information on the

mechanism of global motions related to biological function (21,23,24). The

nodes of the network are generally taken as the Ca atoms in the protein,

which are considered to undergo Gaussianly distributed fluctuations. The

interactions between close-neighboring nodes/residues that fall within a

specified cutoff distance are described by identical harmonic springs.

In GNM, the correlations between residue fluctuations, ÆDRi � DRjæ are
evaluated from the partial inverse of the Kirchhoff matrix (G) of contacts

between neighboring residue pairs, which describes the characteristic topol-

ogy of the investigated structure, using:

ÆDRi � DRjæ ¼ ð3kT=gÞ½G�1�
ij
: (1)

Here, Ri is the position vector of the ith a carbon, k is the Boltzmann

constant, T is the absolute temperature, and g is the force constant. Cross

correlations ÆDRi � DRjæ and the mean-square fluctuations Æ(DRi)
2æ are thus

simply given by the off-diagonal [G�1]ij and diagonal elements [G�1]ii,

respectively. Residue correlations are actually the dot product of the

fluctuation vectors of residues i and j. The cutoff distance including all

residue pairs within a first interaction shell has been adopted as 7.0 Å in

previous applications of the GNM to proteins (21,23,25). Hence, same value

is used in this work. The total residue fluctuations can be decomposed into

high- and low-frequency fluctuations, namely fast and slow modes. The

slow modes are reported to be related to global motions, i.e., collective

dynamics of the overall structure (25–28). The minima of the slowest modes

correspond to the hinge regions that modulate the collective motions of the

protein. On the other hand, the residues active in the fast modes (corre-

sponding to peaks), also referred to as hot spot residues, have resistance

to conformational changes, hence play an important role in maintaining

the stability of the structure. These are tightly packed residues trapped in

constraint minima on the conformational energy landscape (25). Previous

studies (25–28) have indicated that these kinetically hot residues play a key

role in maintaining the structure and stability of the global molecule with

applications to proteins such as HIV-1 protease, chymotrypsin inhibitor 2,

cyctocrome c, and transfer RNAs. These studies suggest that the hot spot

residues and the hinge residues are associated and evolutionary conserved.

Anisotropic network model

GNM has been successful in providing information on the magnitudes of

fluctuations. An extension of GNM is the anisotropic network model, which

considers the anisotropy of the residue fluctuations, i.e., incorporating the

directional preferences of collective motions. Thus, ANM is useful in

investigating collective mode shapes of proteins, although GNM is more

robust in prediction of the magnitude of the fluctuations and the correlations

between them. 3N-dimensional Hessian matrix is adopted in ANM, instead

of the N-dimensional Kirchhoff matrix in GNM (22), where N represents the

total number of modes/residues. The cutoff distance has been adopted as 13

Å for consistency with the previous application of the ANM to proteins (22).

Previous studies have demonstrated that essential fluctuation character-

istics and important collectivemode shapes could be successfully reproduced

by coarse-grained GNM and ANM with high efficiency, i.e., the required

computational time being several orders of magnitude less than that for atom-

based simulation techniques like molecular dynamics simulations (21,26,

29,30).

RESULTS

Fluctuation dynamics by GNM

Isolated monomers

GNM calculations yield almost identical results for isolated

monomers A, B, and C extracted from the p53 core domain-

DNA structure (PDB code, 1tsr). Fig. 1, a and b, show
residue mean-square (ms) fluctuations, Æ(DRi)

2æ, for mono-

mer A in fast and slow modes, respectively. Cumulative ms

fluctuations of the fastest 10 modes and the slowest two

modes are plotted. First two modes correspond to 16.7% of

the total motion/fluctuations. It is observed that the peaks of

the fast modes and in certain cases the hinges of the slow

modes, i.e., the minima of ms fluctuations, correspond to the

four conserved regions (CRs) determined to be present in

core domain (10). In addition to these four CRs, another

sharp peak is also identified by GNM, denoted with an

asterisk (*) in Fig. 1 a, approximately between residues T155

and T170, which will also appear to have a functional im-

portance in later sections.

