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INTRODUCTION

Cellular DNA is under continuous stress from
exogenous and endogenous agents. These include ultra
violet rays, ionizing radiations or cellular metabolites
such as reactive oxygen species (Jackson and Bartek,
2009). As a result of DNA damage, a suitable DNA
repair mechanism is chosen. There exists a multitude of
DNA repair mechanisms for appropriate type of
damage (Bray and West, 2005). Of them all, the most
complex and crucial is DNA double strand break repair
(DSB). DNA DSB can occur even when a DNA
polymerase encounters a mismatch leading to single
strand break and ultimately to DSB. DNA DSBs are
repaired via non homologous end joining (NHEJ) or
homologous recombination (HR). NHEJ is error prone
while HR is efficient in repairing the DNA accurately.
However, HR occurs in the S phase of the cell cycle
(Filippo et al., 2008).

At the core of HR lies the interaction between two
evolutionarily conserved proteins namely Rad51 and
BRCAZ2. Rad51 is a eukaryotic orthologue of bacterial
RecA and performs homology search and
recombination of DNA. It consists of two globular
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domains; the N-terminus which is mostly disordered
and a highly conserved C-terminal ATPase domain
(Lo et al., 2003; Sung, 1994). The core recombination
activity is attributed to the ATPase domain which
contains a pocket to accommodate ATP and performs
its hydrolysis similar to F1 ATPases (Conway et al.,
2004). BRCA2 interacts with Rad51 through its
conserved BRC repeats and C-terminal domain to load
Rad51 onto ss-dsDNA junction (Carreira and
Kowalczykowski, 2011; Pellegrini et al., 2002). The
disruptive function of BRC repeats is protected by the
C-terminal domain which has a cyclin dependent
kinase (CDK) phosphorylation site to regulate the
function of Rad51 (Davies and Pellegrini, 2007).
Phosphorylation plays a central role in DNA damage
response (DDR). Protein kinases such as ataxia
telangiectasia mutated and ataxia telangiectasia related
are the main signaling kinases which upon activation
by DNA lesions successively activate many
subsequent proteins (Jackson and Bartek, 2009;
Somyajit et al., 2013). As a consequence, Rad51 is
also phosphorylated at particular serine whose
mutation increases the hypersensitivity to genotoxic
agents (Flott et al., 2011).
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Oryza sativa is a cereal plant with the shortest genome
known so far and it can be used as a fine model plant
for biochemical and genetic studies (Song et al., 2009).
In the present study we have investigated a eukaryotic
Rad51 orthologue from O. sativa for the presence of
potential phosphorylation sites. Moreover, we relate our
findings to the implication of Rad51 in the process of
homology mediated DNA repair.

MATERIALS AND METHODS

Collection of osind-Rad51 orthologues

The amino acid sequence of Rad51 from O. sativa Indica
(query) was retrieved from The National Centre for
Biotechnology Information (NCBI) under GenBank
accession number ABI58231.1. The query sequence was
submitted as a FASTA format to protein BLAST with
default parameters for error value, gap penalty and score.
Multiple sequence alignment

The protein BLAST resulted in a range of othologues
for OsInd-Rad51 (data not shown) of which a few were
selected for amino acid sequence comparison. Multiple
sequence alignment was performed using CLUSTAL
OMEGA (Sievers et al, 2011). To do this, each
sequence was submitted as a FASTA format to
CLUSATAL OMEGA. The resulting alignment was
coloured, edited and analyzed using Jalview 2.7.
Prediction of protein parameters and potential
phosphorylation sites

For calculating protein physical and chemical
parameters, the OsInd-Rad51 sequence was submitted
to ProtParam tool at ExXPASy Bioinformatics Resource
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Portal (Gasteiger et al., 2005). And for phosphorylation
sites prediction, OsInd-Rad51 sequence was submitted
as FASTA format to NetPhos 2.0 server at ExPASy
Bioinformatics Resource Portal (Blom et al., 1999).
Moreover, the program was asked to provide the
graphical representation of predicted phosphorylation
sites for serine, threonine and tyrosine, individually.

