
 

 

 

 

 

 

 

 

  

 

 

 

 

 
 
 
 

 

 
  

 

 

AM 
Universidad Aut6noma 

de Madrid 

UNIVERSIDAD AUTÓNOMA DE MADRID 

FACULTAD DE CIENCIAS 

DEPARTAMENTO DE BIOLOGÍA 

Bacillus subtilis RecD2 acts as an 
accessory helicase in DNA replication 

and balances RecA activities 

DOCTORAL THESIS 

CRISTINA RAMOS ANDRADES 

Madrid, 2022 



 

 

 
  
 

 

  

 

 

 

 
 

 

      

 

 

 

 

 
 

 

                   
 
 

 
 

,, 
UAM 

Universidad Aut6noma 
de .Vladrid 

GOBIERNO 
OE ESPANA 

MINIST ERIO 
0ECIENCIA 
E INNOVM:16N 

f4J CSIC 

UNIVERSIDAD AUTÓNOMA DE MADRID 

FACULTAD DE CIENCIAS 

DEPARTAMENTO DE BIOLOGÍA 

Bacillus subtilis RecD2 acts as an 
accessory helicase in DNA replication 

and balances RecA activities 

Thesis presented by Cristina Ramos Andrades, who graduated in 

Biochemistry and Biomedical Sciences, to aim for the degree of Ph.D. in 

Microbiology with International Mention from the Universidad Autónoma 

de Madrid 

Director: Tutor: 

Silvia Ayora Hirsch Marta Martín Basanta 

CENTRO NACIONAL DE BIOTECNOLOGÍA-CSIC 

Madrid, 2022 



ión

ión

ión



 

 
 

 
 
 
 
 
 

 
 

 

 

Index 



 
 

 
 

                            

     

     

     

          

            

            

              

         

       

         

          

        

     

     

      

       

       

          

        

       

       

      

         

         

          

           

           

        

             

           

Index 

ABSTRACT ............................................................................................................................. 19 

RESUMEN ............................................................................................................................... 23 

ABBREVIATIONS ................................................................................................................. 27 

1. INTRODUCTION ............................................................................................................... 31 

1.1. DNA replication in Bacillus subtilis .................................................................................................. 31 

1.2. DNA repair pathways: Homologous recombination in B. subtilis ..................................................... 34 

1.3. DNA replication restart: Interplay with the homologous recombination machinery ......................... 38 

1.4. SsbA: A hub to link DNA replication, repair and homologous recombination ................................. 40 

1.5. Accesory helicases in DNA replication ............................................................................................. 40 

1.6. RecD2 helicase .................................................................................................................................. 42 

1.6.1. Biochemical activities of RecD2 ...................................................................................... 42 

1.6.2. Genetic and functional analysis of RecD2 ........................................................................ 44 

1.6.3. Eukaryotic HELB helicase ............................................................................................... 46 

2. OBJETIVES ........................................................................................................................ 51 

3. MATERIALS AND METHODS ........................................................................................ 55 

3.1 Materials ............................................................................................................................................. 55 

3.1.1. Bacterial strains ................................................................................................................ 55 

3.1.2. Bacteriophages ................................................................................................................. 56 

3.1 3. Plasmids and phagemids ................................................................................................... 56 

3.1.4. DNAs for biochemical assays ........................................................................................... 57 

3.1.5. Reagents ........................................................................................................................... 60 

3.1.6. Media ................................................................................................................................ 62 

3.2 Methods .............................................................................................................................................. 63 

3.2.1. E. coli competent cells ...................................................................................................... 63 

3.2.2. B. subtilis competent cells ................................................................................................ 63 

3.2.3. Plasmid construction and isolation ................................................................................... 63 

3.2.4. Transformation of E. coli competent cells ........................................................................ 66 

3.2.5. Construction of B. subtilis strains ..................................................................................... 66 

3.2.6. SPP1 transduction ............................................................................................................. 67 

3.2.7. Plasmid and chromosomal transformation of B. subtilis competent cells ........................ 67 

3.2.8. Analysis of the integration lengths in chromosomal transformation ................................ 68 

9 



 

 
 

       

        

             

          

           

           

            

         

        

             

        

         

           

         

        

         

         

     

             

              

           
     

           

            
     

             

              

           

            

           

           

           

Index 

3.2.9. Viral transfection .............................................................................................................. 68 

3.2.10. Viability assays ............................................................................................................... 69 

3.2.11. Quantification of RecD2 molecules by Western blot ..................................................... 69 

3.2.12. Protein overexpression and purification ......................................................................... 70 

3.2.12.1. RecD2 and RecD2 K373A ............................................................................ 70 

3.2.12.2. Replisome proteins of B. subtilis ................................................................... 71 

3.2.12.3. Recombination proteins of B. subtilis ............................................................ 72 

3.2.13. ATP hydrolysis assay ..................................................................................................... 72 

3.2.14. DNA radiolabeling ......................................................................................................... 72 

3.2.15. Annealing and purification of radiolabeled DNA structures .......................................... 73 

3.2.16. DNA helicase assay ........................................................................................................ 73 

3.2.17. Electrophoretic mobility shift assay (EMSA) ................................................................. 74 

3.2.18. Protein-protein interaction by immuno dot-blot ............................................................. 74 

3.2.19. DNA replication assay .................................................................................................... 75 

3.2.20. Biotin-streptavidin displacement .................................................................................... 76 

3.2.21. DNA strand exchange assays ......................................................................................... 76 

3.2.22. Single-molecule fluorescence microscopy ..................................................................... 76 

4. RESULTS ............................................................................................................................. 81 

4.1. Chapter 1: Analysis of B. subtilis RecD2 in natural transformation .................................................. 81 

4.1.1. The absence of RecD2 slightly reduces chromosomal and plasmid transformation ......... 81 

4.1.2. Chromosomal and plasmid transformation efficiencies in the absence of RecD2 and 
RadA/Sms .................................................................................................................................. 82 

4.1.3. Interspecies chromosomal transformation requires RecD2 in a ∆rok background ........... 83 

4.1.4. RecD2 is needed for the integration of divergent sequences beyond ~15% during 
interspecies chromosomal transformation .................................................................................. 85 

4.1.5. Viral transfection is affected in the absence of RecD2 ..................................................... 88 

4.1.6. Viral transfection efficiency in the absence of RecD2 and RadA/Sms ............................ 89 

4.2. Chapter 2: Biochemical characterisation of B. subtilis RecD2 .......................................................... 91 

4.2.1. Purification of RecD2 and RecD2 K373A ....................................................................... 91 

4.2.2. ATP hydrolysis activities of RecD2 ................................................................................. 91 

4.2.2.1. ATPase activity with different DNA substrates .............................................. 91 

4.2.2.2. Effect of the Mg2+ concentration on the ATPase activity ................................ 94 

10 



 

 
 

         

               

          

           

          

             

           

             

          

           

             

            

            

            

                

              

             

           

          

          

             

              

            

             

             

            

          

          

             

             

          

         

Index 

4.2.3. Helicase activities of RecD2 ............................................................................................ 96 

4.2.3.1. RecD2 is a 5’ to 3’ helicase that does not unwind blunt-ended dsDNA .......... 96 

4.2.3.2. Unwinding of fork-like structures ................................................................... 97 

4.2.3.3. Processivity of fork unwinding ....................................................................... 99 

4.2.3.4. RecD2 may regulate fork remodeling ............................................................ 100 

4.2.3.5. RecD2 unwinds 5’ and 3’-invading D-loops ................................................. 102 

4.2.4. DNA binding activities of RecD2 .................................................................................. 104 

4.2.4.1. RecD2 preferentially binds ssDNA without secondary structures ................ 104 

4.2.4.2. Binding affinities to fork-like structures ........................................................ 106 

4.2.4.3. Binding affinities to recombination intermediates ......................................... 109 

4.3. Chapter 3: Functional interaction between B. subtilis RecD2 and SsbA ......................................... 111 

4.3.1. RecD2 interacts with SsbA, but not with SsbB .............................................................. 111 

4.3.2. RecD2 and SsbA association with the ssDNA ............................................................... 111 

4.3.3. Effect of SsbA on the biochemical activities of RecD2 ................................................. 112 

4.3.3.1. ATPase activity of RecD2 in the presence of SsbA and SsbB ...................... 112 

4.3.3.2. Helicase activity of RecD2 in the presence of SsbA ..................................... 116 

4.4. Chapter 4: B. subtilis RecD2 in the context of DNA replication ..................................................... 119 

4.4.1. RecD2 interacts with several replication proteins .......................................................... 119 

4.4.2. RecD2 is a low abundant protein .................................................................................... 120 

4.4.3. RecD2 may regulate replication restart .......................................................................... 120 

4.4.4. Ongoing DNA replication in the presence of RecD2 ..................................................... 124 

4.4.5. RecD2 dynamics may be influenced by perturbations in DNA replication .................... 125 

4.4.6. Analysis of the subcellular localisation of RecD2 .......................................................... 130 

4.4.7. Study of the distance between RecD2 and the replisome ............................................... 132 

4.4.8. RecD2 dynamics is affected by defects in the replisome assembly ................................ 134 

4.5. Chapter 5: B. subtilis RecD2 balances RecA activities ................................................................... 137 

4.5.1. RecD2 interacts with RecA ............................................................................................ 137 

4.5.2. RecD2 modulates DNA strand exchange ....................................................................... 137 

4.5.3. RecD2 reverses the inhibition of RecA on replication restart ........................................ 140 

4.5.4. RecD2 slightly displaces streptavidin blocks from the ssDNA ...................................... 143 

4.5.5. RecA does not affect the helicase activity of RecD2 ...................................................... 145 

4.5.6. RecD2 interacts with RarA ............................................................................................. 147 

11 



 

 
 

     

             

            

          

          

     

     

     

    

Index 

5. DISCUSSION .................................................................................................................... 151 

5.1. Tranlocation and unwinding requirements for B. subtilis RecD2 .................................................... 151 

5.2. SsbA interacts with and contributes to RecD2 activity ................................................................... 154 

5.3. The potential role of RecD2 in replication restart ........................................................................... 155 

5.4. The potential role of RecD2 in homologous recombination ............................................................ 161 

6. CONCLUSIONS ............................................................................................................... 171 

7. CONCLUSIONES ............................................................................................................. 175 

REFERENCES ...................................................................................................................... 179 

ANNEX: PUBLICATIONS .................................................................................................. 191 

12 



 

 
 

  

      

      

     

     

     

    

     

     

      

     

      

     

       

     

      

      

     

     

       

                            
      

      

                         
     

       

Index 

List of Tables 

Table 1. E. coli strains ............................................................................................................... 55 

Table 20. Summary of the total number of cells and RecD2-mVenus tracks analysed by 

Table 22. Summary of the total number of cells and RecD2-mVenus tracks analysed by 

Table 2. B. subtilis strains ......................................................................................................... 55 

Table 3. Bacteriophages ............................................................................................................ 56 

Table 4. Plasmids and phagemids ............................................................................................. 56 

Table 5. Oligonucleotides ......................................................................................................... 57 

Table 6. DNA structures ............................................................................................................ 59 

Table 7. Reagents ...................................................................................................................... 60 

Table 8. Media .......................................................................................................................... 62 

Table 9. Percentage of sequence divergence in rpoB482 variants ........................................... 65 

Table 10. Efficiencies of chromosomal and plasmid transformation in ∆recD2 ...................... 82 

Table 11. Efficiencies of chromosomal and plasmid transformation in ∆recD2 ∆radA/sms .... 82 

Table 12. Efficiency of intraspecies chromosomal transformation in ∆rok ∆recD2 ................. 84 

Table 13. Mean of the integration length in ∆recD2 and ∆rok ∆recD2 .................................... 88 

Table 14. Efficiency of viral transfection in ∆recD2 ................................................................ 89 

Table 15. Efficiency of viral transfection in ∆recD2 ∆radA/sms .............................................. 90 

Table 16. Kinetics of ATP hydrolysis of RecD2 with different DNAs ..................................... 93 

Table 17. Summary of the RecD2-ssDNA binding affinities ................................................. 106 

Table 18. Summary of the binding affinities of RecD2 to fork-like structures ....................... 108 

Table 19. Kinetics of the ATP hydrolysis of RecD2 in the presence of SsbA and SsbB ........ 115 

single-molecule microscopy after the induction of DNA damage or replicative stress .......... 126 

Table 21. Dwell times (τ2) of RecD2-mVenus ........................................................................ 129 

single-molecule microscopy in thermosensitive backgrounds ................................................ 134 

Table 23. Dwell times (τ2) of RecD2-mVenus in dnaB37 and dnaD23 backgrounds ............ 136 

13 



 

 
 

  

        

     

      

     

     

         

       
      

     

      

            
     

  
     

     

     

      

      

       

        

     

     

     

     

     

      

      

      

     

      

   

Index 

List of Figures 

Figure 1. Schematic representation of E. coli and B. subtilis replisomes ................................. 31 

Figure 7. Comparison of functional motifs between B. subtilis, B. anthracis and D. 