Fig. 2 a points out the functionally important sections in

the p53 core domain structure, which correspond to the CRs

as described in literature. In this figure, L1 loop (residues

112–124) and S2 and S29 sheets (residues 124–141), which
together correspond to CR II, are colored in orange; part of

L2 loop and H1 helix (residues 171–181) together corre-

sponding to CR III are magenta; L3 loop (residues 236–251)

corresponding to CR IV is blue; and end of S10 sheet

(residues 271–274) and H2 helix (residues 278–286), together

corresponding to CRV are red. These conserved regions have

functional importance in maintaining the global structure of

the protein and participating in DNA binding. It should be

noted that CR I is not positioned in the p53 core domain

(located in the N-terminus domain).

Cross correlations between residues of monomer A are

also extracted by GNM. The correlations between the fluc-

tuations of residues, ÆDRi � DRjæ, within monomer A are cal-

culated via Eq. 1. by taking into account the slowest three

modes that correspond to 23% of the total motion. The

correlation map is demonstrated in Fig. 2 b. Correlation values
close to one and minus one indicate residues that move in the

same or opposite direction, respectively. In the figure, the

residues exhibiting positive correlations are labeled as brown,

red, and orange in order of decreasing positive correlation

and negative correlations are shown with dark and light blue

in order of decreasing negative correlation. The top left black

circle on the map indicates high positive correlations be-

tween residues F112 and C135 (L1 loop 1 S2 and S29
sheets, CR II) residues F270–L289 (S10 sheet 1 H2 helix,

CR V). This region encompasses the loop-sheet-helix (L1

loop-S2 and S29 sheets-H2 helix) motif of p53 that is

responsible for the direct contact with DNA major groove

(10). Similarly, residues between T163 and P195 (L2 loop1
H1 helix, CR III) and between T236 and P251 (L3 loop, CR
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IV) possess high positive correlation (indicated with the

other black circle on the figure). This correlation supports

the evidence that a functional relation exists between the

loops L2 and L3. In fact, L3 loop makes direct contact with

DNA minor groove and L2 has a stabilizing effect on L3 via

coordination of a Zn atom. Residues that are involved in a

specific function are expected to be fluctuating in cooper-

ative manner, i.e., involved in the coupled network of fluc-

tuations, as also implied here. Similar cross-correlation maps

are obtained for the isolated monomers B and C (not shown

here).

Dimers

GNM calculations are also carried out with dimer pairs A-B

and B-C both in the presence and absence of DNA to identify

the native dimer pair by investigating the differences in their

vibrational behaviors. The residue ms fluctuations are com-

pared in isolated and dimer forms for all three monomers.

Because the slowest modes (low-frequency fluctuations) re-

produce the most significant characteristics of the global

motion, the weighted average of the two slowest modes

(amounting to 16.7 and 25.4% of the total fluctuations for

isolated monomer A and dimer A-B, respectively), is

FIGURE 2 (a) Functionally impor-

tant parts in the p53 core domain

structure resolved by Cho et al. (10)

with PDB code, 1tsr. Monomer B is

displayed in complex with DNA (DNA

axis perpendicular to the page). Four

conserved regions (CR) are indicated

on the figure. CR II is colored in orange

corresponding to L1 loop (112–124)

and S2 and S29 sheets (124–141), CR
III is colored in magenta corresponding

to part of L2 loop and H1 helix (171–

181), CR IV is colored in blue corre-

sponding to L3 loop (236–251), and CR

V is colored in red corresponding to end

of S10 sheet (271–274) and H2 helix

(278–286). These conserved regions

have functional importance in main-

taining the global structure of the protein and participating in DNA binding. (b) Cross-correlation map for isolated monomer A (including first three modes,

which corresponds to 23% of the global motion). Regions colored in brown, red, and orange indicate positive correlations in order of highest to lowest positive

correlation values. Blue regions indicate negative correlations, similarly, dark blue and light blue reflecting higher and lower negative correlation values,

respectively. Two regions that are known to have functional importance (10) are emphasized with black circles on the figure. One of these two regions

demonstrates the positive correlation between the residues of the loop-sheet-helix (L1 loop-S2 and S29 sheets-H2 helix) motif of p53 that is responsible for the

direct contact with DNAmajor groove. The other positive correlation reflects a relation between L2 and L3 loops; i.e., L3 loop makes direct contact with DNA

minor groove and L2 has a stabilizing effect on L3 via coordination of a Zn atom. Thus, residues involved in similar functions are fluctuating in a cooperative

manner.

