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Abstract
Cancer statistics have increased worldwide over the years. The molecular basis for the onset of a cancer cell lies on genetic predisposition, endogenous compounds 
produced by cell metabolism, certain types of infection and environmental factors. Accumulated genetic alterations, such as mutations and polymorphisms, lead to a 
genome instability and consequently makes a regular cell into a cancer cell. Bioinformatics approaches, such as, systems biology and the investigation of hot spots on 
the interface of protein-protein interactions (PPIs), have helped the identification and design of small bioactive molecules to modulate PPIs and inactivate tumorous 
cells. Identifying polymorphic hot spot residues within protein domains or within interface of PPIs makes possible to reveal biochemical features and organization 
of pathways related to the onset of cancer that would confer survivability to cancer cells due to entropic advantage. RAD51 and p53 are strong candidate genes that 
influence susceptibility to cancer. Both proteins contain functional domains and interact with several other proteins, including tumor suppressors, oncogenes and 
DNA repairing proteins. Cancer shows a very complex genetic, molecular and biochemical signature. Biomedical research is driven towards a wider comprehension 
of the functional importance of polymorphisms and their association with human diseases. Here, we analyzed the interface of interaction between RAD51 and p53 
and identified hot spots that could be of importance for the conformational structure of those proteins, their function and pattern of interaction with their partners. 
We have also shown that some of the hot spot amino acid residues are polymorphic, which could disrupt the interaction between p53 and RAD5, leading to a higher 
susceptibility to cancer. Future studies should be conducted in order to design small molecules that could modulate the interaction between RAD51 and p53 and 
guarantee proper homologous recombination and maintenance of genomic stability.
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Introduction
Cancer statistics have increased worldwide over the years. The 

increasing number of populations, aging, risk factors such as smoking, 
obesity and eating habits, sedentarism and urbanization account for 
the high number of patients and deaths caused by cancer [1,2]. It was 
estimated that more than 14 million new cases of cancer and more than 
8 million deaths worldwide took place in 2012 [3]. Lung cancer is the 
leading cause of deaths in males while breast cancer is responsible for 
most of the cases of deaths by cancer in females [4,5]. Recently, large 
amounts of genetic and molecular information about cancer have been 
discovered [6-11]. The molecular basis for the onset of a cancer cell 
lies on genetic predisposition, endogenous compounds produced by 
cell metabolism, certain types of infection and environmental factors 
[12-15]. Accumulated genetic alterations, such as mutations and 
polymorphisms, lead to a genome instability and consequently makes a 
regular cell into a cancer cell [16].

Experimental approaches, such as high-throughput techniques, 
have contributed to increase our knowledge on the disease [17,18]. 
Bioinformatics have aroused as a useful tool to analyze biochemically 
the cancer microenvironment and have contributed to increase our 
knowledge as well, besides offering new therapeutic strategies in 
order to control and avoid cancer progression [19]. Bioinformatics 
approaches, such as, systems biology and the investigation of hot spots 
on the interface of protein-protein interactions (PPIs), have helped the 
identification and design of small bioactive molecules to modulate PPIs 
and inactivate tumorous cells [20-22]. Hot spot residues are generally 
conserved among proteins with similar function or protein families 
carrying certain domains. Thus, mutations on those conserved hot 
spots amino acid residues may disrupt the best conformational state of 

a protein, its function and its capability of binding to protein partners, 
leading to the development of diseases [23]. Identifying polymorphic 
hot spot residues within protein domains or within interface of PPIs 
makes possible to reveal biochemical features and organization of 
pathways related to the onset of cancer that would confer survivability 
to cancer cells due to entropic advantage [24]. Knowledge that would 
drive the therapeutics of the disease and a better prognostic.

The genotype-phenotype relationship is the basis for the molecular 
and genetic characterization of cancer risk along with the identification 
of endogenous and environmental factors [25,26]. Single nucleotide 
polymorphisms have been pointed as one of the most important genetic 
factors that alter cell metabolism through anomalies in expression 
of important cancer-related proteins such as RAD51 and p53 [27-
32]. A polymorphism is defined by a variation in the DNA sequence 
that occurs in a population with a frequency of at least 1% [33]. Low-
penetrance genetic polymorphisms is the reason certain patients 
are more susceptible than others to environmental carcinogens, 
xenobiotics and drug resistance [34,35].

RAD51 and p53 are strong candidate genes that influence 
susceptibility to cancer. Both proteins contain functional domains 
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and interact with several other proteins, including tumor suppressors, 
oncogenes and DNA repairing proteins. RAD51 has several functions, 
including an activity in homologous recombination of DNA that 
underwent double strand break (DSB). Its function is accomplished 
by the formation of a helical nucleoprotein filament around the 
DNA and this RAD51-DNA complex is stabilized by PPIs in order to 
maintain genomic integrity [36]. The p53 protein is a multifunctional 
macromolecule that plays important roles in apoptosis, genomic 
stability, inhibition of angiogenesis and regulation of the cell cycle 
progression [37,38]. It is known as the guardian of the genome due to 
its importance regulating tumorigenesis and influencing the onset and 
progression of several types of cancer [39-43]. Polymorphisms present 
in RAD51 and p53 amino acid residues may alter PPIs patterns and 
increase susceptibility to diseases.

