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Abstract Protein P53 is involved in more than 50% of the
human cancers and the P53–MDM2 complex is a target for
anticancer drug design. It is possible to engineer small P53
mimics that would be expected to disrupt the P53–MDM2
complex, and release P53 to initiate cell-cycle arrest or apop-
tosis. These small peptides should bind to the functional
epitopes of the protein–protein interface, and prevent the
interaction between P53 and MDM2. Here, we apply an
improved computational alanine scanning mutagenesis
method, which allows the determination of the hot spots
present in both monomers, P53 and MDM2, of three pro-
tein complexes (the P53-binding domain of human MDM2,
its analogue from Xenopus laevis, and the structure of human
MDM2 in complex with an optimized P53 peptide). The
importance of the hydrogen bonds formed by the protein
backbone has been neglected due to the difficulty of mea-
suring experimentally their contribution to the binding free
energy. In this study we present a computational approach
that allows the estimation of the contribution to the binding
free energy of the C=O and N–H groups in the backbone
of the P53 and MDM2 proteins. We have noticed that the
hydrogen bond between the HE1 atom of the hot spot Trp23
and the O atom of the residue Leu54, as well as the NH-pi
hydrogen bond between the Ile57 and Met58 were obser-
ved in the Molecular dynamics simulation, and their contri-
bution to the binding free energy measured. This study not
only shows the reliability of the computational mutagenesis
method to detect hot spots but also demonstrates an excellent
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correlation between the quantitative calculated binding free
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1 Introduction

Protein P53 is a tumor suppressor that binds to DNA and
regulates the expression of several genes with a wide range
of biological functions such as regulation, apoptosis, DNA
repair, and differentiation [1,2]. Therefore, it maintains the
genomic integrity of the cell. The P53 is implicated in more
than 50% of human cancers [3]. Inactivation of P53 can be
achieved by mutation, deletion or it can be a consequence of
an overexpression of the MDM2 protein (the murine double-
minute clone 2, more appropriately termed human double-
minute clone 2, or HDM2) [4–6]. P53 and MDM2 form a
negative auto-regulatory feedback loop in non tumor cells.
P53 production is increased in response to cellular stress
such as DNA damage, which leads to the stimulation of the
expression of the MDM2 protein. In response, the oncopro-
tein MDM2 protein inhibits the P53 protein. This can be
achieved with the binding of MDM2 to the transactivation
domain of the P53 protein or with MDM2 acting as an ubi-
quitin ligase, promoting P53 degradation, or with an increase
of the exportation of P53 [7–9]. Most of the mutations in
the P53 protein are missense mutations leading to only an
amino acid change. These mutations are non-random being
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Fig. 1 Representation of
complexes between the P53
protein (in red) and the MDM2
protein (in grey). X-ray
crystallographic structures

essentially clusters in the central part of the molecule and
40% in the hot spot cluster [4–6].

Hence, the P53–MDM2 complex is a target for antican-
cer drug design [2]. It is possible to engineer small P53
mimics that are expected to disrupt the P53–MDM2 com-
plex, and release P53 to initiate cell-cycle arrest or apopto-
sis. This small peptides bind to the protein-protein interface,
and should prevent the interaction between P53 and MDM2
[2,10,11].

In Fig. 1a, b and c is represented the crystal structures
of the P53-binding domain of human MDM2, hMDM2
(PDBID: 1YCR) [1], its analogue from Xenopus laevis,
xMDM2 (PDBID: 1YCQ) [1] bound to the N -terminal of the
human P53, and the structure of human MDM2 in complex
with an optimized P53 peptide (PDBID: 1T4F) [12]. The first
two complexes share 72.9% of amino acid sequence identity
being this value even higher among the amino acid residues
in the active site [12].

These complex interfaces are essentially constituted by
hydrophobic and aromatic amino acid residues. Experimen-
tal and computational studies have identified three amino
acids responsible for the majority of the binding free energy
in the P53 protein (Phe19, Trp23, and Leu26) [1,13,14]. The
Phe19/Trp23 of P53 is a good example of a Trp/Met/Phe clus-
ter, which upon analysis of protein complexes using amino
acid sequence order-independent multiple structural compa-
rison algorithms, was shown to modulate protein function
[15]. These three amino acid residues constitute a hot spot
cluster. Hot spots have been defined as those sites where ala-
nine mutations cause a significant increase in the binding
free energy, of at least 2.0 kcal mol−1 [16,17]. Hot spots
residues that are major contributors to the stability of the
protein–protein complex have been shown to overlap with
structurally conserved residues [18].