Figure 9. Chromosomal transformation frequencies as a function of increased sequence 

Figure 10. Integration length in ∆rok ∆recD2 transformants for each divergent sequence 

Figure 11. Chromosomal transformation frequencies as a function of increased sequence 

Figure 2. DNA repair pathways depending on the type of damage .......................................... 34 

Figure 3. DSB repair via homologous recombination in B. subtilis .......................................... 36 

Figure 4. Model of chromosomal and plasmid transformation in B. subtilis ............................ 37 

Figure 5. Mechanisms of DNA replication restart .................................................................... 39 

Figure 6. Crystal structure of E. coli RecD (RecD1) and D. radiodurans RecD2 .................... 43 

radiodurans RecD2 proteins ..................................................................................................... 45 

Figure 8. Roles of human HELB as accessory helicase in replication and recombination ....... 47 

divergence in ∆rok ∆recD2 ....................................................................................................... 85 

used as donor DNA ................................................................................................................... 86 

divergence in ∆recD2 ................................................................................................................ 87 

Figure 12. Assessment of RecD2-His ....................................................................................... 91 

Figure 13. ATPase activity of RecD2 with different DNA substrates ...................................... 93 

Figure 14. ATPase activity of RecD2 at increasing concentrations of MCl2 ............................ 95 

Figure 15. ATP affinity of RecD2 in the presence of different effectors .................................. 96 

Figure 16. RecD2 is a 5’ to 3’ helicase that requires a 5’ ssDNA end for the unwinding ........ 97 

Figure 17. Effect of Mg2+ concentration on the helicase activity of RecD2 ............................. 98 

Figure 18. Helicase activity of RecD2 with different fork-like structures ................................ 99 

Figure 19. Unwinding activity of RecD2 with longer dsDNA regions ................................... 100 

Figure 20. RecD2 unwinds a 5’-forked structure .................................................................... 101 

Figure 21. Unwinding activity of RecD2 on regressed fork structures ................................... 102 

Figure 22. 3’ or 5’-invading D-loops unwinding by RecD2 ................................................... 103 

Figure 23. ATP binding increases the affinity of RecD2 to ssDNA ....................................... 104 

Figure 24. Binding of RecD2 to different ssDNAs ................................................................. 105 

Figure 25. Affinity of RecD2 to the 3’ or the 5’-tailed substrates .......................................... 106 

Figure 26. Binding of RecD2 to the non-replicated fork 30-30 .............................................. 107 

Figure 27. Affinity of RecD2 to the 5’ or the 3’-forked substrates ......................................... 108 

Figure 28. Affinity of RecD2 to recombination intermediates ................................................ 109 

14 



 

 
 

     

     

                            
     

                              
     

                          
     

     

                   
     

     

      

     

     

     

       

     

      

      

      

                      
    

                                           
     

     

      

     

     

                     
     

                                  
       

     

     

Index 

Figure 29. Interaction between RecD2 and Ssb proteins by immuno dot-blot ....................... 111 

Figure 31. SsbA and SsbB differently reduce the ATPase activity of RecD2 

Figure 32. SsbB reduces the ATPase activity of RecD2 with sspGEM-3Zf (+) 

Figure 33. SsbA stimulates the ATPase activity of RecD2 with sspGEM-3Zf (+) 

Figure 35. SsbA stimulates the helicase activity of RecD2 with pGEM-Hind24 

Figure 46. Diffusion patterns of RecD2-mVenus in dnaB37 or dnaD23 

Figure 47. Spatial distribution of RecD2-mVenus after the inactivation 

Figure 52. RecD2 K373A does not bypass the inhibitory effect of RecA on 

Figure 53. RecD2 still counteracts the inhibition of RecA on replication 

Figure 30. Binding of SsbA and RecD2 to ssDNA ................................................................. 112 

with polydT80 ........................................................................................................................... 113 

at 2 and 10 mM MgCl2 ............................................................................................................ 114 

at 10 mM MgCl2 ...................................................................................................................... 115 

Figure 34. SsbA reduces the helicase activity of RecD2 ........................................................ 116 

structure ................................................................................................................................... 117 

Figure 36. Interaction between RecD2 and replisome proteins .............................................. 119 

Figure 37. Measurement of RecD2 protein levels in the cell .................................................. 120 

Figure 38. RecD2 modulates replication restart ...................................................................... 121 

Figure 39. Action of RecD2 on replication restart in the absence of SsbA ............................. 123 

Figure 40. RecD2 K373A action on replication restart ........................................................... 124 

Figure 41. RecD2 does not affect ongoing DNA replication .................................................. 124 

Figure 42. Diffusion patterns of RecD2-mVenus ................................................................... 128 

Figure 43. Spatial distribution of RecD2-mVenus in the B. subtilis cell ................................ 130 

Figure 44. Subcellular localisation of confined RecD2-mVenus tracks ................................. 131 

Figure 45. Localisation of RecD2 relative to the DnaX-CFP focus ........................................ 133 

thermosensitive backgrounds .................................................................................................. 135 

of DnaB or DnaD .................................................................................................................... 136 

Figure 48. Interaction between RecD2 and RecA by immuno dot-blot .................................. 137 

Figure 49. Schematic representation of the in vitro DNA strand exchange reaction .............. 138 

Figure 50. RecD2 modulates DNA strand exchange .............................................................. 139 

Figure 51. RecD2 overcomes the inhibitory effect of RecA on replication restart ................. 141 

replication restart ..................................................................................................................... 142 

restart without SsbA at the lagging strand .............................................................................. 143 

Figure 54. Streptavidin displacement from the ssDNA in the presence of RecD2 ................. 144 

Figure 55. RecA does not alter the helicase activity of RecD2 ............................................... 145 

15 



 

 
 

     

     

                                 
     

    

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Index 

Figure 56. Helicase activity of RecD2 in the presence of RecA and SsbA ............................. 146 

Figure 57. Interaction between RecD2 and RarA ................................................................... 147 

Figure 58. Model depicting the role of RecD2 during natural transformation 
in B. subtilis ............................................................................................................................. 164 

Figure 59. Model of the action of RecD2 in the modulation of RecA activities ..................... 167 

16 



 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Abstract 



 
 

 
 

           

       

     

    

     

           

          

        

     

        

 

     

         

   

      

      

      

    

      

 

   

       

        

           

       

       

     

       

        

     

    

 

Abstract 

DNA replication process can be halted in the presence of DNA lesions. If these lesions 

are not repaired, replication forks can arrest or collapse, situations that can compromise cell 

survival. Organisms have developed multiple mechanisms to repair DNA damages and reactivate 

DNA replication once the lesions are repaired. In this context, homologous recombination 

machinery is crucial. Several recombination proteins are recruited to active replication forks by 

their interaction with the single-stranded binding proteins. One of these recombination proteins is 

the bacterial RecD2 helicase, thought as equivalent to eukaryotic HELB helicase and present in 

bacteria that lack the RecBCD complex. RecD2 has been postulated as an accessory helicase 

during DNA replication, although its detailed action had been poorly analysed. In this work, the 

biochemical and functional activities of Bacillus subtilis RecD2 in the context of homologous 

recombination and DNA replication have been thoroughly explored. 

The potential role of RecD2 in homologous recombination has been examined by 

different approaches. In vivo analysis has shown that RecD2 has a minor role during plasmid 

transformation and chromosomal transformation. However, in the absence of the nucleoid-

associated factor Rok, RecD2 appears to be crucial for intra- and interspecies chromosomal 

transformation, as well as for the integration of micro-homologous sequences (~3-10 nt) into the 

bacterial chromosome. In addition, RecD2 is needed for the reconstitution of the SPP1 

bacteriophage genome inside the bacterial cell. In vitro analysis has revealed that RecD2 has a 

dual role in homologous recombination, from one side, extending three-stranded recombination 

intermediates (D-loops) and favouring the recombination reaction, and, from other side, 

interacting with RecA and negatively regulating the RecA nucleoprotein filament. 

The biochemical analysis of RecD2 has shown that this helicase preferentially binds and 

unwinds DNA without secondary structures. In addition to non-replicated fork structures, RecD2 

efficiently unwinds stalled and regressed fork structures through its translocation along the 

parental or longer nascent lagging strands in vitro. It suggests a potential role of RecD2 in 

replication restart as an accessory helicase maybe supporting the unwinding activity of the 

replicative helicase DnaC in a 5’ to 3’ direction. In vivo single-molecule fluorescence microscopy 

has shown that RecD2 is a very dynamic protein whose association with the replication fork 

machinery may be transient. In addition, the interaction with SsbA, DnaE, DnaD and/or PolC may 

mediate the recruitment of RecD2 to the replisome. In an in vitro model of PriA-dependent 

replication, RecD2 contributes to replication restart via the removal of protein blocks, such as 

RecA. These findings contribute to understanding the potential role of RecD2 to overcome 

replicative stress and reactivate a stalled replication process. 
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E.coli B B. subtilis 

Introduction 

1. Introduction 

1.1. DNA replication in Bacillus subtilis 

DNA replication is a ubiquitous process in all organisms. Accurate chromosome 

duplication is fundamental for genome integrity and it is crucial for cell survival. All living cells 

have developed a complex machinery to duplicate their genome. This machinery is known as the 

replisome and it is composed by several number of proteins that are essential for life. These 

proteins work in concert forming a complex with the DNA and creating the replication fork 

structure. Due to the unique direction of replication and the different polarity of the DNA, each 

new strand is not replicated equally. Whereas one is synthetised continuously (leading strand), 

the other strand (lagging strand) is synthetised discontinuously in short fragments, known as 

Okazaki fragments.             

The replisome that has been best characterised is from the Gram-negative bacterium 

Escherichia coli. On the other hand, for low G+C Gram-positive bacteria, the Bacillus subtilis 

replisome represents the most currently understood model. Both machineries are closely linked 

and share some conserved characteristics (Figure 1) (Sanders et al., 2010; Beattie and Reyes-

Lamothe, 2015). 

Figure 1. Schematic representation of E. coli and B. subtilis replisomes. 
The architecture of the replisome in both (A) E. coli and (B) B. subtilis is very similar, but with some differences. PolIII 
is the replicative polymerase in E. coli, which has three subunits (α, ε and θ). In contrast, B. subtilis contains two 
replicative polymerases: PolC and DnaE. Both machineries have the hexameric replicative DNA helicase (DnaB in E. 
coli and DnaC in B. subtilis), the primase (DnaG), the clamp-loader (τ3δδ’- χψ in E. coli and τ3δδ’ in B. subtilis), the β-
clamp and SSB (also termed SsbA in B. subtilis). In addition to these proteins, replisome loaders are needed (not 
depicted here, see text). Figure from Beattie and Reyes-Lamothe, 2015. 

Thirteen proteins have been identified as part of the B. subtilis replisome and are required 

for a properly DNA replication: DnaA (PriA), DnaB, DnaC, DnaD, DnaE, DnaG, DnaI, DnaN 

(β-clamp), DnaX (τ), HolA (δ), HolB (δ’), PolC and SsbA. A B. subtilis advancing replisome has 

been reconstituted in vitro (Sanders et al., 2010). The chromosomal origin, known as oriC in both 

bacteria, is the site in which bacterial DNA replication starts. The initiation protein DnaA is an 
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Introduction 

AAA+ ATPase that binds specifically to oriC and performs the melting in an AT rich region, 

known as DUE (DNA Unwinding Element), which is adjacent to oriC. This allows the binding 

of the rest of the replisome components (Smits et al., 2011). Alternatively, there is another 

initiation protein that is strictly needed for DNA replication restart in regions outside oriC, known 

as PriA. PriA is a 3’ to 5’ helicase that acts on stalled replication forks, remodeling the DNA 

structure and promoting the replisome reassembly for DNA replication progression (Gabbai and 

Marians, 2010). In B. subtilis, DnaA interacts with and performs the recruitment of DnaD first, 

and then of DnaB, to the origin of replication. These interactions contribute to activate the melting 

activity of DnaA in this region (Smits et al., 2011). DnaB is also involved in the attachment of 

the replication fork to the membrane through its C-terminal domain (Briggs et al., 2012). This 

scenario is simpler in E. coli, where there are not any functional proteins like DnaD and DnaB 

from B. subtilis, and just DnaA is required for the initiation of DNA replication (Beattie and 

Reyes-Lamothe, 2015). 