RESULTS

OsInd-Rad51 is a highly conserved protein

The multiple sequence alignment of OsInd-Rad51 with
different eukaryotes indicates that most of the key
residues are conserved throughout; however, the N-
terminus is not so conserved (Rajanikant et al., 2008) as
revealed by Fig. 1. Most of the residues predicted for
potent phosphorylation (Table 1 and Fig. 2) are located
in the core ATPase domain (Wu et al., 2004) which is
in fact the C-terminus of Rad51 while only two residues
Ser 11 and Ser 49 belong to highly diverse N-terminus
of Rad51. Moreover, the structural motifs belonging to
different functions of Rad51 such as DNA binding
domains and oligomerization interface have been found
conserved (Shin et al., 2003).

OsInd-Rad51 can be phosphorylated at different sites
OsInd-Rad51 was tested for the presence of potential
phosphorylation sites. For this, the full length protein
sequence was submitted as a FASTA format to ExXPASy
Proteomics Server NetPhos 2.0 (Blom et al., 1999). The
predicted phosphorylation sites are presented in
tabulated (Table 1) as well as graphical forms (Figure
2). Table 1 shows the overall motif for each residue
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Fig. 1: Multiple sequence alignment of OsInd-Rad51 orthologues. Highly conserved residues are coloured
accordingly. Residues predicted for phosphorylation are indicated by coloured arrows. Key to
arrowed residues: Red, serine; green, threonine; purple, tyrosine
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Fig. 2: Graphical representation of the predicted phosphorylation sites. (a) Indicates all the possible serine
predicted for phosphorylation. (b) Shows all the threonine while (c) presents all the predicted tyrosine
residues. However, residues above the threshold are more prone to phosphorylation
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Table 1: Motif sequence and score of each predicted
site for phosphorylation. Potential residue
in its motif is bold coloured accordingly.
Key to coloured residues: Red, serine;
green, threonine; purple, tyrosine. Score
values close to 1 indicate more potency for

phosphorylation

Serial ~ Residue Motif Residue Score

number name sequence number

1 Serine AAAASGEHG 11 0.960
SVVYSPRKD 49 0.975
IETGSITEI 115 0.801
RTDFSGRGE 227 0.904
RGELSARQM 233 0.533
MAHASTTRL 289 0.502
KVVSSPCLA 310 0.633
RFQISPEGV 323 0.955

2 Threonine DAEGTFRPQ 159 0.933
AHASTTRLF 290 0.757

3 Tyrosine GKALYIDAE 153 0.746
ENVAYARAY 185 0.922

within which the phosphorylation site is located
alongwith its position in the protein. For the reliability
of the potency of phosphorylation, the scores belonging
to each phosphorylation site are indicated. Higher the
number of score, higher is the chance for
phosphorylation at that particular site and vice versa.
There are present a total of 23 serine, 18 threonine and
6 tyrosine residues in OsIn-Rad51 as revealed by
ExPASy ProtParam tool (data not shown). Eight serine
residues have been predicted for potent phosphorylation
belonging to different positions in the protein.
However, five of them show very good scores. The
same can be interpreted from the graphical
representation of the serine phosphorylation (Figure
3a). The horizontal line in the middle shows the
threshold while wvertical lines indicate the score.
Residues whose scores (vertical lines) are below or
around the threshold, are not supposed to get
phosphorylated while residues which show values high
above the threshold have better chances for
phosphorylation. Only two residues have been
predicted for phosphorylation for threonine (Table 1
and Figure 2b) and same is the case for tyrosine (Table
1 and Figure 2c). Thr 290 is located next to Ser 289 and
both have been predicted for phosphorylation but their
scores are different (Table 2). Thr 290 shows a higher
score value 0.757 while Ser 289 has a score value of
0.502. All the potential residues belonging to threonine
and tyrosine phosphorylation have been predicted to
have higher score values. The graphical representation
of threonine and tyrosine phosphorylation (Figure 2b
and c) indicates that multiple threonine or tyrosine have
been predicted for phosphorylation but only two of
them could cross the threshold limit which reveals that
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only two of them have the for

phosphorylation.