We have to make the distinction between structural
epitopes (residues in contact with a ligand), and functional
epitopes (contact residues that make energetic contributions
to binding). Alanine scanning mutagenesis is the trendiest
method for mapping functional epitopes because, as alanine

substitutions remove side-chain atoms past the β-carbon
without introducing additional conformational freedom, they
can be used to infer the energetic contributions of indivi-
dual side-chains to protein binding. As these complexes are
of the utmost importance for a rational anticancer therapy
development, it is imperative to perform an alanine scan-
ning mutagenesis study that will allow the dissection of the
binding free energy in their separate terms, and a more pro-
found knowledge of the fundamental elements that form the
hot spot cluster. Here, we apply an improved computational
alanine scanning mutagenesis method [19–21], which allows
the determination of the hot spots present in both monomers,
P53 and MDM2 of the three proteic complexes.

The importance of the hydrogen bonds formed by the
protein backbone has been neglected due to the difficulty
of quantitatively measuring their contribution to the binding
free energy. We also present the computationally calculated
binding free energy contribution of the C=O and N–H back-
bone groups of the interfacial residues of the complex formed
between the P53 and the MDM2 proteins.

2 Material and methods

2.1 Model setup

The starting crystallographic structures for the simulations,
the complexes formed between the hMDM2 and the P53 pro-
tein, between the xMDM2 and the P53 protein, and between
the hMDM2 and an optimized P53 protein were taken from
the RCSB Protein Data Bank with the PDB entries 1YCR [1],
1YCQ [1], 1T4F [12], and with a resolution of 2.60, 2.30,
and 1.90 Å, respectively. A total of 851, 903 and 843 hydro-
gen atoms were added using the software Protonate from the
Amber8 package [22]. The first system comprised a total of
100 amino acids, 15 of which in the P53 protein and 85 in
the MDM2 protein. The second complex included a total of
105 amino acids, 17 of which in the P53 protein and 88 in the
MDM2 protein. The third contained 97 amino acids, 9 in the
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P53 protein, and 88 in the MDM2 protein. All residues were
included in their physiological protonation states (charged
Glu, Asp, Lys and Arg, all other residues including His were
treated as neutral). In the molecular simulations the solvent
was modelled through a modified Generalized Born solva-
tion model [23] being the structure first minimized with 1,000
steps of steepest decent followed by 1,000 steps of conjuga-
ted gradient to release the bad contacts in the crystallographic
structure. Subsequently a 5,000 ps, a 4,000 ps, and a 4,000 ps
(MD) simulation were performed starting from the minimi-
zed structure for the 1YCR, 1YCQ and 1T4F complexes,
respectively. All molecular mechanics simulations presen-
ted in this work were carried out using the sander module,
implemented in the Amber8 [22] simulations package, with
the Cornell force field [24]. Bond lengths involving hydro-
gens were constrained using the SHAKE algorithm [23], and
the equations of motion were integrated with a 2 fs time-
step being the nonbonded interactions truncated with a 16 Å
cutoff. The temperature of the system was regulated by the
Langevin thermostat [26–28].

The MM-PBSA script implemented in Amber8 [22] was
used to calculate the binding free energies for the complex
and for the alanine mutants. The MM-PBSA script [29] was
used to perform a post-processing treatment of the complex
by using the structure of the complex, and calculating the
respective energies for the complex and all interacting mono-
mers. To generate the structure of the alanine mutant com-
plex a simple truncation of the mutated side chain was made,
replacing Cγ with a hydrogen atom, and setting the Cβ-H
bond direction to that of the former Cβ-C. For the binding
free energy calculations, 25 snapshots of the complexes were
extracted every 20 ps for the last 500 ps of the run.