FIGURE 1 (a) High (fastest 10 modes average) and (b) low frequency (slowest first and second modes average) fluctuations of isolated monomer A. Similar

graphs are obtained for the isolated monomers B and C. The peaks of the high-frequency fluctuations and most of the hinges obtained from the minima of low-

frequency fluctuations correspond to the four conserved, functionally important regions. Another peak outside the four conserved regions, which is indicated

with an asterisk (*) in Fig. 1 a, will be shown to have a functional importance in subsequent analysis.

Cooperative Fluctuations of p53 423
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considered here. Fig. 3, a and d, show the differences be-

tween the normalized fluctuations of residues in isolated

monomers and in dimer form, in the absence of DNA. In Fig.

3 a, two distinct regions in monomer A (I162–R175 and

Y205–S215) indicated by arrows exhibit high mobility in

isolated monomer form but diminished motion when present

in the dimer form with B. Residues I162–R175 also cor-

respond to a high-frequency fluctuation region that was de-

noted with and asterisk (*) in Fig. 1 a. Other than these two

regions, the distribution of the fluctuations is similar. Similar

observation is made for monomer B. As depicted in Fig. 3 b,
there is a significant decrease in the mobility of region R175–

G187 of isolated monomer B when it is present in dimer

form A-B (indicated by arrow). This region becomes a hinge

region in dimer A-B implying the gain of stability. However,

there is no distinguishable new hinge formation in the B-C

dimer for either monomer B or C (Fig. 3, c and d). In the case
of fast modes, no distinct difference is observed upon di-

merization for both A-B and B-C dimer pairs (not shown

here). Existence of a hinge axis and associated hinge residues

at the dimerization, oligomerization domains of proteins dur-

ing complex formation, or at the interfacial regions between

proteins was previously reported in literature (27,28,31,32).

These hinge residues located at the interfaces display re-

stricted fluctuations in slow modes of the protein hence being

involved in stabilizing and modulating the global motion

(27,32). As an example, in the case of bacterial ribonuclease

barnase experimental and computational studies have re-

vealed the essential role of hinge regions for the stability and

activity of the enzyme (33–35).

Cross-correlation maps including the slowest three modes

in the absence and presence of DNA are displayed for dimers

A-B and B-C in Fig. 4. Panels a and b are for dimers A-B and

B-C, respectively, in the absence of DNA, and panels c and
d are in the presence of DNA. Residue numbers colored

in green belongs to monomer A, violet to monomer B, and

FIGURE 3 Comparison of the average of the first two slowest modes across monomers and dimers. (a) Mean-square fluctuation of monomer A in isolated

form (dotted line) and in A-B dimer complex (solid line). Two distinct regions indicated by arrows emphasize the decrease of mobility of these residues of

monomer A upon dimerization; i.e., these regions gain stability when present in dimer form. (b) Mean-square fluctuation of monomer B in isolated form (dotted

line) and in A-B dimer complex (dark solid line). One region exists, indicated by an arrow, where the mobility is decreased upon dimerization. (c) Mean-square

fluctuation of monomer B in isolated form (dotted line) and in B-C dimer complex (dark solid line). No significant new hinge formation is observed upon

dimerization. (d) Mean-square fluctuation of monomer C in isolated form (dotted line) and in B-C dimer complex (dark solid line). No significant new hinge

formation is observed upon dimerization.
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FIGURE 4 Cross-correlation maps for dimers presenting positive/negative correlations in the absence (panels a and b) and presence (panels c and d) of
DNA. (including first three modes). In the axis, residue numbers colored in green belongs to monomer A, violet to monomer B, and blue to monomer C.

Positive correlations are plotted in brown, red, and orange in decreasing correlation values and negative correlations are plotted in dark and light blue, similarly

in decreasing correlation values. Map is symmetric for A-B and B-A, hence, negative correlations between A and B are not shown (but they are shown in B-A)

to emphasize the existing positive correlations. (a) Correlation map for dimer A-B in the absence of DNA. Dimer A-B exhibits a positively correlated interface.