The DnaA-DnaD-DnaB complex in B. subtilis mediates the assembly of the helicase 

loader DnaI (named DnaC in E. coli) and, subsequently, the replicative helicase DnaC (named 

DnaB in E. coli). DnaC forms a homohexameric ring onto one strand of the the melted DNA 

region that will correspond to the lagging strand, and unwinds the DNA in 5’ to 3’ direction. 

Single-stranded DNA binding protein, SSB (also known as SsbA in B. subtilis), binds to the 

ssDNA to prevent reannealing and protect it from degradation. DnaC also performs the 

recruitment of the primase DnaG, the clamp loader complex (τ3δδ’) and the β-clamp (Jameson 

and Wilkinson, 2017; Beattie and Reyes-Lamothe, 2015). DnaG is involved in RNA primer 

synthesis into the lagging strand. The primase synthetises RNA oligonucleotides, around 16 nt, 

and its activity is stimulated by the interaction with DnaC (Rannou et al., 2013). 

Differently to E. coli, which only has one replicative DNA polymerase, known as PolIII, 

B. subtilis harbours two: PolC and DnaE. PolC is the main replicative DNA polymerase. It 

interacts with DnaX (τ subunit of clamp loader) and the β-clamp exhibiting a high processivity. 

Moreover, PolC shows a high-fidelity extension, due to its 3’ to 5’ exonuclease proofreading 

action (Paschalis et al., 2017). Whereas PolC performs the leading and lagging strand synthesis, 

DnaE polymerase, structurally similar to E. coli PolIII, is responsible for the RNA primer 

extension synthetised by DnaG and the consequent Okazaki fragments generation in the lagging 

strand (Rannou et al., 2013; Li et al., 2018). This limited action of DnaE as DNA polymerase is 

a consequence of its low processivity and error-prone activity (Rannou et al., 2013; Paschalis et 

al., 2017). Replication rate by PolC is close to 500 nt/s, whereas DnaE elongation rate is around 

to 75 nt/s. However, a synergistic effect is observed with both polymerases, because PolC is not 

able to extend RNA primers, and higher levels of DNA synthesis are observed when both 

polymerases are present, suggesting that once DnaE initially adds some nucleotides to the RNA 
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primers, PolC elongates them (Sanders et al., 2010). This is similar to eukaryotic DNA 

replication, where RNA primers are first extended by Polα and then, elongated by Polδ in the 

lagging strand, whereas Polε is devoted to the leading strand (Robinson et al., 2012). 

Okazaki fragments need to be processed prior to their ligation by the DNA ligase. Okazaki 

fragment maturation, which involves the RNA removal and the subsequent DNA replacement, is 

carried out by PolA polymerase in B. subtilis (PolI in E. coli) in concert with RNase H enzymes 

(especially RNase HIII in B. subtilis) (Randall et al., 2019). PolI contains three functional 

domains: N-terminal domain with 5’ to 3’ exonuclease activity, a central domain with the 

proofreading 3’ to 5’ exonuclease action and the C-terminal domain involved in the polymerase 

activity. In contrast, PolA from B. subtilis lacks the proofreading 3’ to 5’ exonuclease activity. 

Additional 5’ to 3’ exonuclease protein is present in B. subtilis, known as YpcP (also named as 

ExoR), which exhibits highly preference to degrade RNA from the Okazaki fragments (Randall 

et al., 2019). Whereas PolI is an essential protein in E. coli, the absence of PolA in B. subtilis is 

viable. However, the absence of both PolA and YpcP is lethal (Duigou et al., 2005). 

DNA topoisomerases participate in DNA topology maintenance. They are crucial for the 

properly DNA replication because the replisome advance and the transcription process generate 

positive or negative supercoils that need to be processed. In Bacteria, two families of 

topoisomerases are present: type I and type II. The type I (Topo I and Topo III) are monomeric 

topoisomerases that cleave one DNA strand, whereas the type II (DNA gyrase and Topo IV) are 

heterotetramers that cleave both strands (Reuß et al., 2019). Whereas TopoI participates relaxing 

transcription-induced negative supercoiling, DNA gyrase contributes to introduce negative 

supercoiling and relax positive supercoils that form ahead of the replication and transcription 

complexes (McKie et al., 2021). DNA gyrase also controls the initiation of DNA replication by 

inhibiting DnaA-association to oriC (Samadpour and Merrikh, 2018). TopoIII and TopoIV are 

involved in the resolution of recombination intermediates and chromosome segregation (Reuß et 

al., 2019). 

Replication termination is a not completely understood process. In bacteria with circular 

chromosomes, two replisomes are loaded in the oriC region and proceed clockwise and 

anticlockwise since they meet at the Ter region, located in the opposite side to oriC. Here, DNA 

replication finishes. The replication termination proteins, RTP in B. subtilis and Tus in E. coli, 

bind to different sites inside the Ter region and may promote the replisome disassembly (Jameson 

and Wilkinson, 2017). 
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Introduction 

1.2. DNA repair pathways: Homologous recombination in B. subtilis 

The genetic material can suffer several types of damage that can affect the stability of the 

replication fork and promote the replisome stall or disassembly. DNA damaging agents can alter 

the DNA structure introducing breaks or nicks, or modify the sequence favouring the introduction 

of mis-incorporated bases. Environmental factors, such as ionizing radiation, and internal 

products of metabolic processes, such as free radicals or DNA replication errors, can induce DNA 

damage. Because DNA lesions can compromise cell survival and enhance the appearance of 

genetic diseases, all organisms have developed diverse DNA repair systems to overcome these 

lesions. 

Figure 2. DNA repair pathways depending on the type of damage. 
The presence of DNA lesions triggers the activation of DDR, which involves different DNA repair pathways that are 
specific for the type of damage that is produced. Figure from Tasaki et al., 2018. 

The DNA damage response (DDR) implies the activation of different DNA repair 

pathways depending on the type of lesion that is produced (Figure 2). Base-excision repair (BER) 

is the main pathway to resolve non-bulky lesions that do not significantly disturb the DNA helix, 

such as alkylation, methylation, oxidation, deamination or abasic sites. This process consists in 

the recognition of the damage by a glycosylase, which cleaves the N-glycosylic bond between the 

2’-deoxyribose and the damaged base, creating an abasic site (AP site). The AP site has the risk 

of generate a ssDNA break that can endanger the genome integrity, so it needs to be processed by 

AP endonucleases and lyases, which produce a small gap that is then filled by a DNA polymerase 

and ligated (Dalhus et al., 2009; Lenhart et al., 2012; Chatterjee and Walker, 2017). On the other 

hand, a specific pathway, known as alkylation damage repair (ADR), can restore alkylation and 

methylation damage that can produce important DNA modifications. ADR involves the action of 

alkyl and methyl glycosylases and transferases to repair the alkylation damage (Lenhart et al., 

2012). Nucleotide-excision repair (NER) is involved in the removal of bulky lesions, such as 

pyrimidine dimers, produced by UV radiation or chemical agents like mitomycin C. In B. subtilis, 

also in E.coli, this system implies the recruitment of the UvrA-UvrB-UvrC complex to the 
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damage. First, the UvrA-UvrB complex recognises the DNA lesion. Then, UvrA dissociates and 

UvrB recruits UvrC, which removes some nucleotides around the damage generating a single-

stranded region that is subsequently filled (Truglio et al., 2006; Lenhart et al., 2012). Mismatch 

repair (MMR) acts on base mismatches produced during DNA replication. The two major players 

are MutS and MutL proteins. In B. subtilis, MutS interacts with the β-clamp and is recruited to 

the mismatch site. Later, MutS recruits MutL, which cleaves the nascent strand creating a nick 

that is processed and filled (Lenhart et al., 2012). 

If the damage is not properly repaired by its specific DNA repair pathway, the DNA 

replication process could block or collapse, which implies the disassembly of the replication 

machinery. This situation promotes the accumulation of single-strand gaps and double strand 

breaks (DSBs) that need to be repaired. Homologous recombination (HR) becomes then essential 

to restore stalled or collapsed replication forks (Ayora et al., 2011; Wright et al., 2018). HR 

contributes to the repair of one-ended or two-ended DSBs, and implies several conserved steps 

among all organisms, although different proteins are involved (Figure 3) (Ayora et al., 2011; 

Lenhart et al., 2012). In the presynaptic step, RecN, in concert with PNPase, recognises the ends 

of the DSB. PNPase performs an initial end processing from 3’ to 5’ (Cardenas et al., 2009). This 

is substrate for the end-resection machinery, which in B. subtilis is composed by the AddAB 

complex or by the concerted action of RecQ and RecS helicases, and RecJ exonuclease. AddAB 

(similar function to RecBCD from E. coli) is a protein complex with both helicase and nuclease 

activities involved in long end resection. The DNA resection continues until a specific site, known 

as Chi (χ), is found by the exonuclease. The χ sites in B. subtilis have a short sequence (5’-

AGCGG-3’) and are abundant and widely distributed in the chromosome. At the χ sites, DNA 

degradation stops (Chédin et al., 2006; Lenhart et al., 2012). Alternatively, the concerted action 

of RecQ/S and RecJ performs the end-resection. As a result, 3’ ssDNA ends are created and SsbA 

binds to protect them from degradation. 

In the synaptic step of HR, RecA is recruited to the 3’ ends and polymerises forming a 

nucleoprotein filament. RecA is loaded onto the ssDNA by the RecFOR complex, specifically by 

RecO, which acts displacing SsbA molecules from de ssDNA that compete for the RecA binding 

(Ayora et al., 2011; Lenhart et al., 2012). In contrast to E. coli, where both RecBCD and RecFOR 

complexes can load RecA, in B. subtilis there is not any evidence that AddAB directly loads RecA 

onto the generated ssDNA, and RecO is required for that (Lenhart et al., 2014). The RecA 

nucleoprotein filament onto the ssDNA is a tightly regulated process. Some proteins can act as 

mediators or modulators of RecA, promoting its assembly or disassembly from the DNA (e.g. 

RecF, RecO, RecR, RecU, RecX) (Carrasco et al., 2005; Vlašić et al., 2013). RecA bound to the 

ssDNA searches for homology in the chromosome and, if so, catalyses the strand exchange 
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Introduction 

Additional roles for HR have been observed outside the context of DNA repair. In 

bacteria, recombination factors can act during natural transformation with the aim to facilitate the 

the integration of an exogenous DNA into the chromosome (Figure 4). Natural transformation 

supposes one mechanism of horizontal gene transfer that prokaryotic organisms have developed 

to acquire new genetic material. This process allows to the adaptation to the environment and is 

a source of bacterial evolution (Kidane et al., 2012). During natural transformation in B. subtilis, 

the DNA is internalised inside the cell by the DNA uptake apparatus, located at the cell membrane. 

Only one DNA strand is incorporated, whereas the other strand is degraded. This donor ssDNA 

is rapidly covered by single-stranded binding proteins (SsbA or the competence specific SsbB), 

and recognised by the RecA mediations, as DprA and RecO, that facilitates the RecA loading and 

the nucleoprotein filament formation. Then, if this ssDNA shares homology with a region of the 

chromosome, RecA catalyses the strand exchange invasion forming a D-loop, which is substrate 

for branch migration translocases. Similar to DSB repair, a HJ structure could be formed and 

finally processed by RecU. Alternatively, an unknown D-loop resolvase processes the 

heteroduplex. Consequently, the new incorporated DNA is integrated in the bacterial genome and 

this process is known as chromosomal transformation (Serrano et al., 2018). 

Figure 4. Model of chromosomal and plasmid transformation in B. subtilis. 
During natural transformation, only one strand from the exogenous DNA is internalised inside the cell. Ssb proteins 
bind to the ssDNA and DprA mediator helps the RecA binding and filament formation. (A) In chromosomal 
transformation, the donor ssDNA shares enough homology with the chromosome. RecA performs the strand invasion 
using the bacterial genome as a template and the heteroduplex is resolved similarly to HR pathway. (B) In plasmid 
transformation, the donor ssDNA does not share enough homology to the chromosome. It could remain as an internal 
plasmid if the complementary strand is synthetised de novo (iii) or if the other strand is also internalised and both 
ssDNAs anneal (iv). Figure adapted from Serrano et al., 2018. 
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Introduction 

On the other hand, if the internalised ssDNA does not share enough homology to the 

chromosome, it could remain as an extrachromosomal element in a process that is known as 

plasmid transformation. Two models have been proposed for plasmid transformation. One 

possibility is that the other strand is not degraded and could be internalised as its complementary 

strand. Inside the cell, both complementary strands anneal and reconstitute a functional plasmid. 

Another possibility is that the internalised ssDNA is substrate for the replication machinery and 

the complementary strand is synthesised de novo (Kidane et al., 2012; Serrano et al., 2018). 