2.2 Alanine scanning mutagenesis

The complexation free energy can be calculated using ther-
modynamic cycle (Scheme 1) where �Ggas is the interac-
tion free energy between the ligand and the receptor in the
gas phase �G lig

solv,�Grec
solv, and �Gcpx

solv are the solvation free
energies of the ligand, the receptor and the complex respecti-
vely. The binding free energy difference between the mutant

Scheme 1 Thermodynamic cycle used to calculate the complexation
free energy

and wild type complexes is defined as

��Gbinding = �Gbinding−mutant − �Gbinding−wildtype (1)

The binding free energy of two molecules is the difference
between the free energy of the complex and the respective
monomers (the receptor and the ligand):

�Gbinding−molecule = Gcomplex − (Greceptor + G ligand) (2)

The free energy of the complex and respective monomers
can be calculated by summing the internal energy (bond,
angle and dihedral), the electrostatic and the van der Waals
interactions, the free energy of polar solvation, the free energy
of nonpolar solvation and the entropic contributions for the
molecule free energy:

Gmolecule = Einternal + Eelectrostatic + Evdw

+ Gpolar solvation + Gnonpolar solvation − TS (3)

The first three terms were calculated using the Cornell
force field [24] with no cutoff. The electrostatic solvation
free energy was calculated by solving the Poisson-Boltzmann
equation with the software Delphi v.4 [30,31], using the same
methodology of previous works which has been shown in
an earlier work to constitute a good compromise between
accuracy and computing time [32]. For the energy calcu-
lations four internal dielectric constant values, exclusively
characteristic of the mutated amino acids were used: 2 for
the non-polar amino acids (except Tryptophan), 3 for the
polar residues, 4 for the charged amino acids and histidine,
and 8 for the Tryptophan residue [20,21]. Recalling that we
used only one trajectory for the computational energy ana-
lyses, it is important to highlight that side chain reorientation
is not included explicitly in the formalism. As amino acid
polarity increases, the structural effect beyond the neighbour
residues also increases, and the conformational reorganiza-
tion after alanine mutagenesis should be more extensive. This
effect can be mimicked with the use of a set of four different
internal dielectric values.

The nonpolar contribution to solvation free energy due to
van der Waals interactions between the solute and the solvent
and cavity formation was modelled as a term that is dependent
on the solvent accessible surface area of the molecule. It was
estimated using an empirical relation: �Gnonpolar = σ A+β,
where A is the solvent-accessible surface area that was esti-
mated using the Molsurf program, which is based on the idea
primarily developed by Michael Connolly [33]. σ and β are
empirical constants and the values used were 0.00542 kcal
Å−2mol−1 and 0.92 kcal mol−1 respectively, as this calcu-
lation is combined with polar contributions calculated by
Delphi. Different values could be used, such as 0.0072 kcal
Å−2mol−1 and 0 kcal mol−1 if in association with the MGB
model, as well as 0.005 kcal Å−2mol−1 and 0 kcal mol−1

if in association with the vtGB and aoGB models [34].
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The entropy term, obtained as the sum of translational, rota-
tional, and vibrational components, was not calculated because
it was assumed, based on a previous work, that its contribu-
tion to ��Gbinding is negligible [29].

2.3 Hydrogen bonds at the backbone of the interfacial
residues

Hydrogen Bonds are dipole–dipole interactions, which are
attributed primarily to partial electrostatic charges in a force-
field Hamiltonian. To understand the importance of the
hydrogen bonds established by the backbone, we have mea-
sured the free binding differences generated upon deletion of
the charge of the amide (N–H) and carbonyl (C=O) groups.
To ensure electroneutrality we have distributed the remaining
charge over the remaining atoms. This procedure was made
taking into account the proportions of the contribution of
each atom to the final charge of the amino acid residue. It was
applied to every single residue at the protein–protein inter-
face previously mutated for an alanine residue. The binding
free energy differences were calculated with the MM-PBSA
script implemented in Amber8 [22], following Scheme 1 and
subsequent equations. Although the use of an internal dielec-
tric value of 2 or 4 did not influence the results significantly,
for the energy calculations we have used an internal dielec-
tric constant value of 3 due to the polar nature of the groups
in question.

3 Results and discussion

3.1 Alanine scanning mutagenesis study

The improved MM-PBSA method to perform alanine scan-
ning mutagenesis uses the molecular mechanics AMBER
force field and a continuum solvation approach with different
internal dielectric constant values for different types of amino
acid residues. The different internal dielectric constants
account for the different degree of relaxation of the inter-
face when different types of amino acids are mutated for
alanine; the stronger the interactions these amino acids esta-
blish, the more extensive the relaxation should be, and the
greater the internal dielectric constant value must be to mimic
these effects.