Highest positive correlation exists between residues I162 and R175 and Y205 and S215 of monomer A with residues R175–G187 of monomer B (shown with

red circles). Except the interface residues, monomers A and B display negative correlation in the rest of the structure implying motion in opposite directions;

i.e., an opening-closing type of motion, while the dimer interface move in the same direction. The positive correlation at the interface would bring about

stability to the dimeric structure. Although R175–G187 of monomer B exhibit positive correlation with monomer A at the interface, this region is negatively
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blue to monomer C. The color code in the correlation map is

the same as Fig. 2 b. Because the correlation between A-B

and B-A is the same, i.e., symmetric, negative correlations

between A and B are not plotted (but they are plotted in B-A)

to emphasize the existing positive correlations. But it should

be noted that the correlation map is actually symmetric for

A-B or B-A. The difference between the A-B and B-C pairs

can be clearly observed here. From Fig. 4 a, it is observed that
monomers A and B are negatively correlated except a dis-

tinct positively correlated line, corresponding to the interface

residues. These positively correlated interface residues also

have high conservation. In general, this result together with

our unpublished data on several proteins suggests that in-

terface residues having correlated fluctuations correspond

to the binding hotspots. Other than the positive correlation

observed in the binding interface, monomers A and B exhibit

negative correlation, meaning the global monomers move in

opposite directions as in an opening-closing type of motion

but the interface residues exhibit correlated fluctuations, i.e.,

move in accordance. Especially, as indicated with red circles,

monomer A has two distinct regions showing high positive

correlation (value close to 1.0) with a certain region in mono-

mer B. In fact, these two regions exactly correspond to the

previously identified hinge regions in Fig. 3, where the

mobility has dramatically decreased upon dimerization,

indicating the gain of stability upon dimer formation. This

possibly implies functionally important fluctuations across

the interface, i.e., the presence of a native dimerization inter-

face. This synchronized motion at the dimer interface would

bring about stability to the dimeric complex. On the other

hand, no significant positive correlation exists betweenmono-

mers B and C (Fig. 4 b). This observation suggests that the

A-B dimer pair is more probable to be the native dimer than

B-C, with possible dimerization interface at I162–R175 and

Y205–S215 in monomer A and R175–G187 in monomer B,

while monomer C may exist due to crystal packing. R175–

G187 in monomer B corresponds to the H1 helix and part of

L2 loop. This H1 helix seems to coordinate both of the two

regions in monomer A that are the I162–R175 region cor-

responding to the L2 loop and part of H1 helix and Y205–

S215 corresponding to S6–S7 sheets. It should also be noted

that this H1 helix region of monomer B has negative corre-

lation with the rest of the residues in monomer B as indicated

with the black ellipse on the figure.

Previous studies performed, both molecular dynamics (20)

and NMR spectroscopy (36,37), pointed out the importance

of H1 helix in dimerization. Ma et al. (20) obtained that,

helix 1 residues of monomer B (R181, C182) forms hy-

drogen bonding with several residues in monomer A (V172,

R174, R175, G244) and S185 of monomer B also interacts

with T211 of monomer A. These findings map into our sug-

gested dimerization interface region. In this work, we iden-

tified that L2 loop also takes part in dimerization interactions

in addition to H1 helix, which has not been mentioned in

literature so far. Additionally, we found another region in

monomer A (Y205–S215) that also interacted with monomer

B in the dimerization interface. On the other hand, no sig-

nificant positive correlation (higher than 0.5) exists between

the interface residues of monomers B and C.

GNM calculations performed on dimers A-B and B-C in

the presence of DNA illustrate the effect of DNA binding. In

incorporating DNA into the calculations, each nucleotide is

represented with three atoms namely the P of the phosphate,

C2 of the base, and C49 of the sugar (38). Same cutoff values

as for Ca atoms are adopted for each of these nodes rep-

resenting DNA bases. The correlation maps for A-B (Fig.

4 c) and B-C (Fig. 4 d) dimers in complex with DNA

demonstrate the difference between the residue fluctuations

at the dimerization regions. As before, residues colored in

green belong to monomer A, violet to monomer B, blue to

monomer C, and black to DNA sections, and also making

use of the symmetry, we did not display the negative

correlations for A-B to emphasize the positive ones (they are

shown in B-A). The results show that the positive correlation

between A-B dimers is enhanced, implying A-B dimer to be

more stabilized in the presence of DNA (Fig. 4 c). The
absence of any positive correlation between monomers B

and C is still valid in the presence of DNA (Fig. 4 d).
Monomer A is highly negatively correlated with DNA, while

monomer B has positive correlation with DNA except the

suggested dimerization interface as indicated with a black

circle in the figure (Fig. 4 c). This may be explained by the

fact that the A and B subunits in the dimer may exhibit

movement in opposite directions to each other, like an

opening-closing clamp-like motion around DNA. Monomer

B would keep closer contact with DNA as compared to

monomer A. Hence, in such a clamp-like motion around

DNA, the opening-closing arm of the clamp may be the

FIGURE 4 (Continued).