potential

DISCUSSION

In the present study, we have explored a eukaryotic
Rad51 orthologue from O. sativa Indica for the
presence of potential phosphorylation sites in the
context of how phosphorylation can work to regulate
the functions of Rad51 in homologous recombination.
The multiple sequence alignment (Figure 1) reveals
OsInd-Rad51 as an evolutionary conserved protein. Its
core ATPase domain has been found more conserved
among eukaryotes as compared to its N-terminus. We
employed NetPhos 2.0 server (Blom et al., 1999) for
phosphorylation site prediction. It works as an artificial
neural network mechanism for substrate recognition
and has sensitivity between 69-96%. The protein was
predicted for the presence of phosphorylation sites as
we found eight serine and two threonine and tyrosine
residues potent for phosphorylation (Table 1 and Figure
2). Of eight serine residues predicted, five show good
scores (Table 1) which indicates that they belong to
some important function. Phosphorylation can happen
at multiple sites in a protein (Lees et al., 1991). Serine
phosphorylation is most common of all. To a
mechanistic point of view, the serine/threonine specific
kinases phosphorylate the hydroxyl group of the
residue. In the cell cycle as well as during the
recombination reaction, kinases play a crucial role
(Jackson and Bartek., 2009). From sensing of the DNA
damage to the completion of recombination, different
kinases are phosphorylating their substrate proteins for
their activation and deactivation, thereby regulating the
complex events. Recently, a Rad51 from budding yeast
has been phosphorylated in a Mecl mediated manner
and characterized how phosophorylation can control its
normal functions. Rad51 phosphorylation at Ser 192
inactivated the ATP hydrolysis and interaction with
DNA (Flott et al., 2011). Mutation of this Ser 192 led to
the hypersensitivity to genotoxic agents which imparts
the importance of Rad51 phosphorylation. Figure 1
indicates the presence of threonine in OsInd-Rad51 at
site of Ser 192 in the yeast Rad51. This threonine is
found highly conserved and it will be tempting to
speculate that phosphorylation of this threonine may
happen in a Mecl mediated manner (Baroni et al.,
2004). The phosphorylation of this residue may
ultimately lead to the disassembly of Rad51 from
nucleoprotein filaments suggesting to the termination of
recombination event. Indeed, biochemical and
structural approaches will be required in future to get
deeper insights into the understanding of OsInd-Rad51
phosphorylation.
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		Repair of DNA double strand breaks by homology mediated DNA repair is crucial for accurate transmission of genetic information to the daughter cells or organisms. Rad51 is central to recombination reaction whose regulation is attributed to different proteins. Moreover, post-translational modifications such as phosphorylation also play a part to modulate its activity. In the present study, we have identified highly important phosphorylation sites in Rad51, a eukaryotic orthologue from Oryza sativa Indica (OsInd-Rad51). Overall the protein has been found highly conserved among different organisms especially involving residues predicted for phosphorylation. Therefore, it is tempting to speculate an important role of these phosphorylation sites in regulating recombination via Rad51. In future, these studies will have an impact in breast cancer control.
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INTRODUCTION

Cellular DNA is under continuous stress from exogenous and endogenous agents. These include ultra violet rays, ionizing radiations or cellular metabolites such as reactive oxygen species (Jackson and Bartek, 2009). As a result of DNA damage, a suitable DNA repair mechanism is chosen. There exists a multitude of DNA repair mechanisms for appropriate type of damage (Bray and West, 2005). Of them all, the most complex and crucial is DNA double strand break repair (DSB). DNA DSB can occur even when a DNA polymerase encounters a mismatch leading to single strand break and ultimately to DSB. DNA DSBs are repaired via non homologous end joining (NHEJ) or homologous recombination (HR). NHEJ is error prone while HR is efficient in repairing the DNA accurately. However, HR occurs in the S phase of the cell cycle (Filippo et al., 2008). 


At the core of HR lies the interaction between two evolutionarily conserved proteins namely Rad51 and BRCA2. Rad51 is a eukaryotic orthologue of bacterial RecA and performs homology search and recombination of DNA. It consists of two globular domains; the N-terminus which is mostly disordered and a highly conserved C-terminal ATPase domain (Lo et al., 2003; Sung, 1994). The core recombination activity is attributed to the ATPase domain which contains a pocket to accommodate ATP and performs its hydrolysis similar to F1 ATPases (Conway et al., 2004). BRCA2 interacts with Rad51 through its conserved BRC repeats and C-terminal domain to load Rad51 onto ss-dsDNA junction (Carreira and Kowalczykowski, 2011; Pellegrini et al., 2002). The disruptive function of BRC repeats is protected by the C-terminal domain which has a cyclin dependent kinase (CDK) phosphorylation site to regulate the function of Rad51 (Davies and Pellegrini, 2007). 