First, to assess the quality of the simulations, we have to
make sure that equilibrium has been achieved. Thus, we have
plotted in Fig. 2 the root mean square deviations (RMSD) for
the backbone atoms of the three complexes (1YCR, 1YCQ
and 1T4F) for the production MD simulation (the last 500
ps). As we can see the MD simulations are very stable with
RMSD values lower than 2.0, 3.0 or 2.0 for the complexes
1YCR, 1YCQ and 1T4F, respectively.

Table 1 summarizes the results of the computational
alanine scanning mutagenesis study of the protein–protein
complex 1YCR. To fully understand the binding free energy
between hMDM2 and the P53 proteins we present all the
individual energy contributions to the relative binding free
energy: the electrostatic energy ��Eelectrostatic, the van der
Waals energy ��EvdW, the free energy of nonpolar solva-
tion ��Gnon-polar solvation, the free energy of polar solva-
tion ��Gpolar solvation and the binding free energy difference
��Gbinding between the mutant and wild type complexes for
all the mutated residues.

Alanine scanning mutagenesis is a valuable procedure
for both hot spot detection and analysis of a wide range of
protein–protein interfaces because it allows the calculation
of the energetic contributions of the individual side-chains to
the protein binding.

Botteger et al. [14] have experimentally analysed the P53
protein in the P53:hMDM2 and detected qualitatively a triad
of hot spots (Phe19, Trp23 and Leu26). All the other resi-
dues of the P53 protein were characterized as null spots [15],
meaning that they are less important for complex formation.
By inspection of Table 1 it can be observed that we have cor-
rectly identified the hot and the null spots present in the P53
protein. It is not possible to make a mathematical analysis of
the success rate of the method here due to the lack of quan-
titative data. Alanine mutation of Phe19 or Trp23 results in
the abolishing of the complex binding [15]. This fact justifies
the high ��Gbinding values calculated for these two residues.
We have extended the scanning mutagenesis study to all the
residues of the protein-protein interface.

On the hMDM2 protein we have found only one amino
acid residue with a binding free energy upon alanine mutation
higher than 2.0 kcal mol−1 (2.72 kcal mol−1), the Val93 resi-
due. It is obvious that this complex has a highly hydrophobic
interface being the ��EvdW+��Gnonpolar solvation the main
contributors to the ��Gbinding. The three hot spots in the P53
protein (Phe19, Trp23, Leu26) present ��EvdW values of
8.71, 12.7 and 2.60 kcal mol−1 respectively. These values are
the highest values for this energy contribution in the hMDM2
monomer. The hot spot in the hMDM2 protein (Val93) pre-
sents a ��EvdW value of 3.26 kcal mol−1 which again is the
highest value for this factor in the hMDM2 monomer. As we
have previously reported, in the complexes with small inter-
faces the occlusion of the hot spots from the solvent is made
by the formation of a hydrophobic pocket. In this case, the
hydrophobic pocket is constituted by these four non-polar
amino acid residues that show a high complementarity.

The same study was performed in the complex formed
between the P53 and the xMDM2 proteins. Table 2 sum-
marizes the results of the computational alanine scanning
mutagenesis study of the protein–protein complex 1YCQ.
For this complex the triad of hot spots was again correctly
detected. However, we have noticed the presence of a higher
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Fig. 2 RMSD plots for the
protein backbone of the
complex formed a the between
the hMDM2 and the P53
proteins, b the complex formed
between the xMDM2 and the
P53 proteins, and c hMDM2 and
an optimized P53 protein
relative to its initial structure

Table 1 All the energies are in kcal mol−1

Mutation ��Eelectrostatic ��EvdW ��Gnonpolar solvation ��Gpolar solvation ��Gbinding ��Gexp