correlated with the rest of the monomer B residues (shown with a black oval), implying this interface region of monomer B moving in opposite direction with

respect to the global monomer. (b) Correlation map for dimer B-C in the absence of DNA. No positive correlation is present at the B-C interface. (c) Correlation
map for dimer A-B1DNA complex. DNA binding enhances the existing positive correlation at the A-B interface (the interface line is darker red than in panel

a). Monomer A has dominantly negative correlation with DNA (minor positive correlation with DNA is observed in higher modes). Monomer B has mostly

positive correlation with DNA except the A-B dimer interface (indicated with black circle). This indicates that binding affinities of the two monomers to DNA

are not the same, i.e., monomer A probably binds less tightly to DNA whereas monomer B maintains stronger interaction with DNA. (d) Correlation map for

dimer B-C1DNA complex: The lack of any positive correlation between B-C is still valid upon DNA binding. (e) Crystal structure of p53 (1tsr) dimers A and

B in complex with DNA (monomer C not shown). The suggested dimerization interface, which possesses high positive correlation, is colored: I162-R175

(orange) and Y205-S215 (violet) of monomer A interact with R175-G187 (blue) of monomer B at the interface.
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FIGURE 5 Alternative conformations of dimer A-B as a result of ANM calculations in absence (a–d) and presence (e–h) of DNA. The dimerization interface

is indicated with orange, violet, and blue regions as in Fig. 4 e and red and green residues represented by rods are to distinguish between the two conformations

and visualize the directions of global motion. The deformations are amplified for clarity. (a and b) Positive-negative deviations from the native structure

Cooperative Fluctuations of p53 427
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negatively correlated monomer A. The correlation graphs

include the first three modes, but it should be noted that

monomer A exhibits minor positive correlation with DNA in

higher modes (after fifth mode). Nevertheless, the positive

interaction of monomer B with DNA is much more dom-

inating. In Fig. 4 e, monomers A-B in complex with DNA

are shown (monomer C not shown) with indication of the

suggested dimerization interface as a result of GNM fluc-

tuation and correlation analysis. The two regions in mono-

mer A (orange, I162–R175; and purple, Y205–S215) that are

found to be coordinated with a single region in monomer B

(blue, R175–G187) are emphasized.

Mode shape analysis by ANM

The validity of the residue fluctuation results is further tested

by ANM, for both isolated monomers and dimers. The cross

correlations obtained by GNM are in conformity with those

from ANM, i.e., monomers A-B have positively correlated

interface residues, whereas B-C have not. Because ANM

can provide information about the direction of fluctuations in

addition to magnitudes in GNM, the motion of the suggested

dimerization interface will be investigated next.

Fig. 5 demonstrates the alternative conformations of dimer

A-B in the absence and presence of DNA. Panels a–d belong
to the mode shapes of A-B dimer in the absence of DNA, and

panels e–h belong to the ones in complex with DNA. Fig.

5, a and b, represent the conformations that describe the

fluctuations in the first slowest mode; Fig. 5, c and d, in the

second mode. The two alternative conformations displayed

for each mode can be viewed as the positive and negative

deviations from the native structure, i.e., the average

structure. It should be stated that the deformations are

amplified here for clarity. The interface residues are in-

dicated by orange, violet, and blue colors as before and to

clarify the direction of motion some regions are shown by

rods (red and green residues). The first mode (Fig. 5, a and b)
is characterized to be a ‘‘twisting’’ motion around interface.

When the positions of red and green rods are compared be-

tween the two figures, the two monomers seem to exhibit

twisting in opposite directions, while the interface residues

do not lose their close proximity hence maintain a synchro-

nized motion. The arrows indicate the directions of twisting

of the two monomers with respect to their native structure.