Several, but not all, HR proteins are crucial for natural transformation. For instance, it has been 

observed that the deletion mutant strains ΔrecA, ΔrecX and ΔradA are defective in chromosomal 

transformation (Serrano et al., 2018; Torres et al., 2019). Despite the fact that plasmid 

transformation is a RecA-independent process, other HR proteins may participate in this process. 

Deletion mutant strains ΔrecX and ΔrecU are impaired in plasmid transformation, probably 

because they contribute to RecA nucleoprotein filament disassembly from the ssDNA allowing 

other proteins to reconstitute the plasmid into the cell (Serrano et al., 2018; Serrano et al., 2020). 

1.3. DNA replication restart: Interplay with the homologous recombination 

machinery 

HR and DNA replication are processes that are connected. The presence of DNA damage 

can promote the stalling of replication fork. In this context, the recruitment of HR machinery is 

crucial, because it can directly act on blocked forks to promote the restart of DNA replication. 

Several mechanisms have been proposed to restore a stalled replication fork (Figure 5) (Marians, 

2018). If the DNA lesion is present into the leading strand, the leading strand synthesis stops, 

whereas lagging strand synthesis and template unwinding continue, which is known as replication 

uncoupling. This situation can promote the recruitment of specific polymerases that can bypass 

the DNA damage in a process known as translesion synthesis (TLS). In B. subtilis, TLS is 

mediated by PolY1 (possible counterpart of UmuC from E. coli) and PolY2 (possible counterpart 

of PolIV from E. coli) polymerases (Lenhart et al., 2012). On the other hand, lesion bypass can 

be performed by the replicative polymerase itself. Alternatively to TLS, replication can be 

reinitiated downstream of DNA lesion in a process known as lesion skipping. This process is 

mediated by the replisome itself and the resultant gap is repaired by either specific homology-

directed gap repair or by TLS (Marians, 2018). 

Template switching is another mechanism of DNA damage tolerance that implies the 

participation of HR proteins. In the presence of a DNA damage, RecA may anneal a nascent 

strand with the opposite nascent strand, using it as template, the lesion is repaired and 

consequently, DNA replication is restored (Marians, 2018). However, in an in vitro model of a 

blocked replication fork, RecA inhibited the resumption of DNA replication (Vlašić et al., 2013). 
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Introduction 

Recombination intermediates formed at the replication fork need to be resolved to facilitate 

replication fork progression. Some branch migration translocases like B. subtilis RadA/Sms could 

contribute to that by unwinding recombination intermediates and thus promoting replication 

restart through its interaction with RecA (Torres and Alonso, 2021). 

Figure 5. Mechanisms of DNA replication restart. 
(A) The presence of a DNA lesion (black triangle) in the leading strand can promote the stall of DNA replication. (B) 
Whereas the synthesis of lagging strand continues, the leading strand synthesis stops (uncoupling). (C) TLS can bypass 
the damage by the replisome itself or (D) by the action of the TLS polymerases PolY1 and PolY2. (E) The lesion 
skipping occurs when the replication fork reinitiates downstream the damage. (F) The template switching by RecA can 
bypass the damage using the nascent lagging strand (red lines) as the template for the nascent leading strand (green 
lines). (G) RecG (and perhaps RuvAB) performs the fork regression and a HJ-like structure is created. (H) The DNA 
polymerase extends the nascent leading strand using the nascent lagging strand as a template. (I) Fork reset can occur 
when the replication reinitiates, although the damage has not been previously removed (empty triangle). (J) The HR 
machinery can remove the damage in a regressed fork and facilitates the replication restart. (K) Alternatively, a DNA 
lesion in a regressed fork can be removed by other DNA repair pathways like NER. (L) The regressed fork is processed 
by the cleavage of the HJ resolvase (RecU). (M) The cleavage of the replication fork generates substrates for the HR 
machinery, which restores the DNA replication. Figure adapted from Marians, 2018. 

Fork regression (also termed fork reversal) is an alternative via that contributes to bypass 

replication stalling. This process is mediated by branch migration translocases, principally RecG, 

but also RuvAB, that catalyse the formation of a HJ-like structure, known as ‘chicken foot 

structure’, in a stalled replication fork, (Atkinson and McGlynn, 2009; Gupta et al., 2014; Torres 

et al., 2021). Therefore, the nascent leading and lagging strands anneal and the DNA polymerase 

uses the nascent leading strand as a template to extend the nascent lagging strand. In this context, 

the fork could be reset to the original configuration when DNA replication moves, leaving behind 

the damage (origin dependent restart) or the regressed fork is cleaved by the HJ resolvases, which 
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RecD2; and of SF2 are RecQ, RecG, RuvB and PriA (Wu and Hickson, 2006; Singleton et al., 

2007; Saikrishnan et al., 2009). Whereas some of them are crucial for a specific function (i.e. the 

replicative helicases DnaC in B. subtilis or DnaB in E. coli), many others participate as accessory 

factors during different processes. Particularly, there are accessory helicases that may contribute 

to replication fork progression and DNA repair. 

In E. coli, replication restart mainly involves three distinct accessory helicases: PriA, Rep 

and UvrD. They are SF1A helicases that are able to remodel the replication fork structure in the 

presence of DNA damage and facilitate replisome loading (Heller and Marians, 2007). As 

mentioned, PriA interacts with SSB and travels with active replication forks (Shereda et al., 

2008). PriA, in concert with PriB and DnaT, unwinds the nascent lagging strand and promotes 

the binding of DnaB helicase to the forked DNA (Heller and Marians, 2005). Rep performs a 

similar activity in concert with its activator factor PriC (Nguyen et al., 2021). Rep also contributes 

to remove protein blocks that impede the progression of replication fork (Guy et al., 2009). On 

the other hand, it has been proposed that UvrD acts removing recombination intermediates and 

facilitates the RecA disassembly from the ssDNA that can block the resumption of replication. 

Rep and UvrD are not essential for cell survival, but the absence of both proteins is lethal (Veaute 

et al., 2005). In B. subtilis, PcrA helicase shows similarities in structure and function to Rep and 

UvrD from E. coli and it is an essential protein (Petit et al., 1998). PcrA unwinds preferentially 

RNA-DNA hybrids and, like UvrD, may participate in the backtracking of a stalled RNA 

polymerase (Epshtein et al., 2014; Moreno-del Álamo et al., 2021). 

PriA carries out the resumption of DNA replication in B. subtilis, with similar function to 

PriA from E. coli (Polard et al., 2002). However, the resumption of DNA replication by this 

helicase in both organisms is different. Proteins like PriB or DnaT, which take part, in concert 

with PriA, in replication restart in E. coli, are absent in B. subtilis. Instead of that, PriA from B. 

subtilis interacts with the initiation proteins DnaD and DnaB to promote the replication restart. 

PriA in B. subtilis is an essential protein and priA mutants rapidly acquire suppressor mutations 

in dnaD or dnaB genes. Both DnaD and DnaB proteins are essential for initiation and re-initiation 

of DNA replication (Polard et al., 2002; Gabbai and Marians, 2010). 

RecG is another helicase that belongs to the SsbA interactome (Costes et al., 2010). This 

helicase participates as a branch migration translocase during the postsynaptic step of HR and 

contributes to restore the replication process via fork regression in the presence of a DNA lesion 

in the replication fork (see section 1.3). Another branch migration translocase that could act in 

the context of replication is RadA/Sms, although it is not part of the SsbA interactome. It has been 

observed that this helicase is able to process stalled or reversed forks by unwinding the nascent 

lagging strand (Torres and Alonso, 2021). RecQ and RecS are homologous helicases that may 
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participate in DNA end resection during HR in concert with RecJ exonuclease. RecQ is associated 

with the replication fork by its interaction with SsbA and, as PriA and RecG, may participate in 

replication restart (Lecointe et al., 2007). E. coli RecQ acts remodeling the replication fork 

structure by unwinding the nascent lagging strand (Hishida et al., 2004). B. subtilis RecQ 

recognises specifically replication forks structures in vitro (Qin et al., 2014), but it is a poorly 

characterised helicase. 

1.6. RecD2 helicase 

1.6.1. Biochemical activities of RecD2 

Another helicase that belongs to the SsbA interactome is RecD2, which has been 

proposed as an accessory helicase in DNA replication and HR (Costes et al., 2010). This enzyme 

belongs to SF1B and unwinds DNA from 5’ to 3’, as the other members of this superfamily of 

helicases. RecD2 shows similarities in structure and sequence to RecD helicase from E. coli 

(RecDEco, also known as RecD1), but the first protein has an N-terminal extension with an 

unknown function and both proteins do not perform the same actions (Montague et al., 2009; 

Saikrishnan et al., 2009). RecD is part of the RecBCD complex and has been substantially studied 

in E. coli. RecBCD is involved in the long end resection of DSBs during the presynaptic step of 

HR, and it is absent in some Gram-positive bacteria like B. subtilis, where the helicase/nuclease 

AddAB complex plays a similar role in DSB repair (Chédin and Kowalczykowski, 2002; Lenhart 

et al., 2012). Usually, bacteria that contain RecD2 lack the RecBCD complex (Montague et al., 

2009). 

In contrast to RecD, RecD2 has been poorly studied and its role is not clearly known, 

although the published data suggest that this helicase may be involved in DNA replication and 

DNA repair. RecD2 from Deinococcus radiodurans (RecD2Dra) represents the best structurally 

and biochemically characterised protein of this group of helicases. The crystal structure of 

RecD2Dra has been obtained with an N-terminal truncation (deletion of 150 amino acids that are 

missed in RecD proteins) with the aim to compare this helicase to its homologous RecDEco. The 

global structure of both proteins, RecDEco and the N-terminal truncated RecD2 (∆150-RecD2Dra), 

is similar, and both are monomers (Figure 6) (Saikrishnan et al., 2008). RecD2 contains five 

domains: 1A, 1B, 2A, 2B and the N-terminal (Saikrishnan et al., 2008; Saikrishnan et al., 2009). 

Domains 1A and 2A have a RecA-like fold and form a channel that contacts with the ssDNA 

backbone, allowing the ssDNA crossing. 1B creates the pin or wedge region with its β-hairpin, 

which is crucial for the unwinding activity. 2B domain has a SH3 fold, not very common in 

prokaryotes, and is involved in ssDNA binding. Moreover, 2B may participate in the interaction 

with other proteins, because the SH3 fold is supposed to interact with peptides. The binding of 

ATP promotes a conformational change that results in that 1A and 2A domains get closer to the 
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nucleotide-binding site, creating a connection between the ssDNA binding and the ATPase site. 

It has been observed in the crystal structure that only eight bases from the ssDNA are in contact 

with the protein (Saikrishnan et al., 2009). RecD harbours similar domains, although 1B and 2B 

were disordered in the crystal structure (Saikrishnan et al., 2008). 

Figure 6. Crystal structure of E. coli RecD (RecD1) and D. radiodurans RecD2. 
The crystal structure of D. radiodurans RecD2 has an N-terminal truncation with the deletion of 150 aa of this domain. 
Both proteins have similar structure and share the same domains, although 1B and 2B are disordered in E. coli RecD. 
Figure from Saikrishnan et al., 2008. 

The biochemical activities of RecD2Dra have been explored. The ATPase activity of this 

helicase is highly stimulated by the presence of ssDNA, whereas its activity is considerably 

reduced using linear or circular dsDNA as effectors of the reaction (Wang and Julin, 2004). On 

the other hand, the ATP hydrolysis of the ∆150-RecD2Dra has been also characterised using 

polydTs with different lengths (20 to 60 nt). The catalytic constant (kcat), which represents the 

velocity of ATP hydrolysis, for each polydT has shown a global kcat = 98 ± 12 s-1 for all of these 

DNA substrates (Saikrishnan et al., 2009). Additional experiments performed with the ∆150-

RecD2Dra have shown a similar kcat value (86.9 ± 1.5 s-1) with a polydT20 (Toseland and Webb, 

2013). As a measure of protein affinity for ATP, the Michaelis-Menten constant (Km) has been 

measured. Km represents the concentration of a substrate needed to obtain the 50% of the 

maximum activity and it has been calculated using increasing concentrations of ATP, obtaining a 

Km value of 30.3 ± 1.5 µM ATP for the ∆150-RecD2Dra (Toseland and Webb, 2013). The 

translocation rate along the ssDNA has been also characterised for the ∆150-RecD2Dra, showing 

that the protein hydrolyses one ATP per base moved (Saikrishnan et al., 2009). 