P53 Thr18Ala 0.33 0.46 0.04 −0.56 0.28 <2.00

Phe19Ala −0.68 8.71 0.44 −4.39 4.10 >2.00

Ser20Ala 1.68 0.21 0.05 −1.24 0.71 <2.00

Asp21Ala 22.54 0.15 0.00 −22.05 0.65 <2.00

Leu22Ala 0.08 2.41 0.24 −0.95 1.79 <2.00

Trp23Ala 0.24 12.7 0.91 −1.54 12.32 >2.00

His24Ala −24.13 2.37 0.23 22.58 1.06 <2.00

Leu25Ala −0.04 0.85 0.07 −0.33 0.56 <2.00

Leu26Ala −0.08 2.6 0.35 −0.88 2.00 >2.00

hMDM2 Leu54Ala −0.04 3.03 0.09 −3.10 −0.02 NA

Leu57Ala −0.04 0.75 −0.03 −0.65 0.04 NA

Ile61Ala 0.09 1.75 −0.05 −1.02 0.79 NA

Met62Ala 0.11 2.52 0.18 −1.63 1.18 NA

Tyr67Ala 0.02 0.42 0.00 −0.31 0.14 NA

Gln72Ala 0.45 1.03 0.10 −1.03 0.55 NA

Val93Ala −0.02 3.26 0.06 −0.59 2.72 NA

Ile99Ala −0.14 1.46 −0.02 −0.93 0.38 NA

NA not available
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Table 2 All the energies are in kcal mol−1

Mutation ��Eelectrostatic ��EvdW ��Gnonpolar solvation ��Gpolar solvation ��Gbinding ��Gexp

P53 Thr18Ala 0.14 0.46 0.05 −0.34 0.32 <2.0

Phe19Ala 0.00 8.83 0.36 −4.51 4.68 >2.0

Ser20Ala −0.22 0.54 0.06 −0.17 0.22 <2.0

Asp21Ala 6.44 0.06 0.00 −6.50 −0.01 <2.0

Leu22Ala −0.03 2.25 0.23 −0.86 1.58 <2.0

Trp23Ala 0.40 11.89 0.66 −0.95 12.00 >2.0

His24Ala −9.26 0.56 0.07 8.75 0.12 <2.0

Leu25Ala 0.04 0.98 0.08 −0.33 0.77 <2.0

Leu26Ala 0.14 4.15 0.22 −1.41 3.10 >2.0

xMDM2 Ile50Ala 0.94 2.00 0.12 −0.88 2.18 NA

Leu53Ala 0.02 0.88 −0.04 −0.07 0.79 NA

Ile57Ala 0.18 2.13 −0.07 0.16 2.39 NA

Met58Ala 0.61 2.57 0.27 −1.82 1.63 NA

Tyr63Ala −0.12 2.63 0.06 −0.54 2.04 NA

Gln68Ala −0.05 0.97 0.15 −0.21 0.87 NA

Val89Ala −0.25 2.74 0.09 −0.82 1.75 NA

His90Ala 6.41 0.34 0.04 −5.83 0.96 NA

NA not available

number of residues with a hot spot character at the xMDM2
monomer. Thus, we have the Ile50, Ile57 and Tyr63 residues
with a ��Gbinding value of 2.19 2.39 and 2.04 kcal mol−1

against the −0.02, 0.79 and 0.14 kcal mol−1 detected for
Leu54, Ile61 and Tyr 67 of the 1YCR complex. For the resi-
due Val89 present in the 1YCQ complex we estimated a value
of 1.75, which is almost 1 kcal mol−1 lower than the value
calculated for Val93 of the 1YCR complex. Figure 3 repre-
sents a superimposition of a snapshot of the MD simulation of
the 1YCR and 1YCQ complexes. This figure illustrates and
justifies the findings mentioned above. As it can be obser-
ved Phe19 and Trp23 in the 1YCQ complex are oriented and
closer to the Ile61/Ile57 and Tyr67/Tyr63 residues creating
more powerful interactions than in the 1YCR complex. Ile50
of the xMDM2 protein is a conservative mutation, which was
replaced by Leu54 in the human enzyme along the residues
that are in contact with P53. As it can be seen in Fig. 3 and by
inspection of Tables 1 and 2, in the 1YCQ complex this resi-
due have an increase contact surface and establishes more
important interactions, which are responsible for its warm
spot character. Even the hot spot Leu26 of the P53 protein is
deeper in the hot spot cluster in the 1YCQ complex justifying
a binding free energy 1 kcal mol−1 higher than in the 1YCR
complex. By contrast, the two hot spots of the P53 protein
are less orientated to the Val93/Val89 residue in the 1YCQ
complex than in the 1YCR.