The second mode (Fig. 5, c and d) can be described with a

distinct ‘‘bending’’ motion around interface. The two mono-

mers bend in opposite directions, i.e., monomer A bends in

counterclockwise direction, whereas monomer B bends

clockwise. Similarly, the global motion of the dimer can

be understood by investigating the positions of the residues

shown by red and green rods. This motion may also be re-

garded as an opening-closing type clamp movement around

interface. As before, the interface residues act together with-

out undergoing much conformational change even at such

exaggerated rescaling and their close proximity (within 7 Å

neighborhood) is preserved by the existence of positive cor-

relations and interactions. The arrows indicated on the figure

better explain the possible directions of global motions of

the monomers and the interface residues. It should be noted

that, helix 1 (blue residues) of monomer B tend to move in

opposite direction with respect to the rest of the monomer as

this was an outcome of the correlation analysis.

Similarly, in panels e–h the first two mode shapes of dimer

A-B in the presence of DNA are displayed. The dimer A-B

exhibits motions associated with DNA interactions in

addition to the characteristic synchronized motion at the

dimerization interface. Presence or absence of DNA does not

seem to alter the interactions valid between monomers A and

B as demonstrated by correlation analysis (Fig. 4, a and c).
The interface residues are observed to be the closest in all

four slowest modes (only first two are shown here) both in

the presence and absence of DNA and they fluctuate in the

same direction. When the dimer motions in the presence and

absence of DNA are compared, it is concluded that the mode

shapes are shifted by the introduction of DNA. An overlap

matrix demonstrating the overlap, i.e., the match of modes

across given structures (in this case the modes without DNA

and modes with DNA) is formed. The dot products of the

normalized eigenvectors of each structure after superimpo-

sition indicate the degree of overlap of their motion defor-

mation. Hence, best (100%) overlap produces an overlap

value of 1.0. Based on this matrix, the first mode associated

with twisting around the interface observed for the calcula-

tions without DNA (Fig. 5, a and b), best matches with the

second mode of the calculations including DNA with an

overlap value of 0.71, and the second mode without DNA

FIGURE 5 (Continued).

obtained in first mode. The two monomers exhibit ‘‘twisting’’ around the interface in opposite directions whereas the interface residues preserved their close

proximity. The directions of twisting are indicated on the figure for each monomer with respect to the native structure. (c and d) Positive-negative deviations

from the native structure obtained in second mode. The monomers exhibit ‘‘bending’’ around interface in opposite directions. The global dimer can be viewed

as an opening (d)-closing (c) clamp. The directions of motions are shown with arrows. The dimer interface residues move in the same direction. (e and f)
Positive-negative deviations from the native structure obtained in the first mode for simulations including DNA. Interaction of monomer B, which keeps close

contact with DNA in both conformations, is the dominant motion in the first mode. DNA limits the conformational flexibility of the system. (g and h) Positive-

negative deviations from the native structure obtained in the second mode for simulations including DNA. In addition to monomer B, interaction of monomer A

with DNA comes into the picture. Monomer A moves toward (g) and away (h) from DNA. Similar clamp-like motion is observed around DNA, opening/

closing arm of the clamp being monomer A, which is known to have little positive correlation and hence minor contact with DNA. This characteristic motion of

the dimer may enable a sliding mechanism along DNA.
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corresponds to third mode with DNA, having an overlap

value of 0.72.

When the alternative conformations for the most domi-

nating first mode are investigated (Fig. 5, e–f), the presence
of DNA seems to limit the flexibility of the dimeric system.

The system is quite stable that monomers do not exhibit

major conformational changes such as twisting, bending, etc.

Though not so pronounced, the motion of the system is

mostly observed to be associated with the interaction of

monomer B (right) and DNA, while no significant change

occurs in monomer A (left). In both figures, monomer B

maintains close interaction with DNA, (approach is more in

Fig. 5 e and little separation occurs in Fig. 5 f as indicated
with arrows) and the dimer seems to bind DNA initially with

monomer B. The motion in the second mode is more note-

worthy. It reveals the interaction of monomer A with DNA

and the clamp-like motion of the global dimer. As indicated

by arrows, monomer A approaches to DNA (Fig. 5 g) and
separates from DNA (Fig. 5 h) through its helix region; while
monomer B continues to keep close contact with DNA. Due