The DNA binding properties of RecD2Dra have been poorly explored. As the crystal 

structure and translocation assays have suggested, RecD2 binds and translocates along ssDNA 

(Saikrishnan et al., 2009). Electrophoretic mobility shift assays (EMSA) have shown that 

RecD2Dra binds efficiently to 5’ ssDNA tails (Wang and Julin, 2004; Saikrishnan et al., 2008), 

obtaining an apparent binding constant, Kapp, value of 2.5 ± 1.3 nM RecD2 for a substrate with a 
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Introduction 

12 nt 5’ tail (Shadrick and Julin, 2010). Similar to Km, Kapp represents the protein concentration 

necessary to observe 50% of DNA binding and it is a measure of the affinity to the substrate. 

The unwinding polarity of RecD2 has been also determined for the protein from both 

organisms, D. radiodurans and B. subtilis. As its equivalent partner RecD, RecD2 helicases 

unwind DNA from 5’ to 3’ (Wang and Julin, 2004; Walsh et al., 2014). The presence of a 5’ 

ssDNA end is crucial for the unwinding, because RecD2Dra is not capable to unwind dsDNA with 

blunt ends (Wang and Julin, 2004). Not too many differences in unwinding efficiency have been 

observed in RecD2Dra between a substrate with 12 nt ssDNA 5’ tail and a fork-like structure with 

two 12 nt ssDNA tails. In both cases, the duplex region had 20 bp and 100 nM RecD2Dra unwound 

approximately 80% of the substrate in a 30 min reaction (Shadrick and Julin, 2010). RecD2Dra 

appears to be not much efficient unwinding longer dsDNA regions with 52 or 76 bp, suggesting 

that this helicase has low processivity. The addition of SSB stimulates helicase activity of 

RecD2Dra, maybe because it avoids DNA reannealing due to the excess of SSB in the reaction 

(ratio SSB:RecD2Dra of 80:1) (Wang and Julin, 2004). Moreover, it has been shown that RecD2Dra 

unwinds complex DNA structures like G-quadruplex (G4), which are typically formed in 

guanine-rich regions. The unwinding of G4 is crucial for genome stability (Xue et al., 2020). 

1.6.2. Genetic and functional analysis of RecD2 

RecD2 has been postulated to participate in DNA repair, but its contribution remains 

unclear. The published genetic data show differences between species. For instance, the deletion 

of recD2 gene in D. radiodurans confers sensitivity to different DNA damaging agents like UV 

irradiation, gamma irradiation and hydrogen peroxide (H2O2). However, this strain appears to be 

resistant to mitomycin C (MMC) and methyl methanesulfonate (MMS) (Servinsky and Julin, 

2007). In B. subtilis, the absence of recD2 gene (also termed yrrC) confers sensitivity to a wide 

variety of DNA damaging agents, such as MMS, MMC, UV irradiation, H2O2, phleomycin and 

4-nitroquinoline 1-oxide (4NQO) (Walsh et al., 2014; Torres et al., 2017). These results indicate 

that RecD2 may have a role in several DNA repair pathways. On the other hand, Bacillus 

anthracis recD2 mutant strain has a high accumulation of spontaneous mutations (~40-fold 

respect to the wild type strain, wt) with a similar mutation spectrum to when mismatch repair 

factors are defective, indicating a possible role of this helicase in MMR. However, no UV 

irradiation sensitivity has been observed in this strain compared to the wt. The N-terminal domain 

seems to be crucial, because mutations in this region affect the DNA repair activity of RecD2 

(Yang et al., 2011). Nevertheless, the deletion of recD2 in B. subtilis only moderately increases 

the spontaneous mutation rate (~3.6-fold respect to the wt) (Walsh et al., 2014). The observed 

differences in DNA damage sensitivity in the absence of recD2 could be explained because 

RecD2 helicase is not the same protein between these organisms (Figure 7). In fact, whereas B. 
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Introduction 

subtilis RecD2 and B. anthracis RecD2 (798 aa and 778 aa, respectively) share 57% of amino 

acid identity (they belong to the same genus), B. subtilis and D. radiodurans RecD2 (715 aa) 

share 28% of amino acid identity (Walsh et al., 2014). Therefore, although D. radiodurans RecD2 

is the most studied protein, it is difficult to directly extrapolate the results to other organisms. 

Figure 7. Comparison of functional motifs between B. subtilis, B. anthracis and D. radiodurans RecD2 proteins. 
These proteins share the same motifs that are present in helicases that belong to SF1B with an N-terminal region with 
conserved motifs, but with unknown function. B. subtilis RecD2 shares 57% of amino acid identity to B. anthracis 
RecD2 and B. subtilis RecD2 and D. radiodurans RecD2 share 28% of amino acid identity. Figure adapted from Walsh 
et al., 2014. 

RecD2 has been considered as a recombination repair enzyme, although its role in HR 

pathway is poorly understood. The deletion of recD2 has been combined with the absence of other 

recombination helicases in B. subtilis (∆recS, ∆recQ, ∆helD, ∆dinG, ∆addAB, ∆ruvAB and 

∆recG) with the aim to elucidate in which step of HR reaction this helicase could be acting. This 

analysis has shown that RecD2 is non-epistatic with AddAB, RecS, RecQ, DinG or HelD 

helicases, because the double mutants were more sensitive to DNA damaging agents (MMS and 

H2O2) than the single mutants. On the other hand, the double mutant strains ∆recD2 ∆ruvAB and 

∆recD2 ∆recG were not viable (Torres et al., 2017). These results suggests that RecD2 may act 

as a branch migration translocase, as RecG or RuvAB, during the postsynaptic step of HR. 

However, more data is required to confirm that hypothesis. 

RecD2 has been also postulated to be an accessory helicase in DNA replication. Previous 

authors have shown that the helicase from B. subtilis interacts in vivo and in vitro with Ssb, and 

both proteins colocalise in the absence of DNA damage, suggesting that RecD2 is normally 

associated to the replication fork (Costes et al., 2010; Walsh et al., 2014). Furthermore, the 

absence of RecD2 leads to replication stress since there is more replication fork collapse in recD2 

deficient strain, and it promotes the accumulation of unsegregated chromosomes (Walsh et al., 

2014; Torres et al., 2017). However, by using an in vitro heterologous model of a stalled 

replication fork with purified E. coli replisome proteins, it has been shown that RecD2Dra inhibited 
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Introduction 

HELB overcomes this inhibition (Taneja et al., 2002). It has been proposed that the HELB and 

pol-prim interaction could promote the loading of pol-prim into the leading strand in a stalled 

replication fork caused by the presence of DNA damage in this strand (Guler et al., 2012; Hazeslip 

et al., 2020). An additional role of HELB has been discovered in the context of initiation of 

replication. Human HELB interacts via its N-terminal and helicase domains with TOPBP1 and 

Cdc45, which are two replication initiation proteins. The absence of HELB inhibits the initiation 

of DNA replication and reduces the accumulation of Cdc45 into the chromatin, suggesting that 

HELB may recruit replication initiation factors (Gerhardt et al., 2015). HELB could also facilitate 

the replisome progression via unwinding DNA secondary structures in fragile sites that could stall 

the replication fork (Guler et al., 2018; Hazeslip et al., 2020). On the other hand, it has been 

shown that HELB participates modulating the initiation of HR pathway. Particularly, HELB 

helicase inhibits EXO1 and BLM-DNA2, which are the nucleases involved in DNA end resection 

during the presynaptic step of HR necessary to repair DSBs. In this context, RPA is crucial 

because it recruits HELB to DSB sites (Tkáč et al., 2016). HELB colocalises in vivo with the 

recombinase Rad51 (eukaryotic RecA). Moreover, this helicase stimulates in vitro the Rad51-

mediated strand exchange reaction and the 5’ to 3’ D-loop extension in the presence of a dsDNA 

with a 3’ ssDNA end (Liu et al., 2015). 

Figure 8. Roles of human HELB as 
accessory helicase in replication and 
recombination. 
(A) HELB participates in replication 
initiation. This helicase interacts with and 
recruits the replication initiation factors 
Cdc45 and TOPBP1 to the origin of 
replication. (B) HELB reduces end-
resection during HR pathway by inhibiting 
the nucleases EXO1 and BLM-DNA2. (C) 
HELB contributes to replication restart by 
its interaction with pol-prim. HELB is 
supposed to load pol-prim to the leading 
strand in a stalled replication fork. (D) 
HELB unwinds dsDNA structures in 
fragile sites promoting replication fork 
progression. Figure from Hazeslip et al., 
2020. 
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2. Objectives 

The main objective of this thesis was the biochemical and functional characterisation of B. subtilis 

RecD2. The specific objectives were: 

1. In vivo analysis of the contribution of RecD2 to natural transformation mechanisms: intra-and 

interspecies chromosomal transformation, plasmid transformation and viral transfection. 

2. Biochemical characterisation of the RecD2 protein: DNA binding, translocation and 

unwinding. 

3. Biochemical characterisation of RecD2 in concert with SsbA. 

4. Quantification of the RecD2 protein levels present in B. subtilis cells. 

5. Study of RecD2 in the context of DNA replication by in vitro DNA replication assays. 

6. Analysis of the in vivo dynamics and the subcellular localisation of RecD2 by single-molecule 

fluorescence microscopy during unperturbed or perturbed DNA replication. 

7. Analysis of the interplay between RecD2 and RecA in homologous recombination. 
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Materials and Methods 

3. Materials and Methods 

3.1. Materials 

3.1.1. Bacterial strains 

Table 1. E. coli strains. 

Strain Genotype Description 

XL1-Blue 
recA1 endA1 gyrA96 thi-1 hsdR17 

supE44 relA1 lac [F proAB 
lacIqZΔM15 Tn10 (TetR)] 

Strain used for plasmid construction and 
isolation 

BL21(DE3) [pLysS] F- -dcm ompT hsdS (rB mB -) gal λ (DE3) 
[pLysS CatR] 

Strain used for protein overexpression from 
pET plasmids by IPTG induction. pLysS 
plasmid expresses T7 lysozyme which 

suppresses basal expression of T7 RNA 
polymerase prior to induction 

Table 2. B. subtilis strains. 

Strain and genotype Description 

BG214, trpCE metA5 amyE1 ytsJ1 
attICEBs1 rsbV37 xre1 xkdA1 attSPß B. subtilis 168 wild-type (wt, rec+). Laboratory strain 

BG190, + ΔrecA Mutation of recA gene. CmR (Ceglowski et al., 1990) 

BG1455, + ΔrecD2 Mutation of recD2 (yrrC) gene. CmR (Torres et al., 2017) 

BG1245, + ΔradA/sms Mutation of radA/sms gene. CmR (Gándara and Alonso, 2015) 

BG1635, + ΔrecD2 ΔradA/sms Mutation of recD2 and radA/sms genes. CmR . This work (Serrano et 
al., 2020) 

BG1359, + Δrok Mutation of rok gene. CmR . (Carrasco et al., 2016) 

BG1549, + Δrok ΔrecD2 Mutation of rok and recD2 genes. CmR . This work (Serrano et al., 
2021) 

recD2his6 
wt expressing RecD2-6xHis from the original locus of recD2 gene. 

CmR . This work (Ramos et al., 2022) 

BG1329, recD2-mVenus wt expressing fluorescent RecD2-mVenus from the original locus of 
recD2 gene. CmR . (Romero, 2018) 

dnaX-cfp recD2-mVenus 
wt expressing fluorescent RecD2-mVenus from the original locus of 
recD2 gene and DnaX-CFP in the amyE site from a xylose-inducible 

promoter (Pxyl). CmR and SpectR . This work 

dnaD23 recD2-mVenus Thermosensitive mutation of dnaD gene and expression of RecD2-
mVenus from the original locus of recD2 gene. CmR . This work 

dnaB37 recD2-mVenus Thermosensitive mutation of dnaB gene and expression of RecD2-
mVenus from the original locus of recD2 gene. CmR . This work 
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Materials and Methods 

3.1.2. Bacteriophages 

Table 3. Bacteriophages. 

Bacteriophage Use 

SPP1 Construction of B. subtilis strains by transduction. Used as donor DNA 
in viral transfection assays 

Helper phage VCS Production and isolation of sspGEM-3Zf (+) phagemid 

3.1.3. Plasmids and phagemids 

Table 4. Plasmids and phagemids. 