Grasberger et al. in 2005 [12] have published a X-ray crys-
tallographic structure of a complex formed between a 9mer
peptide (RFMDYWEGL) and the hMDM2 protein. We have

Fig. 3 Superimposing of the 1YCR and 1YCQ complexes. In pink we
have the 1YCR and in blue the 1YCQ (a representative MD snapshot)

performed an alanine scanning mutagenesis study on this
complex, and the results are presented in Table 3. First, it is
important to mention that the two terminal amino acid resi-
dues of the P53 mimic were not subjected to the study because
they present an elevated drifting during the MD simulation
due to the reduce size of the P53 monomer.

Upon Ser20Met, Leu22Tyr and His24Glu mutagenesis in
the P53 protein analogue new hot spots have emerged. This
way, we can observe that Met20, Tyr22 present a ��Gbinding

value of 3.49 and 3.66 kcal mol−1 respectively. As these
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Table 3 All the energies are in kcal mol−1

Mutation ��Eelectrostatic ��EvdW ��Gnonpolar solvation ��Gpolar solvation ��Gbinding ��Gexp

P53 Phe19Ala 0.21 6.57 0.61 −3.77 3.64 NA

Met20Ala 0.15 4.13 0.34 −1.12 3.49 NA

Asp21Ala 22.83 0.13 0.00 −25.39 −2.42 NA

Tyr22Ala −0.99 5.94 0.46 −1.76 3.66 NA

Trp23Ala 0.13 12.61 0.67 −1.31 12.10 NA

Glu24Ala 22.14 0.77 0.07 −24.92 −1.93 NA

hMDM2 Leu54Ala −0.12 2.72 −0.02 −3.21 −0.61 NA

Leu57Ala −0.02 0.27 −0.01 −0.27 −0.02 NA

Ile61Ala 0.28 1.70 −0.15 −0.47 1.38 NA

Met62Ala 0.27 2.45 0.22 −0.51 2.43 NA

Tyr67Ala −0.12 0.93 −0.09 −0.22 0.50 NA

Gln72Ala 0.14 0.32 −0.06 −0.22 0.19 NA

Val93Ala 0.09 2.07 0.07 −0.55 1.69 NA

Ile99Ala −0.01 0.08 −0.02 0.01 0.06 NA

NA not available

residues present high ��EvdW+��Gnonpolar solvation values,
the importance of the van der Waals interactions was once
more emphasized. In the hMDM2 protein, Val93 still presents
a quasi hot spot character as already verified for 1YCQ com-
plex. However, a new hot spot was detected; the Met62 with
a ��Gbinding value of 2.43 kcal mol−1. Figure 4 represents a
molecular perspective of a representative MD snapshot of the
1T4F complex. There is a more pronounced packing of the
residues capable of hydrophobic interactions (Phe19, Tyr22,
Trp23, Tyr63) in comparison to the 1YCR complex increa-
sing the binding affinity between the two monomers. There
is also an approximation between the two residues Met62 of
the hMDM2 protein and Met20 of the P53 protein, which
justifies their hot spot character.

3.2 Hydrogen bonds at the backbone of the interfacial
residues

Although inter-chain interfacial hydrogen bonds are gene-
rally weaker than the intra-chain ones they play an important
role in binding [35]. We have applied the methodological
approach to calculate the binding free energy associated with
a main chain hydrogen bond described in the Methods section
to the complexes between the P53 and the MDM2 protein.
The results attained for the 1YCR complex are presented in
Table 4. As we are only considering the electrostatic effect,
the ��EvdW and the ��Gnonpolar solvation are both null.

By inspection of Table 4 we can observe that all the ��

Gbinding values are very small. We only have to emphasize
the contribution of the N–H and C=O groups of the residue
Leu54, which upon charge deletion generates a ��Gbinding

of 1.85 kcal mol−1. The HE1 atom of the hot spot Trp23
establishes a hydrogen bond with the O atom of the residue

Fig. 4 Molecular representation of the 1T4F complex. In pink we have
the hMDM2 monomer and in white the P53 monomer (a representative
MD snapshot)

Leu54. This is the only intermolecular bond established in
this complex, and the distance between the two interacting
atoms in function of time for the last 500 ps of the MD simu-
lation is plotted in Fig. 5.

The same study was again made for the complex between
the P53 and xMDM2 protein, and the results are presen-
ted in Table 5. Ile50 is the residue that presents the highest
��Gbinding value (2.37 kcal mol−1) because it establishes a
hydrogen bond with the HE1 atom of the Trp23 residue. This
interaction, which is very important for complex binding, is
maintained constant and under a 2.0 Å value during the MD
simulation as can be observed in Fig. 6.