to existing interactions in the A-B dimer interface and close

contact of monomer B and DNA, the global sense of the A-B

dimer resembles a clamp-like molecule around DNA, mainly

opening from one arm. One arm of the clamp, monomer B,

mostly keeps close contact with DNA, the other arm of the

clamp, monomer A, exhibits opening-closing movement

around DNA. In fact, based on the previous correlation anal-

ysis it was shown that monomer A was negatively correlated

with DNA, indicating monomer A moving in opposite di-

rection with DNA most of the time. Thus, this may be the

outcome of motion of the monomer A as an opening-closing

clamp arm. Previous literature studies confirm such clamp-

like motions of proteins binding to nucleic acids. DNA-

dependent protein kinases exhibit a closure around DNA

from one arm of the clamp, very similar to the one described

here (39). Similar opening-closing clamp motion has been

observed by ANM for both bacterial and yeast RNA poly-

merases (40), in conformity with experimental results.

In case of dimer B-C (figures not given here), the number

of neighboring residues across the interface within 7 Å is just

four in the native structure. As a result of ANM simulations,

in first four slowest modes, even if some new contacts seem

to occur, the residues that fall into 7 Å distance do not lie in

the dimerization interface of the crystal structure, instead

they either belong to the DNA binding site, A-B interface or

an area with no importance so far known. These residues

give topological approach probably due to the absence of

DNA and monomer A, i.e., due to the absence of interactions

of monomer B with DNA and/or monomer A. Moreover,

characteristic opening/closing (approaching and separating)

or bending motion observed in dimer A-B is not seen in

dimer B-C. This result is also in accordance with the

correlation profiles by GNM in which no positive correlation

was obtained between B-C dimers in the absence or presence

of DNA.

DISCUSSION

Coarse-grained elastic network models have been utilized to

analyze the vibrational dynamics of p53-DNA complex, both

in monomer and dimer forms. As p53 crystal structure

consists of three identical monomers (A, B, and C) and it is

known to function as a dimer of dimers, our aim is to

possibly reveal the native dimerization interface (either A-B

or B-C) based on structure-function relationships extracted

from computationally efficient elastic networks. In general,

our findings are in conformity with the results of previous

studies performed by using molecular dynamics (20) and

NMR techniques (36,37).

Both in the presence and absence of DNA, A-B dimer

comprises interfacial regions showing high positive correla-

tions, which do not exist in the B-C dimer. Based on these

correlations, residues I162–R175 (L2 loop and part of H1

helix) and Y205–S215 (S6–S7 sheets) of monomer A and

residues R175–G187 (H1 helix and part of L2 loop) of

monomer B seem to form the native dimerization interface.

Moreover, a significant hinge formation is observed at these

regions upon dimerization indicating a stable dimer forma-

tion. These positive correlated interface residues also possess

conservation. A-B dimer interactions are valid even in the

absence of DNA and the conformation of dimer A-B is not

changed much upon DNA binding. The characteristics of

this interface are similar in the absence and presence of

DNA. This implies that the structures evolve in such a way

that their elastic modes facilitate their function. Conse-

quently, our results suggest a plausible, efficient approach by

using elastic network models to shed light on the native

dimers in a protein’s x-ray structure. The existence of cor-

related fluctuations in the slowest modes of motion between

monomers can be a clue for functional association.

The fact that A-B dimer interactions are valid even in the

absence of DNA and that the conformation of dimer A-B is

not changed much with DNA supports the fact that first the

dimers are formed and then DNA binding occurs. ANM

calculations revealed that the dimer exhibits similar clamp

motion both in the absence and presence of DNA, which is in

agreement with the study of Klein et al. (37). In the study of

Klein et al. (37), the authors used NMR spectroscopy to

show that p53 core domain itself does not undergo major

conformational changes upon addition of DNA. In a recent

study (41), the authors emphasized that the proteins possess

intrinsic, structure-encoded abilities necessary to achieve

their functions. This preexisting equilibrium is also validated

in the case of p53-DNA interactions. The dimeric p53 pos-

sesses the relevant modes of motion related to DNA binding

even before the binding occurs. Hence the dominant modes

of the dimer-DNA complex seem to evolve from the modes

of the dimer with some additional modes of motion asso-

ciated with dimer-DNA interactions. As a result, DNA bind-

ing does not change much the existing characteristics of the

dimer.
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It should be noted, however, that although the computa-

tional work presented here intended to unravel p53-DNA

interactions, computations were performed for only the core

domain structure. However the entire structure of p53 is not

completely resolved yet, the results presented here can be

further validated with new structural information. Neverthe-

less, as presented in a recent review (42), the structural char-

acteristics, conformational changes, and mode shapes of

substructures and/or monomers facilitate complex formation

and determine binding properties. Hence, the results pre-

sented here are plausible from the aspect of modeling the

core domain substructure both in the absence and presence

of DNA.