Cancer shows a very complex genetic, molecular and biochemical 
signature. Biomedical research is driven towards a more wide 
comprehension of the functional importance of polymorphisms and 
their association with human diseases. Here, we propose an in silico 
model of interaction between RAD51 and p53, analyze the interface of 
interaction and identify conserved hot spots and polymorphic amino 
acid residues as a way to modulate such interaction.

Materials and methods
The RAD51 3-D structure used in the analysis is available in the 

PDB (protein databank; https://www.rcsb.org/). The p53 tertiary 
structure was modeled by homology in the I-TASSER server. The 
i-TASSER modeling is based on templates of homologous proteins 
with experimental structure already resolved and available in the 
PDB [44]. The KBDOCK server was used to identify protein domains 
and interaction between protein domains [45]. The protein-protein 
docking was performed by the ClusPro server [46]. Briefly, the protein-
protein docking is based on thermodynamics in order to find the 
conformational structure at the minimum of Gibbs free energy.

The free version of PyMol (https://pymol.org) was used for the 
visualization of the interface of interaction, the visualization of hot 
spots and the polymorphic residues. Hot spots residues were identified 
by the KFC2 server. KFC2 assesses the biochemical environment 
around each residue in the complex structure and compares with 
known hot spots already determined experimentally. The prediction is 
based on two main parameters, the first one related to a conformation 
specificity (K-FADE) and the second to biochemical features (K-CON) 
[47,48]. Finally, the polymorphic residues were identified through the 
dbSNP (data base of single nucleotide polymorphism; https://www.
ncbi.nlm.nih.gov/SNP).

Results and Discussion
RAD51 and p53 conformational structure and their functions

RAD51 builds up helical filaments around DNA that are active 
during homologous recombination [49,50]. The dynamic structure 
of RAD51 promotes the formation of presynaptic filament encircling 
single-stranded DNA and the specific pairing with homologous 
double-stranded DNA filament [51,52]. RAD51 naturally undergoes 
oligomerization, up to 7 identical chains, in order to form the helical 
structures with slightly distinct symmetry among species [53]. RAD51 
also forms a very flexible amino terminal chain implicated in DNA 
binding [54]. The guardian of the genome interacts with a large variety 
of partners and take part in several cellular signal pathway in order 
to maintain the integrity of the genome [55]. The protein folds into a 

homotetramer structure comprising intrinsically disordered domains 
related to oligomerization and DNA binding region. Disorder regions 
are the reason why p53 has a great number of protein partners and 
is related to many functions in cells [56]. Details on its conformation 
has brought information regarding how disruption of the p53 structure 
by mutations could lead to cancer onset and development [57,58]. 
Common polymorphisms have been identified for both RAD51 and 
p53, and although it is unlikely that an SNP would change significantly 
the overall tertiary structure of a given protein, it could affect the free-
binding energy of interaction with other proteins and increase the 
susceptibility of carriers to develop diseases. (Figure 1A and 1B)

RAD51 and p53 interface of interaction

The protein p53 interact with proteins related to DNA 
recombination and DNA repair in order to disrupt certain random 
phenomena, such as aberrant recombination, gene duplication, 
translocation, inversion and deletion, that would lead to disease 
[59,60]. Defining the binding regions and biochemical properties 
of p53 and RAD51 interaction is convenient in order to propose 
functional consequences of the interaction [61]. Figure 2A and 2B 
show the interface interaction between RAD51 and p53. The region is 
rather large and features the absence of empty spaces or active binding 
pockets that are normally present at active sites of proteins. The 
significance of p53 and RAD51 conformations for their interaction lies 
on certain facts like posttranslational modifications, oligomerization 
and regulation of PPI by basic residues of amino acid located on the 
C-terminal portion of the protein [59,61].

Prediction of hot spots on the interface of interaction between 
RAD51 and p53

Hot spots are special amino acid residues that account for a 
considerable portion of the binding free-energy between interacting 
proteins [62,63]. These special residues maintain the stability of PPIs 
and therefore they are related to specific functions performed by the 
protein or complex of proteins [64,65]. Hot spots are experimentally 
determined by mutagenesis approaches. Online servers, such as KFC2, 
rely on experimental data and predict hot spots through in silico 
approaches.

We found 11 hot spots on the interface of interaction between 
RAD51 and p53. Among those, 6 were located on RAD1 structure and 
4 were located on p53 structure (Table 1). These amino acid residues are 
highly conserved among species that code for these proteins. The hot 
spot prediction and the determination of the interface of interaction 
between RAD51 and p53 in the present approach were performed 
using different servers, KFC2 and ClusPro, respectively. Even so, as 
one would expect, the hot spots were predicted right on the region that 
is considered the interface of interaction with the lowed free-energy 
(Figure 3A,3B).