Although in the 1YCR the same effect can be found, by
examination of Table 5 we can note that Ile57 and Met58
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Table 4 All the energies are in kcal mol−1

Protein Residue ��Eelectrostatic ��Gpolar ��Gbinding

P53 Thr18Ala 1.35 −1.62 −0.27

Phe19Ala 1.52 −1.81 −0.29

Ser20Ala 1.97 −1.71 0.26

Asp21Ala 0.66 −0.72 −0.05

Leu22Ala 1.2 −1.13 0.09

Trp23Ala 0.92 −2.22 −1.29

His24Ala 0.28 −0.75 −0.47

Leu25Ala 0.26 −1.11 −0.84

Leu26Ala −0.25 0.09 −0.16

hMDM2 Leu54Ala 2.46 −1.2 1.27

Leu57Ala 0.12 −0.14 −0.01

Ile61Ala 0.23 −0.15 0.09

Met62Ala −0.23 0.33 0.1

Tyr67Ala −0.14 0.21 0.08

Gln72Ala −0.46 −0.67 −1.12

Val93Ala −1.37 1.06 −0.31

Ile99Ala 0.9 −0.63 0.28

present a ��Gbinding value of 0.36 and 0.27 kcal mol−1

respectively. These values can be explained by the presence
of NH-pi hydrogen bonds established between those residues
and the phenyl ring of Phe19, and are represented in Fig. 7.
When the plane formed by the amide group is roughly per-
pendicular to the aromatic ring and the amino group points
towards the aromatic cycle, the interaction is called amino-
pi hydrogen bond [36]. Albeit the energetic contribution of a
amino-pi hydrogen bond is usually three times lower than the
conventional hydrogen bond [36], it still contributes signifi-
cantly for complex binding. It is especially important for a
correct ligand orientation.

An analysis of the backbone importance was also made for
the 1T4F complex, and the results are presented in Table 6. In
this complex only the NH-pi hydrogen bonds established bet-
ween the Ile61 and Met62 residues and Phe19 were detected.
The hydrogen bond between the O atom of the Leu54 and
the HE1 atom of the Trp23 residues was not detected in the

Table 5 All the energies are in kcal mol−1

Protein Residue ��Eelectrostatic ��Gpolar ��Gbinding

P53 Thr18Ala 0.61 −1.13 −0.52

Phe19Ala 1.28 −1.64 −0.35

Ser20Ala 0.93 −1.03 −0.10

Asp21Ala 0.68 −0.84 −0.15

Leu22Ala 1.06 −1.18 −0.12

Trp23Ala 0.80 −1.09 −0.28

His24Ala 0.47 −0.65 −0.18

Leu25Ala 0.36 −0.16 0.20

Leu26Ala 0.75 −0.42 0.34

xMDM2 Ile50Ala 2.94 −1.33 1.62

Leu53Ala 0.34 −0.30 0.05

Ile57Ala 0.57 −0.22 0.36

Met58Ala −0.18 0.44 0.27

Tyr63Ala −0.19 0.33 0.15

Gln68Ala −0.06 −1.35 −1.40

Val89Ala −0.81 0.31 −0.49

His90Ala 0.02 0.13 0.16

last 500 ps of the MD simulation because these two atoms
are separated by at least a 5 Å distance (Fig. 8). After 1.2 ns
we can observe that the Tyr22 amino acid, which has a high
side-chain volume, gets near the other aromatic residues lea-
ding to an increase of the distance between Leu54 and Trp23.
For the 9mer peptide an increase of its affinity is probably
obtained by a closer packing of hydrophobic residues instead
of on backbone inter-chain hydrogen bonding.