Name Description 

pSG1164-C-
ter-recD2-His 

Integrative plasmid containing 500 bp of recD2 fused to 6xHis. It allows expression of RecD2-
6xHis from its natural promoter. This work (Ramos et al., 2022) 

pET3b-
recD2-His 

pET3b derived plasmid. Used for the overexpression of RecD2-6xHis. This work (Ramos et 
al., 2022) 

pET3b-
recD2-

K373A-His 

pET3b derived plasmid. Used for the overexpression of RecD2 K373A-6xHis. This work 
(Ramos et al., 2022) 

pUB110 Donor DNA used in plasmid transformation assays. NmR 

pCB980 
Donor DNA used in chromosomal transformation assays. The plasmid derived from the 

cloning of rpoB gene from B. subtilis 168 in pUC57 vector. The cloned rpoB contains a single 
mutation (C482T) that confers RifR . (Carrasco et al., 2016) 

pCB981 
Donor DNA used in chromosomal transformation assays. The plasmid derived from the 

cloning of rpoB gene from B. subtilis W23 in pUC57 vector. The cloned rpoB contains the 
mutation (C482T) that confers RifR . (Carrasco et al., 2016) 

pCB982 
Donor DNA used in chromosomal transformation assays. The plasmid derived from the 

cloning of rpoB gene from B. atrophaeus 1942 in pUC57 vector. The cloned rpoB contains the 
mutation (C482T) that confers RifR . (Carrasco et al., 2016) 

pCB983 
Donor DNA used in chromosomal transformation assays. The plasmid derived from the 

cloning of rpoB gene from B. amyloliquefaciens DSM7 in pUC57 vector. The cloned rpoB 
contains the mutation (C482T) that confers RifR . (Carrasco et al., 2016) 

pCB984 
Donor DNA used in chromosomal transformation assays. The plasmid derived from the 
cloning of rpoB gene from B. licheniformis DSM13 in pUC57 vector. The cloned rpoB 

contains the mutation (C482T) that confers RifR . (Carrasco et al., 2016) 

pCB985 
Donor DNA used in chromosomal transformation assays. The plasmid derived from the 

cloning of rpoB gene from B. thuringiensis MC28 in pUC57 vector. The cloned rpoB contains 
the mutation (C482T) that confers RifR . (Carrasco et al., 2016) 

pCB1054 
Donor DNA used in chromosomal transformation assays. The plasmid derived from the 

cloning of rpoB gene from B. gobiensis FJAT4402 in pUC57 vector. The cloned rpoB contains 
the mutation (C482T) that confers RifR . (Serrano et al., 2021) 

pCB1056 
Donor DNA used in chromosomal transformation assays. The plasmid derived from the 

cloning of rpoB gene from B. smithii DSM4216 in pUC57 vector. The cloned rpoB contains 
the mutation (C482T) that confers RifR . (Serrano et al., 2021) 
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Table 4. Plasmids and phagemids (continued). 

Name Description 

pGEM-T Easy Used as intermediary vector during plasmid construction (Promega) 

pGEM-3Zf 
(+) Phagemid used as the source of ssDNA and dsDNA in biochemical assays 

Minicircular 
RC Template used for in vitro DNA replication (rolling circle) assays (Sanders et al., 2010) 

3.1.4. DNAs for biochemical assays 

Table 5. Oligonucleotides. 

Name Sequence (5’ to 3’) 

polydT15 TTTTTTTTTTTTTTT 

polydT20 TTTTTTTTTTTTTTTTTTTT 

polydT30 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 

polydT40 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 

polydT60 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 

polydT70 
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 

TTTTTTTT 

polydT80 
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 

TTTTTTTTTTTTTTTTTT 

polydA80 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

AAAAAAAAAAAAAAAAAAAAAAAAAAAA 

dT30-mer up ACGGCCTAGATCGTGAACCTGCAGGTAAGGTTTTTTTTTTTTTTTTTTTTTTTTTTTT 
TT 

dT30-mer down TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCCTTACCTGCAGGTTCACGATCTAGGCCG 
T 

16-M-90 GCTGGATATGGACGCTGCCGAATTCTACCAGTGCCTTGCTAGGACATCAGTCGTAG 
GATCCCTTACCTGCAGGTTCACGATCTAGGCCGT 

17-M-46 ACGGCCTAGATCGTGAACCTGCAGGTAAGGGGCTGCTCATCGTAGG 

17-M-60 ACGGCCTAGATCGTGAACCTGCAGGTAAGGGGCTGCTCATCGTAGGTTAGCGTAA 
ATTAG 

17-M-70 ACGGCCTAGAACGGCCTAGATCGTGAACCTGCAGGTAAGGGGCTGCTCATCGTAG 
GTTAGCGTAAATTAG 

17-M-80 ACGGCCTAGAACGGCCTAGAACGGCCTAGATCGTGAACCTGCAGGTAAGGGGCTG 
CTCATCGTAGGTTAGCGTAAATTAG 

17-M-90 ACGGCCTAGATCGTGAACCTGCAGGTAAGGGGCTGCTCATCGTAGGTTAGCGTAA 
ATTAGTGGTAGAATTCGGCAGCGTCCATATCCAGC 
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Table 5. Oligonucleotides (continued). 

Name Sequence (5’ to 3’) 

18-M-46 CATCAGTCGTAGGATACCTTACCTGCAGGTTCACGATCTAGGCCGT 

18-M-60 GTGCCTTGCTAGGACATCAGTCGTAGGATACCTTACCTGCAGGTTCACGATCTAGGC 
CGT 

18-M-70 GTGCCTTGCTAGGACATCAGTCGTAGGATACCTTACCTGCAGGTTCACGATCTAGGC 
CGTTCTAGGCCGT 

18-M-80 GTGCCTTGCTAGGACATCAGTCGTAGGATACCTTACCTGCAGGTTCACGATCTAGGC 
CGTTCTAGGCCGTTCTAGGCCGT 

19-M-60 GGCTGCTCATCGTAGGTTAGCGTAAATTAGGATCCTACGACTGATGTCCTAGCAAGG 
CAC 

20-M-60NC GATCCTACGACTGATGTCCTAGCAAGGCACGGCTGCTCATCGTAGGTTAGCGTAAAT 
TAG 

21-M-30 TATCCTACGACTGATGTCCTAGCAAGGCAC 

22-M-30 CTAATTTACGCTAACCTACGATGAGCAGCC 

170 AGACGCTGCCGAATTCTGGCTTGGATCTGATGCTGTCTAGAGGCCTCCACTATGAAA 
TCG 

171 CGATTTCATAGTGGAGGCCTCTAGACAGCA 

172 TGCTGTCTAGAGACTATCGATCTATGAGCT 

173 AGCTCATAGATCGATAGTCTCTAGACAGCATCAGATCCAAGCCAGAATTCGGCAGC 
GTCT 

J3-1 CGCAAGCGACAGGAACCTCGAGAAGCTTCCGGTAGCAGCCTGAGCGGTGGTTGAAT 
TCCTCGAGGTTCCTGTCGCTTGCG 

J3-2 CGCAAGCGACAGGAACCTCGAGGAATTCAACCACCGCTCAACTCAACTGCAGTCTA 
GACTCGAGGTTCCTGTCGCTTGCG 

J3-2 comp CGCAAGCGACAGGAACCTCGAGTCTAGACTGCAGTTGAGTTGAGCGGTGGTTGAAT 
TCCTCGAGGTTCCTGTCGCTTGCG 

J3-2-110-5 AAGTCTTTCCGGCATCGATCGTAGCTATTTCGCAAGCGACAGGAACCTCGAGGAATT 
CAACCACCGCTCAACTCAACTGCAGTCTAGACTCGAGGTTCCTGTCGCTTGCG 

J3-3 CGCAAGCGACAGGAACCTCGAGTCTAGACTGCAGTTGAGTCCTTGCTAGGACGGAT 
CCCTCGAGGTTCCTGTCGCTTGCG 

J3-4 CGCAAGCGACAGGAACCTCGAGGGATCCGTCCTAGCAAGGGGCTGCTACCGGAAGC 
TTCTCGAGGTTCCTGTCGCTTGCG 

Hind24 GCAGGCATGCAAGCTTGAGTATTC 

BioT-45 GTACGTATTCAAGATACCTCGTACTCTGTACTGACTCGGATCC(biodT)A 

F1-30-dA AGAGGATCCCCGGGTACCGAGCTCGAATTCAAAAAAAAAAAAAAAAAAAAAAAAA 
AAAAA 

F2-30-dA AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGAATTCGAGCTCGGTACCCGGGGAT 
CCTCT 

KpnI-30 GTACCTCTAGAGTCGACCTGCAGGCATGCA 
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Materials and Methods 

Table 5. Oligonucleotides (continued). 

Name Sequence (5’ to 3’) 

KpnI-50 GTACCGCCAGTACTAAGCTTCGATTTCTAGAGTCGACCTGCAGGCATGCA

HindIII-35 AGCTTGCATGCCTGCAGGTCGACTCTAGAGGTACC

HindIII-55 AGCTTGCATGCCTGCAGGTCGACTCTAGAAATCGAAGCTTAGTACTGGCGGTACC

20-dT37 AGCTGCTCATCGTAGGCTAGTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 

16-dT37 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCTAGCCTACGATGAGC

Table 6. DNA structures. 

Name Oligonucleotide composition Structure 

5’-tailed 17-M-60 + 22-M-30 30 bp30 nt 

3’-tailed 18-M-60 + 21-M-30 30 nt 30 bp 

Blunt-ended dsDNA J3-2 + J3-2 comp 80 bp 

Fork 30-30 17-M-60 + 18-M-60 
30 nt 30 bp 
30 nt 

Fork 30-16 17-M-46 + 18-M-46 
30 bp 16 nt 

16 nt 

Fork 30-dT30 dT30-mer up + dT30-mer down dT3030 bp 
dT30 

Fork 30-dA30 F1-30-dA + F2-30-dA dA30 30 bp 
dA30 

Fork 40-30 17-M-70 + 18-M-70 40 bp 30 nt 
30 nt 

Fork 50-30 17-M-80 + 18-M-80 50 bp 30 nt 
30 nt 

Fork 50-dT37 KpnI-30 + HindIII-35 + 20-dT37 + 16-
dT37 

dT37 50 bp
dT37

Fork 70-dT37 KpnI-50 + HindIII-55 + 20-dT37 + 16-
dT37 

dT37 70 bp 
dT37 

5’-forked 17-M-60 + 22-M-30 + 18-M-60 
30 nt 30 bp 
30 bp 

3’-forked 17-M-60 + 21-M-30 + 18-M-60 30 bp 30 bp 
30 nt 
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Materials and Methods 

Table 6. DNA structures (continued). 

Name Oligonucleotide composition Structure 

5’-regressed fork 170 + 171 + 173 
18 nt 42 bp

12 nt 
18 bp 

3’-regressed fork 170 + 172 + 173 
18 bp 42 bp 

12 nt 
18 nt 

Holliday junction J3-1 + J3-2 + J3-3 + J3-4 
40 bp 40 bp
40 bp 40 bp 

5’-tailed fully regressed 
fork J3-1 + J3-2-110-5 + J3-3 + J3-4 

40 bp 
40 bp 40 bp 30 nt 

40 bp 

3’-invading D-loop 16-M-90 + 17-M-90 + 19-M-60 
30 nt 

30 bp 30 bp 30 bp

5’-invading D-loop 16-M-90 + 17-M-90 + 20-M-60NC 
30 nt 

30 bp 30 bp 30 bp 

pGEM-Hind24 sspGEM-3Zf (+) + Hind24 
24 bp

3,173 nt 

3.1.5. Reagents 

Table 7. Reagents. 

Antibodies Manufacturer 

6xHis monoclonal antibody Takara-Clontech 

Anti-mouse IgG conjugated with peroxidase Cytiva 

Membranes Manufacturer 

Nitrocellulose membrane 0.45 μm Bio-Rad 

Immobilon-P PVDF 0.45 μm Merk (Millipore) 

Antibiotics Manufacturer 

Ampicillin, chloramphenicol, kanamycin, neomycin, spectinomycin, tetracyclin Merk 

Rifampicin Fluka 

Enzymes Manufacturer 

Pfu DNA polymerase Promega 
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Materials and Methods 

Table 7. Reagents (continued). 