Phosphorylation plays a central role in DNA damage response (DDR). Protein kinases such as ataxia telangiectasia mutated and ataxia telangiectasia related are the main signaling kinases which upon activation by DNA lesions successively activate many subsequent proteins (Jackson and Bartek, 2009; Somyajit et al., 2013). As a consequence, Rad51 is also phosphorylated at particular serine whose mutation increases the hypersensitivity to genotoxic agents (Flott et al., 2011). 


Oryza sativa is a cereal plant with the shortest genome known so far and it can be used as a fine model plant for biochemical and genetic studies (Song et al., 2009). In the present study we have investigated a eukaryotic Rad51 orthologue from O. sativa for the presence of potential phosphorylation sites. Moreover, we relate our findings to the implication of Rad51 in the process of homology mediated DNA repair.

MATERIALS AND METHODS 

Collection of osind-Rad51 orthologues


The amino acid sequence of Rad51 from O. sativa Indica (query) was retrieved from The National Centre for Biotechnology Information (NCBI) under GenBank accession number ABI58231.1. The query sequence was submitted as a FASTA format to protein BLAST with default parameters for error value, gap penalty and score. 


Multiple sequence alignment


The protein BLAST resulted in a range of othologues for OsInd-Rad51 (data not shown) of which a few were selected for amino acid sequence comparison. Multiple sequence alignment was performed using CLUSTAL OMEGA (Sievers et al., 2011). To do this, each sequence was submitted as a FASTA format to CLUSATAL OMEGA. The resulting alignment was coloured, edited and analyzed using Jalview 2.7. 


Prediction of protein parameters and potential phosphorylation sites


For calculating protein physical and chemical parameters, the OsInd-Rad51 sequence was submitted to ProtParam tool at ExPASy Bioinformatics Resource Portal (Gasteiger et al., 2005). And for phosphorylation sites prediction, OsInd-Rad51 sequence was submitted as FASTA format to NetPhos 2.0 server at ExPASy Bioinformatics Resource Portal (Blom et al., 1999). Moreover, the program was asked to provide the graphical representation of predicted phosphorylation sites for serine, threonine and tyrosine, individually.

RESULTS 

OsInd-Rad51 is a highly conserved protein


The multiple sequence alignment of OsInd-Rad51 with different eukaryotes indicates that most of the key residues are conserved throughout; however, the N-terminus is not so conserved (Rajanikant et al., 2008) as revealed by Fig. 1. Most of the residues predicted for potent phosphorylation (Table 1 and Fig. 2) are located in the core ATPase domain (Wu et al., 2004) which is in fact the C-terminus of Rad51 while only two residues Ser 11 and Ser 49 belong to highly diverse N-terminus of Rad51. Moreover, the structural motifs belonging to different functions of Rad51 such as DNA binding domains and oligomerization interface have been found conserved (Shin et al., 2003). 

OsInd-Rad51 can be phosphorylated at different sites


OsInd-Rad51 was tested for the presence of potential phosphorylation sites. For this, the full length protein sequence was submitted as a FASTA format to ExPASy Proteomics Server NetPhos 2.0 (Blom et al., 1999). The predicted phosphorylation sites are presented in tabulated (Table 1) as well as graphical forms (Figure 2). Table 1 shows the overall motif for each residue
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Fig. 1: Multiple sequence alignment of OsInd-Rad51 orthologues. Highly conserved residues are coloured accordingly. Residues predicted for phosphorylation are indicated by coloured arrows. Key to arrowed residues: Red, serine; green, threonine; purple, tyrosine
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Fig. 2: Graphical representation of the predicted phosphorylation sites. (a) Indicates all the possible serine predicted for phosphorylation. (b) Shows all the threonine while (c) presents all the predicted tyrosine residues. However, residues above the threshold are more prone to phosphorylation

Table 1: Motif sequence and score of each predicted site for phosphorylation. Potential residue in its motif is bold coloured accordingly. Key to coloured residues: Red, serine; green, threonine; purple, tyrosine. Score values close to 1 indicate more potency for phosphorylation