Our findings are also in agreement with recent studies in

literature reporting evidences of nonspecific DNA binding of

p53 followed by diffusion, i.e., sliding toward the specific

binding site where tetramerization is more likely to occur

(18,20,36,37,43–45). In the experimental study of McLure

and Lee (18) who first proposed the clamp-like motion of the

p53 dimer, a model was proposed in which one of the mono-

mers of the dimer first binds to DNA, followed by the other.

In their experimental work, Jiao et al. (43) reported obser-

vations of dynamic interactions of p53 with DNA including

continuous association/dissociation and sliding. Ma et al.

(20) proposed models for p53 dimer binding to DNA in-

cluding one that is a sliding mechanism. However, no dis-

tinction was made in any of these models between the

monomers A, B, or C with respect to their interactions with

the DNA. However, in our study for the identified native

dimer (A-B) the motions of the monomers A and B are

shown to be rather different from each other. We observe a

clamp-like opening-closing motion in dimer A-B similar to

the model postulated by McLure and Lee (18). It was ob-

served that the positively correlated dimer interface residues

move in the same direction. Moreover, monomer B binds

more tightly to DNA having more close contacts, which

suggests that monomer B may be the first monomer binding

to DNA and then followed bymonomer A.Monomer A bind-

ing less tightly to DNA (mainly negatively correlated with

DNA), exhibits an opening-closing motion about the DNA

so as to enable and control the sliding mechanism. Thus, we

think that dimers A-B bind nonspecifically to DNA and by

diffusion, i.e., sliding along DNA they are transferred toward

the specific binding site where tetramerization is more likely

to take place.

Sliding proteins, including transcriptional factor proteins

like p53, and their diffusion-driven mechanisms in search for

specific binding sites are deeply investigated in literature

(46–52). Several mechanisms are proposed explaining the

diffusion of the protein to the target site such as, full (mac-

roscopic) and microscopic dissociation, sliding, and inter-

segmental transfers (46,47). During the sliding process, it is

reported that the protein, A-B dimer in this case, should

neither completely dissociate from DNA (46,47) nor bind

too tightly (48). The protein should have stable interactions

with DNA but the connection must temporally break down

for it to slide over the DNA (49). Many proteins bind

concurrently to two sites in DNA forming complex struc-

tures such as dimers or tetramers (52). These proteins first

bind to one target DNA binding surface and then the other

subunit binds at a second site. The protein is fixed at one site

via one binding surface, and then it might seem possible for

the second surface to guide the sliding until the specific site

is located (52). This finding is in good agreement with the

model proposed here. In such a clamp-like motion we ob-

served in this work, the sliding process can be achieved by

one arm of the clamp (monomer B) binding more tightly to

DNA, while the other (monomer A) having weaker interac-

tion with DNA may fluctuate around DNA like an opening-

closing arm of the clamp.

In summary, we suggest that the initial association

mechanism of the dimer complex to DNA, may start with

monomer B having high correlation with DNA, and then the

interactions, i.e., positive fluctuations shown to exist in the

suggested dimer interface lead to the formation of stable A-B

dimer 1 DNA complex. Through sliding, the dimer may

reach the specific binding site and hence can transactivate its

target proteins. In the case of a complete dissociation of the

dimer from DNA, we suggest that the dissociation mecha-

nism may start with monomer A, shown to have negative

correlation with DNA.

Last of all, we believe that here we displayed mainly two

novel points in regard to use of elastic network models. The

dynamic modes and correlated fluctuations could be used to

distinguish the native dimers from crystal dimers, which has

been also confirmed by the results of the anlaysis on several

other cases (our unpublished results). This approach can be

used as a powerful tool for analyzing multimonomer protein

structures and differentiating native/crystal interfaces. Also,

by combined analysis of two elastic network models (GNM

and ANM), we could suggest a binding mechanism of p53 to

DNA, describing a sliding motion together with clamp-like

behavior, which could also be a plausible approach for

identifying similar mechanisms in other protein-DNA sys-

tems.
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