Enzymes Manufacturer 

DNA polymerase I large Klenow, T4 DNA ligase, T4 polynucleotide kinase (PNK), 
restriction enzymes 

New England 
Biolabs 

Taq DNA polymerase Biotools 

NZYlong DNA polymerase NZYtech 

Proteinase K, Pyruvate kinase/Lactic dehydrogenase Merk 

Creatine kinase Roche 

General reagents Manufacturer 

Absolute ethanol, ammonium acetate, ammonium persulphate (APS), adenosine 5′-[γ-
thio]triphosphate (ATPγS), biotin, boric acid, bovine serum albumin (BSA), 5-bromo-4-
chloro-3-indolyl-β-D-galactopyranoside (X-Gal), bromophenol blue, calcium chloride 
(CaCl2), casamino acids, chloroform, coomassie blue, deoxynucleotides triphosphate 

(dNTPs), disodium hydrogen phosphate (Na2HPO4),1,4-dithiothreitol (DTT), 
ethylenediaminetetraacetic acid (EDTA), ethidium bromide, glucose, glutamate, 

glutaraldehyde, glycine, hydrogen peroxide (H2O2), 6(p-hydroxyphenylazo)-uracil 
(HPUra), imidazole, iron (III) chloride (FeCl3), isopropanol, lysozyme, magnesium acetate, 

magnesium chloride (MgCl2), magnesium sulphate (MgSO4), manganese chloride 
(MnCl2), β-mercaptoethanol, methyl methanesulfonate (MMS), methanol, L-methionine, , 

mitomycin C (MMC), nucleotides triphosphate (NTPs), phenol, phosphoenolpyruvate, 
pluronic F68, polyethylene glycol 6000 (PEG 6000), polyethylene glycol 8000 (PEG 

8000), potassium phosphate dibasic (K2HPO4), potassium glutamate, potassium phosphate 
monobasic (KH2PO4), DL-serine hydroxamate (SHX), sodium citrate, sodium dodecyl 

sulphate (SDS), sodium hydroxide, sodium phosphate monobasic (NaH2PO4), spermidine 
trihydrochloride, streptavidin, sucrose, thiamine-HCL, trichloroacetic acid (TCA), Triton 

X-100, D/L-tryptophan, xylose, zinc chloride (ZnCl2), zinc sulphate (ZnSO4) 

Merk (Sigma-
Aldrich) 

Acetic acid, Tris, vaselin PanReac 
AppliChem 

Acrilamide, bisacrilamide Serva 

Ammonium sulphate, glycerol MP Biomedicals 

Sodium chloride Carlo Erba 

Hydroxyapatite, TEMED Bio-Rad 

Creatine phosphate, NADH Roche 

Agarose Pronadisa 

Bacteriological agar Condalab 

Bactoyeast extract BD Biosciences 

Casein hydrolysate acid ICN Biomedicals 

λ DNA-HindIII Digest New England 
Biolabs 

LB Broth NZYtech 

Bactotryptone Gibco 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) Calbiochem 
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Materials and Methods 

Table 7. Reagents (continued). 

General reagents Manufacturer 

Ni-Sepharose High Performance, Q-Sepharose Fast Flow, Sephadex G-50 GE Healthcare 

1 kb Ladder marker Thermo Fisher 
Scientific 

Rainbow Marker-Full range Cytiva 

Hellmanex Hellma 

[γ-32P]-ATP, [α-32P]-dGTP, [α-32P]-dCTP, Perkin Elmer 

Kits Manufacturer 

Plasmid Mini, Midi and Maxiprep Qiagen 

Speedtools PCR-Clean up Biotools 

ClarityTM Western ECL Substrate Bio-Rad 

Quickchange site-directed mutagenesis Stratagene 

Other material Manufacturer 

Medical X-Ray films blue Agfa 

Phosphor Imager screens Bio-Rad 

Circular coverslips (5 mm and 2.5 mm) Menzel 

3.1.6. Media 

Table 8. Media. 

Media Composition 

LB (E. coli) 25 g/l LB Broth 

LB-agar (E. coli) 25 g/l LB Broth, 12 g/l bacteriological agar 

LB (B. subtilis) 10 g/l bactotryptone, 5 g/l bactoyeast extract, 5 g/l sodium chloride 

LB-agar (B. 
subtilis) 

10 g/l bactotryptone, 5 g/l bactoyeast extract, 5 g/l sodium chloride, 12 g/l bacteriological 
agar 

F medium 14 g/l bactoyeast extract, 8 g/l bactotryptone, 12 g/l K2HPO4, 1.2 g/l KH2PO4, 1% glucose 

GM1 
1 X SBase (2 g/l ammonium sulphate, 14 g/l K2HPO4, 6 g/l KH2PO4, 1 g/l sodium citrate), 
0.5% glucose, 0.1% bactoyeast extract, 0.04% casein hydrolysate acid, 0.8 mM MgSO4, 25 

μg/ml D/L-tryptophan, 50 μg/ml L-methionine 

GM2 GM1, 3.3 mM MgSO4, 0.5 mM CaCl2 

S750 
104,7 g/l MOPS, 13.2 g/l ammonium sulphate, 6.8 g/l KH2PO4, 200 mM MgCl2, 70 mM 

CaCl2, 5 mM MnCl2, 0.1 mM ZnCl2, 2 mM HCl, 0.5 mM FeCl3, 0.1 g/l thiamine-HCl, 1% 
glucose, 0.1% glutamate, 0.004% casamino acids 
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Materials and Methods 

3.2. Methods 

3.2.1. E. coli competent cells 

Bacterial cells that have the ability to acquire DNA from their environment are competent 

cells. E. coli do not develop natural competence, so their membranes need to be permeabilised 

prior to the transformation with exogenous DNA. For preparation of competent cells, E. coli 

strains were plated first on LB-agar plates overnight at 37ºC with the properly antibiotic 

(tetracyclin, Tc, 10 µg/ml for XL1-Blue and chloranfenicol, Cm, 15 µg/ml for BL21 (DE3) 

[pLysS]). A CFU (Colony-Forming Unit) was selected from the plate and grown overnight in LB 

at 30ºC under agitation (250 rpm). The next day, the overnight culture was diluted in fresh LB to 

OD600 = 0.05 and grown at 37ºC under agitation until OD600 = 0.5 (exponential phase). Cells were 

collected by centrifugation for 15 min at 9,000 rpm and 4ºC, and then resuspended in cold 50 mM 

CaCl2. After 1 h of incubation on ice, cells were centrifuged at the same conditions and 

resuspended in cold 50 mM CaCl2 and 16% (v/v) glycerol. Finally, cells were aliquoted and stored 

at -80ºC. 

3.2.2. B. subtilis competent cells 

In contrast to E. coli, B. subtilis is a naturally competent bacterium under certain stress 

conditions, such as nutrient starvation. B. subtilis strains were plated first on LB-agar plates 

overnight at 37ºC with the appropriated antibiotic. A CFU was selected from the plate and grown 

overnight in GM1 minimal medium at 30ºC without agitation. The next day, the overnight culture 

was diluted in fresh GM1 to OD560 = 0.05 and grown at 37ºC under agitation. The OD560 was 

measured every hour until OD560 = 1 (point of inflexion between exponential phase and stationary 

phase). Afterwards, cells were incubated for 1 h at 37ºC with agitation (stationary phase). 

Glycerol was added to the culture to 20% (v/v) as final concentration and cells were aliquoted 

and stored at -80ºC. 

3.2.3. Plasmid construction and isolation 

Plasmids used in this work were isolated from E. coli XL1-Blue or B. subtilis by Mini, 

Midi or MaxiPrep (Qiagen). NanoDrop ND-1000 Spectrophotometer (Thermo Scientific) was 

used to obtain the DNA concentration measuring the absorbance at 260 nm. 0.8% (w/v) agarose 

gels were run using 1 kb ladder marker to check the plasmid size and DNA concentration. 

The construction of the pSG1164-C-ter-recD2-His plasmid was designed to allow the 

expression in B. subtilis of the RecD2 protein fused to a linker (Gly-Pro-Gly-Leu-Ser) and a 

histidine tag (6xHis) at the C-terminal domain from its natural promoter on the B. subtilis 

chromosome. First, the C-ter region of the recD2 gene (~500 bp) without the stop codon was 
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Materials and Methods 

amplified by PCR with Pfu DNA polymerase using primers to obtain the region flanked with 

KpnI and SfiI restriction sites. The PCR product was ligated into the pGEM-T Easy vector and 

then digested with KpnI and SfiI. The digestion was run in a 0.8% (w/v) agarose gel in 1 X TAE. 

The C-ter of recD2 was subsequently purified from the gel using the Speedtools PCR-Clean up 

kit and ligated into the integrative vector pSG1164-His (4,824 bp). The resultant pSG1164-C-ter-

recD2-His plasmid was checked by DNA sequencing and then used to construct the B. subtilis 

recD2his6 strain. 

The pET3b-recD2-His plasmid was constructed for the overexpression and purification 

of RecD2 fused to 6xHis at the C-terminal domain from E. coli cells. First, the recD2 gene with 

the stop codon (2,397 bp) was amplified by PCR with Pfu polymerase using primers to obtain the 

gene flanked with NdeI and BamHI restriction sites. The recD2 gene was subsequently ligated 

into the pET3b vector (4,639 bp). The construction of pET3b-recD2 plasmid was validated by 

DNA sequencing. This plasmid was initially used to overexpress and attempt to purify RecD2. 

However, the protein was poorly soluble and tended to aggregate, so after several attempts, RecD2 

was fused to the His-tag to facilitate the purification. For that purpose, the pSG1164-C-ter-recD2-

His plasmid was digested by BseRI and BamHI to obtain the C-terminal region of RecD2 fused 

to 6xHis. The C-terminal domain of RecD2 in pET3b-recD2 was then replaced with the C-

terminal of RecD2 fused to the linker and 6xHis by digestion and subsequent ligation. The 

resultant plasmid pET3b-recD2-His was validated by DNA sequencing and was used to transform 

E. coli XL1-Blue competent cells (for plasmid storage and isolation) and E. coli BL21 (DE3) 

[pLysS] competent cells (for overexpression of RecD2-His). 

pET3b-recD2 K373A-His was used to overexpress and purify a RecD2 variant with a 

mutation in the Walker A motif, which is involved in ATP binding and hydrolysis (Walsh et al., 

2014). The plasmid was constructed by site-directed mutagenesis with the Quickchange kit 

(Stratagene). In RecD2, the Walker A motif involves a sequence of three amino acids (aa): Gly-

Lys-Thr (GKT), located in 372-373-374 aa respectively. pET3b-recD2-His plasmid was used as 

DNA template for the PCR reaction. Two primers were designed to amplify the complete plasmid 

but replacing the Lys codon to Ala codon in 373 aa position (1,118 bp position in the gene 

sequence). The PCR product was subsequently treated with DpnI restriction enzyme for 2 h at 

37ºC to remove the DNA template, which has been naturally methylated after its transformation 

in E. coli XL1-Blue. Afterwards, the resultant plasmid pET3b-recD2 K373A-His was used to 

transform E. coli XL1-Blue and The construction was confirmed by DNA sequencing. Finally, 

the plasmid was introduced into E. coli BL21 (DE3) [pLysS] for protein overexpression. 

The pCB980, pCB981, pCB982, pCB983, pCB984, pCB985, pCB1054 and pCB1056 

plasmids were constructed previously (Carrasco et al., 2016). All these plasmids contain the 
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Materials and Methods 

house-keeping rpoB gene (2,997 bp) cloned into the pUC57 vector (2,710 bp). The rpoB gene in 

these plasmids encodes the essential β-subunit of RNA polymerase from different Bacilli species, 

so with different sequence divergence respect to the original rpoB from B. subtilis 168 wt strain. 

The plasmids share the single C to T transition mutation at codon 482 in the rpoB gene (named 

rpoB482 variant) that confers rifampicin (Rif) resistance. pCB980 contains only this single 

mutation in rpoB gene (Table 9). 

Table 9. Percentage of sequence divergence in rpoB482 variants. 

Plasmid Bacilli origin strain Number of 

mismatches 

Percentage (%) of sequence 

divergence to B. subtilis 168 rpoB gene 
pCB980 B. subtilis 168 1 0.03 

pCB981 B. subtilis W23 74 2.47 

pCB982 B. atrophaeus 1942 250 8.35 

pCB983 B. amyloliquefaciens DSM7 303 10.12 

pCB984 B. licheniformis DSM13 435 14.52 

pCB1054 B. gobiensis FJAT4402 510 17 

pCB985 B. thuringiensis MC28 624 20.83 

pCB1056 B. smithii DSM4216 681 22.74 

pGEM-3Zf (+) ssDNA (named as sspGEM-3Zf (+) in this work (3,197 nt) was obtained 

from the E. coli XL1-Blue strain containing the pGEM-3Zf (+) dsDNA phagemid as follows. 

First, this strain was plated on a LB-agar plate with ampicillin (Amp) 100 µg/ml and Tc 10 µg/ml 

overnight at 37ºC. A CFU was selected from the plate and grown overnight in LB with the 

antibiotics at 37ºC under agitation. This culture was then diluted in fresh LB to OD600 = 0.05 and 

grown to OD600 = 0.1. To produce ssDNA, the helper phage VCS was used to infect the cells 

using a multiplicity of infection (MOI) between 15-30 phages/cell. The infected culture was 

incubated for 1 h at 37ºC with agitation. The culture was then diluted 10 times in fresh LB with 

Amp, Tc and kanamycin (Kan) 50 µg/ml, to select the new forming phages, and grown overnight 

at 37ºC with agitation. Phages were recovered from the culture by centrifugation at 8,000 rpm for 

10 min at 4ºC. Then, they were precipitated from supernatant with 0.5 M NaCl and 3.5% (v/v) 

PEG 6000 (final concentrations) for 2 h at 4ºC under agitation and then centrifuged at 14,000 rpm 

for 30 min at 4ºC. The resultant pellet was resuspended in 1 X TE and the pGEM-3Zf (+) ssDNA 

was extracted by phenol-chloroform and precipitated with absolute ethanol at -20ºC. For pGEM-

3Zf (+) dsDNA preparation, the MiniPrep protocol was followed. 
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Materials and Methods 

The minicircular RC template for DNA replication assays was kindly provided by the Dr. 