		Serial 

number

		Residue 

name

		Motif 

sequence

		Residue 

number

		Score



		1

		Serine

		AAAASGEHG


SVVYSPRKD


IETGSITEI


RTDFSGRGE


RGELSARQM


MAHASTTRL


KVVSSPCLA 


RFQISPEGV

		11 


49


115


227 


233


289


310


323

		0.960


0.975 


0.801


0.904


0.533


0.502


0.633


0.955 



		2

		Threonine 

		DAEGTFRPQ


AHASTTRLF

		159


290

		0.933


0.757



		3

		Tyrosine

		GKALYIDAE


ENVAYARAY

		153 


185

		0.746


0.922





within which the phosphorylation site is located alongwith its position in the protein. For the reliability of the potency of phosphorylation, the scores belonging to each phosphorylation site are indicated. Higher the number of score, higher is the chance for phosphorylation at that particular site and vice versa. There are present a total of 23 serine, 18 threonine and 6 tyrosine residues in OsIn-Rad51 as revealed by ExPASy ProtParam tool (data not shown). Eight serine residues have been predicted for potent phosphorylation belonging to different positions in the protein. However, five of them show very good scores. The same can be interpreted from the graphical representation of the serine phosphorylation (Figure 3a). The horizontal line in the middle shows the threshold while vertical lines indicate the score. Residues whose scores (vertical lines) are below or around the threshold, are not supposed to get phosphorylated while residues which show values high above the threshold have better chances for phosphorylation. Only two residues have been predicted for phosphorylation for threonine (Table 1 and Figure 2b) and same is the case for tyrosine (Table 1 and Figure 2c). Thr 290 is located next to Ser 289 and both have been predicted for phosphorylation but their scores are different (Table 2). Thr 290 shows a higher score value 0.757 while Ser 289 has a score value of 0.502. All the potential residues belonging to threonine and tyrosine phosphorylation have been predicted to have higher score values. The graphical representation of threonine and tyrosine phosphorylation (Figure 2b and c) indicates that multiple threonine or tyrosine have been predicted for phosphorylation but only two of them could cross the threshold limit which reveals that only two of them have the potential for phosphorylation.

DISCUSSION


In the present study, we have explored a eukaryotic Rad51 orthologue from O. sativa Indica for the presence of potential phosphorylation sites in the context of how phosphorylation can work to regulate the functions of Rad51 in homologous recombination. The multiple sequence alignment (Figure 1) reveals OsInd-Rad51 as an evolutionary conserved protein. Its core ATPase domain has been found more conserved among eukaryotes as compared to its N-terminus. We employed NetPhos 2.0 server (Blom et al., 1999) for phosphorylation site prediction. It works as an artificial neural network mechanism for substrate recognition and has sensitivity between 69-96%. The protein was predicted for the presence of phosphorylation sites as we found eight serine and two threonine and tyrosine residues potent for phosphorylation (Table 1 and Figure 2). Of eight serine residues predicted, five show good scores (Table 1) which indicates that they belong to some important function. Phosphorylation can happen at multiple sites in a protein (Lees et al., 1991). Serine phosphorylation is most common of all. To a mechanistic point of view, the serine/threonine specific kinases phosphorylate the hydroxyl group of the residue. In the cell cycle as well as during the recombination reaction, kinases play a crucial role (Jackson and Bartek., 2009). From sensing of the DNA damage to the completion of recombination, different kinases are phosphorylating their substrate proteins for their activation and deactivation, thereby regulating the complex events. Recently, a Rad51 from budding yeast has been phosphorylated in a Mec1 mediated manner and characterized how phosophorylation can control its normal functions. Rad51 phosphorylation at Ser 192 inactivated the ATP hydrolysis and interaction with DNA (Flott et al., 2011). Mutation of this Ser 192 led to the hypersensitivity to genotoxic agents which imparts the importance of Rad51 phosphorylation. Figure 1 indicates the presence of threonine in OsInd-Rad51 at site of Ser 192 in the yeast Rad51. This threonine is found highly conserved and it will be tempting to speculate that phosphorylation of this threonine may happen in a Mec1 mediated manner (Baroni et al., 2004). The phosphorylation of this residue may ultimately lead to the disassembly of Rad51 from nucleoprotein filaments suggesting to the termination of recombination event. Indeed, biochemical and structural approaches will be required in future to get deeper insights into the understanding of OsInd-Rad51 phosphorylation. 
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