Polymorphic residues that may affect the interaction between 
RAD51 and p53

Genetic variation within a given population may increase the 
susceptibility to diseases. If the mentioned variation occur within the 
interface of interaction, or more specifically in hot spots amino acid 
residues the function of proteins, their conformational structures 
and pattern of PPIs may be changed and lead to the onset of diseases. 
We found three polymorphic hot spots residues within the RAD51 
interface of interaction with p53 and three polymorphic hot spots 
within the p53 interface of interaction with RAD51 (Figure 4A,4B). 

https://www.rcsb.org/
https://pymol.org
https://www.ncbi.nlm.nih.gov/SNP
https://www.ncbi.nlm.nih.gov/SNP
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It has been show that certain variations alter the pattern of interaction 
between RAD51 and p53 [59,61]. Moreover, such polymorphisms 
on p53 may alter the pattern of interaction presented by RAD51 and 
diminish or even inhibit its functions by inhibiting its ability to bind 
to other protein partners [59]. The transcriptional factor function 
exerted by p53 and its DNA binding domain makes this protein highly 
sensitive to mutation at this region, altering not only its ability to bind 
to DNA but phosphorylation patterns and interaction with its partners 
[66-68]. It has also been shown that missense polymorphisms in p53 
amino acid residues within conserved domains reduce the efficiency of 
its interaction with RAD51 [59], increasing the risk of indiscriminate 
homologous recombination, therefore, cancer.

Concluding remarks
Bioinformatics have provided important tools for our 

understanding of complex multiprotein structures. The possibility of 
1identifying biochemical properties of protein interaction regions has 
led scientists to develop new ways of diagnose and treatment of diseases 
such as cancer. Here, we analyzed the interface of interaction between 
RAD51 and p53 and identified hot spots that could be of importance 
for the conformational structure of those proteins, their function and 
pattern of interaction with their partners. We have also shown that 
some of the hot spot amino acid residues are polymorphic, which could 
disrupt the interaction between p53 and RAD5, leading to a higher 
susceptibility to cancer. Future studies should be conducted in order 

Figure 1. Tertiary structure of RAD51 (A) and p53 (B). A – RAD51 structure comprises 
seven identical chains (each one represented in a different color). B – p53 monomer. The p53 
protein folds into a homotetramer and its oligomerization is important for the protein function

Figure 2. Interface of interaction between RAD51 and p53. The interface of interaction is 
represented in pink. A and B shows two different views of the interaction between RAD51 
(green) and p53 (blue). The model represent the lowest energy of interaction and was 
calculated by ClusPro [46]

Figure 4. Polymorphic residues on the interaction interface between Rad51 and p53. A 
–The RAD51 structure. The orange residues represent polymorphic amino acids that were 
classified as hot spots residues by KFC2. The white residues represent polymorphic amino 
acid encircling hot spots. B – The p53 structure. Orange residues are polymorphic amino 
acids classified as hot spots residues by KFC2. The yellow residues represent polymorphic 
amino acid around hot spots areas

Figure 3. Hot spots prediction on the interface of interaction between RAD51 and p53. A 
– Hot spots (red residues) in the RAD51 structure (green) on the region of interaction with 
p53. B – Hot spots (red residues) in the p53 structure (blue) on the region of interaction 
with RAD51

For the RAD51 protein, the hot spot residues Arg27 and Glu50 can 
be changed into Trp and Cys respectively and and Arg215 comprise a 
synonymous mutation. For the p53 protein, the hot spot residues Asn 
29, Arg 290 and Glu 286 can be polymorphically replaced by Lys, Cys 
and Gly, respectively. We also found other polymorphic residues on 
the interface of interaction encircling the predicted hot spot residues, 
which could affect structure, function and PPIs to a lesser extent.

Chain Residue KFC2-A* KFC2-B** Protein
A PHE 20 1.29 0.02 RAD51
A ARG 27§ 1.71 0.29 RAD51
A GLU 50§ 1.08 0.01 RAD51
A ARG 95 0.89 0.18 RAD51
A GLN 145 0.97 0.03 RAD51
A ARG 215§ 1.25 0.20 RAD51
a TRP 23 0.44 0.16 RAD51
a LYS 24 1.65 0.28 p53
a ASN 29§ 1.91 0.11 p53
a GLU 286§ 0.84 0.11 p53
a ARG 290§ 1.89 0.33 p53

Table 1. Cluster of hot spot residues on the interface of interaction between RAD51 and p53

* Hot spot model based on shape specificity features.
** Hot spot model based on biochemical features such as intermolecular hydrogen bonds.
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to design small molecules that could modulate the interaction between 
RAD51 and p53 and guarantee proper homologous recombination and 
maintenance of genomic stability.
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