4 Conclusion

P53 gene is one of the most frequently mutated genes in
human cancer and therefore a complete understanding of the
P53 protein interaction with the MDM2 protein is of the
utmost importance. The P53–MDM2 binding site is mainly
coordinated by a triad of hydrophobic and aromatic resi-
dues from P53 that insert deep into the hydrophobic cleft of

Fig. 5 Distance between the
HE1 atom of the hot spot Trp23
and the O atom of the Leu54
residue as a function of
simulation time
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Fig. 6 Distance between the
HE1 atom of the hot spot Trp23
and the O atom of the Ile50
residue as a function of MD
simulation time

Fig. 7 Molecular perspective of the NH-pi hydrogen bonds established
between the Ile57 and Met58 residues and Phe19

MDM2. This triad is composed of Phe19, Trp23, and Leu26.
We have performed a computational alanine scanning muta-
genesis study, which has allowed the decomposition of the
binding free energy in its components and the observation
that van der Waals interactions are the main force for com-
plex formation. We have observed that the three complexes
present some differences in the number and composition of
the hot spots. The 1T4F complex presents new hot spot resi-
dues, namely the Met20 and Tyr22 amino acids. However
the His94Glu mutation does not seem favourable, and thus
for the construction of a good P53 mimic peptide it should
be avoided.

The importance of the hydrogen bonds formed by the
protein backbone has been neglected due to the difficulty
of quantitatively measuring their contribution to the binding
free energy. In this study we have presented a study of the
contribution to the binding free energy of the C =O and N–H
groups of the backbone of the P53 and MDM2 proteins. We
have to emphasise the presence of a hydrogen bond in the
1YCR complex of on average 2.3 Å between the HE1 atom of

Table 6 All the energies are in kcal mol−1

Protein Residue ��Eelectrostatic ��Gpolar ��Gbinding

P53 Phe19Ala 1.22 −1.58 −0.37

Met20Ala 1.28 −1.39 −0.11

Asp21Ala 1.50 −1.77 −0.27

Tyr22Ala 2.62 −3.13 −0.51

Trp23Ala 1.39 −2.89 −1.50

Glu24Ala 3.43 −3.87 −0.44

xMDM2 Leu54Ala 1.90 −1.74 0.15

Leu57Ala 1.92 −1.73 0.18

Ile61Ala 0.73 −0.31 0.41

Met62Ala 0.30 0.01 0.30

Tyr67Ala −0.25 0.30 0.04

Gln72Ala −0.56 −0.16 −0.72

Val93Ala −1.43 0.95 −0.48

Ile99Ala 0.43 −0.48 −0.05

the hot spot Trp23 and the O atom of the residue Leu54. This
is the only intermolecular bond established in this complex.
The same bond was detected in the 1YCQ complex with an
average 2.4 Å distance. Ile61/Ile57 and Met62/Met58 of the
three complexes present high ��Gbinding values that can be
explained by the presence of NH-pi hydrogen bonds establi-
shed between those residues and the phenyl ring of Phe19.
Albeit the energetic contribution of an amino-pi hydrogen
bond is usually three times lower than the conventional hydro-
gen bond, it is especially important for a correct ligand orien-
tation.

For the 1T4F complex the amino-pi hydrogen bond was
detected but the inter-chain hydrogen bond does not keep
stable during the MD simulation. This fact can be explained
due to the presence of the Leu22Tyr mutation that increased
the hydrophobic character of the protein–protein interface.
During the MD simulation the introduction of a group with
elevated volume complicates the approximation of the HE1
atom of the hot spot Trp23 and the O atom of the residue
Leu54.
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Fig. 8 Distance between the
HE1 atom of the hot spot Trp23
and the O atom of the Leu54
residue as a function of
simulation time

This study not only shows the reliability of the compu-
tational mutagenesis method to detect hot spots but also
demonstrates an excellent correlation between the quantita-
tive calculated binding free energy contribution of the C=O
and N–H backbone groups of the interfacial residues and
the qualitative values expected for this kind of polar interac-
tion. A structural justification was found for every energetic
value obtained. An experimental validation is difficult due to
the inaccessibility of the backbone. It is important to stress
that the latter do not exist because there is no experimen-
tal method which can presently evaluate them. In contrast, it
is straightforward to calculate the contribution of the back-
bone to the ��Gbinding, using our improved computational
methodology. It is also important to highlight that the contri-
bution of the backbone to the ��Gbinding is smaller than was
speculated in the past, which can be explained by the small
dimension and number of interactomic interactions establi-
shed by a dipole N–H or C=O in comparison to a side chain.
The energy of the hydrogen bonding interaction depends also
on the specific environment of the H-bonds and the degree
of spatial and directional complementarity.

Hence, this study opens the possibility of a complete com-
putational predictive analysis of a wide variety of protein-
protein complexes.
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