Charles S. McHenry’s laboratory from the University of Colorado (USA). The plasmid (409 bp) 

has a ssDNA tail (396 nt) with a strong dG-dC strand bias (50:1) (Sanders et al., 2010). 

3.2.4. Transformation of E. coli competent cells 

E. coli competent cells were transformed with plasmid DNA by heat shock. First, 100 ng 

of the plasmid were incubated with 100 µl of thawed competent cells for 15 min on ice. The same 

volume of cells without DNA was used as a negative control of transformation. The heat shock 

was performed incubating for 2 min at 42ºC. Cell were then placed on ice for 5 min. LB was 

added (400 µl) and cells were grown for 1 h at 37ºC with agitation. Afterwards, cells were 

collected by centrifugation for 5 min at 12,000 rpm, resuspended in fresh LB and plated on LB-

agar plates with the properly antibiotic to select transformants. Plates were incubated overnight 

at 37ºC. 

3.2.5. Construction of B. subtilis strains 

The B. subtilis strains used in this work are listed in Table 2 (see section 3.1.1., Materials) 

and are isogenic to the wt strain BG214. All the constructed strains were validated by PCR and 

DNA sequencing. The ΔrecD2 strain was constructed by transformation of BG214 competent 

cells with the six-cat-six cassete (SCS) flanked with homologous sequences to the recD2 gene. 

The SCS is composed of two directly oriented β-recombinase sites (six sites) and the cat gene, 

which confers chloramphenicol resistance (CmR). Once the mutant ΔrecD2::scs was confirmed, 

site-specific recombination by the β-recombinase provided with a pHP13 plasmid promoted 

recombination between the two directly oriented six sites and thereby the deletion of the 

cloranfenicol resistance gene yield the Cm sensitive ΔrecD2 strain. The ΔrecD2 ΔradA/sms strain 

was constructed transforming ΔrecD2 competent cells with a SCS cassete flanked with 

homologous sequences to radA/sms region. Consequently, radA/sms was deleted. The Δrok strain 

was created by the SPP1 infection of WKS1038 cells, carrying the deletion of the rok gene, and 

the subsequent transduction of BG214 cells with Cm selection. The Δrok ΔrecD2 strain was 

constructed by the SPP1 infection of Δrok cells and the subsequent transduction of ΔrecD2 with 

Cm selection. 

The recD2his6 strain, which contains the recD2 gene fused to a 6xHis-tag in C-terminal 

regulated by its own promoter, was constructed with the integration of the pSG1164-C-ter-recD2-

His plasmid into the BG214 chromosome by transformation. The resultant construction was CmR. 

The recD2-mVenus strain was used to construct the dnaX-cfp recD2-mVenus, dnaD23 

recD2-mVenus and dnaB37 recD2-mVenus strains by the SPP1 infection of recD2-mVenus and 

the subsequent transduction of dnaX-cfp, dnaD23 and dnaB37 cells with Cm selection. dnaX-cfp 
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Materials and Methods 

recD2-mVenus cells harbour the dnaX-cfp fusion integrated into the amyE site and regulated by a 

xylose promoter (Pxyl), so the expression of the fluorescent DnaX-CFP protein was ectopic. All 

of these strains were CmR, and also spectinomycin resistant (SpectR) in the case of dnaX-cfp 

recD2-mVenus strain. 

3.2.6. SPP1 transduction 

SPP1 transduction was used to construct B. subtilis mutant strains as an alternative 

method to transformation. B. subtilis cells were grown in LB supplemented with 15 mM MgCl2 

at 37ºC and agitation. Once the OD560 reaches 0.4, cells were infected with SPP1 phages using a 

MOI of 10 phages/cell. The culture was incubated for 2 h at 37ºC with agitation and then 

centrifuged at 12,000 rpm for 5 min. The supernatant was filtered by 0.45 µm filters and stored 

at 4ºC. This supernatant contained SPP1 particles with random chromosomal sequences of the 

infected B. subtilis strain. In a second step, this transducing lysate was titrated to quantify the 

number of Plaque-Forming Units (PFUs) per ml and used to infect a second B. subtilis strain to 

construct the mutant. This second strain was grown in LB with 15 mM MgCl2 at 37ºC and 

agitation until OD560 = 0.4. Then, the culture was infected with the transducing lysate using a MOI 

between 1-5 phages/cell and incubated for 5 min at room temperature to allow the entry of phages 

but preventing the cell lysis. Cells were collected by centrifugation at 14,000 rpm for 5 min. Later, 

cells were resuspended in LB and plated on LB-agar plates with the appropriate antibiotic. The 

strain construction was analysed checking the resultant CFUs by PCR and DNA sequencing. 

3.2.7. Plasmid and chromosomal transformation of B. subtilis competent cells 

Transformation assays of B. subtilis competent cells were performed for two purposes. 

One purpose was the construction of mutant strains. The second purpose was the analysis of 

plasmid and chromosomal transformation efficiencies in mutant strains of B. subtilis compared 

to the wt. 

Plasmid transformation efficiency assays were performed in wt, ΔrecD2 and ΔrecD2 

ΔradA/sms strains. EcoRI-digested and self-ligated pUB110 plasmid was used as donor DNA. 

This DNA does not share homology with the B. subtilis chromosome, so it remains as an extra-

chromosomal element. 500 µl of thawed competent cells were grown in 5 ml of GM2 for 1.5 h at 

37ºC and agitation. Later, 100 ng of pUB110 were incubated with 1 ml of the culture for 1 h at 

37ºC and agitation. Appropriate dilutions were plated on LB-agar plates with neomycin (Nm) 5 

µg/ml to select transformants. Competent cells without DNA were also used as negative control 

and were plated on LB-agar plates without antibiotic, to obtain the total number of CFUs/ml, and 

on plates with Nm 5 µg/ml, to obtain the rate of spontaneous mutants. Plates were incubated 

overnight at 37ºC. Transformation efficiencies were calculated dividing the number of 
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Materials and Methods 

transformants per the total number of CFUs/ml. The obtained values for the mutant strains were 

compared considering the efficiency of the wt strain as the 100% (Alonso et al., 1988). 

For chromosomal transformation efficiency assays, pCB980, pCB981, pCB982, pCB983, 

pCB984, pCB985, pCB1054 and pCB1056 were used as donor DNAs (Table 9, see section 3.2.3). 

A fraction of the rpoB gene present in these plasmids could be integrated by homologous 

recombination into the B. subtilis chromosome depending on the percentage of divergence shared 

with the original rpoB gene. The strains used were Δrok, Δrok ΔrecD2, wt and ΔrecD2. In these 

experiments, Δrok was used as the wt and it contained the deletion of the rok gene in order to 

increase the proportion of cells that became competent (Carrasco et al., 2016). The experiments 

were carried out similarly to plasmid transformation. However, the amount of both competent 

cells and donor DNA were higher as the percentage of divergence present in these plasmids 

increased, in order to obtain countable number of CFUs. Cells were plated on LB-agar plates with 

Rif 8 µg/ml to select transformants. Cells without the addition of DNA were used as negative 

control to evaluate the number of spontaneous mutants. Transformation efficiencies were 

calculated as in plasmid transformation, considering the efficiency of the Δrok strain as the 100%. 

3.2.8. Analysis of the integration lengths in chromosomal transformation 

Once chromosomal transformation efficiency assays were performed, the next step was 

to sequence the region of the rpoB gene into the chromosomes of the transformants, in order to 

map the integrated fragment lengths and the recombination end-points. Colony PCRs were carried 

out with the NZYlong DNA polymerase to amplify the rpoB region. The amplifications were 

checked in 0.8% (w/v) agarose gels and PCR products were purified by Speedtools PCR-Clean 

up kit and sequenced. The resultant sequences were aligned with the donor and the recipient rpoB 

sequences. The presence or the absence of mismatches between the donor and the recipient DNAs 

was used to determine the integration length (Serrano and Carrasco, 2019). 

3.2.9. Viral transfection 

The ability of a B. subtilis cell to reconstitute an infective bacteriophage particle was 

analysed by viral transfection assays (Rottländer and Trautner, 1970). This method is similar to 

transformation, but the donor DNA used was the complete SPP1 genome (~44 kb), isolated from 

viral particles by phenol-chloroform extraction. Viral transfection experiments were performed 

with the wt, ΔrecD2 and ΔrecD2 ΔradA/sms strains. 1 ml of thawed competent cells was grown 

in 10 ml of GM2 for 1.5 h at 37ºC and agitation. Later, 1 ml of the culture was treated with 100 

ng of purified SPP1 DNA. The mixture was incubated for 1 h at 37ºC and agitation. Concurrently, 

a wt culture was grown in LB supplemented with 15 mM MgCl2 at 37ºC with agitation until OD560 

= 0.4. 100 µl of this culture were plated on LB-agar with 15 mM MgCl2 plates to obtain a ‘seed’ 
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Materials and Methods 

to detect the PFUs. Then, proper dilutions of the transfected cells were plated on the seeded plates. 

The plates were incubated overnight at 37ºC and the number of PFUs was counted. The 

transfection efficiencies were calculated by comparison of the number of PFUs/ml obtained for 

each transfected strain to those for the wt, and considering the efficiency of the wt strain as the 

100%. 

3.2.10. Viability assays 

The recD2his6 strain was used to test the functionality of the RecD2 protein fused to 6xHis-

tag in vivo. B. subtilis wt, ΔrecD2 and recD2his6 strains were plated on LB-agar plates with the 

properly antibiotic and incubated overnight at 37ºC. A CFU was grown in LB at 37ºC until OD560 

= 0.5 and then, appropriate dilutions were spotted on LB-agar plates containing 1.5 mM MMS. 

The plates were incubated overnight at 37ºC and photographed. 

3.2.11. Quantification of RecD2 molecules by Western blot 

The amount of RecD2 molecules in the cell was quantified using the recD2his6 strain, 

which expresses B. subtilis RecD2 fused to 6xHis from its natural promoter. This strain was plated 

on a LB-agar plate with Cm 5 µg/ml and incubated overnight at 37ºC. A CFU was grown 

overnight in LB with the antibiotic at 30ºC under agitation. Later, the culture was diluted in fresh 

LB with antibiotic (250 ml) and grown at 37ºC until OD560 = 0.7. Then, cells were harvested by 

centrifugation at 9,000 rpm for 15 min. The collected cells (0.2 g wet weight) were resuspended 

in 1 ml of buffer containing 50 mM Tris-HCl pH 7.5, 1 mM DTT, 500 mM NaCl and 10% (v/v) 

glycerol. Lysozyme was added at 0.2 mg/ml and the mixture was incubated for 1 h at 4ºC under 

agitation. Later, cells were sonicated five times with pulses of 15 s ON and 45 s OFF and power 

of 35 with the B Braun LabSonic U sonicator. Cells were centrifuged at 12,000 rpm for 30 min 

and 4ºC. The pellet was resuspended in the same volume of buffer and centrifuged at the same 

conditions. The resultant supernatant of both centrifugations was loaded onto a Ni-Sepharose 

previously equilibrated with the buffer. RecD2-His was eluted with two elutions of 100 µl of the 

buffer supplemented with 200 mM imidazole. 30 µl of each fraction were loaded in a 12.5% SDS-

polyacrilamide gel (PAGE). Increasing amounts of purified RecD2-His (6 to 50 ng) were loaded 

in the same gel to obtain a standard curve of protein concentration. 

Once the gel ran, Western blot was performed as follows. First, the gel was transferred to 

a pre-wetted PVDF 0.45 µm membrane using the TE 22 Mighty Small Tank Transfer Unit 

(Amersham Biosciences) for 1 h 40 min. The membrane was subsequently blocked overnight at 

4ºC with blocking solution containing 1 X phosphate-buffered saline (PBS) and 5% (w/v) skim 

milk powder. After washing the membrane with washing solution (1 X PBS, 0.5% (w/v) skim 

milk powder and 0.1% (v/v) Triton X-100), the primary antibody anti-His (dilution 1:10,000) was 
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Materials and Methods 

added to the membrane to detect RecD2-His. The membrane was then incubated for 1 h at 4ºC. 

Later, the membrane was washed and then incubated with the secondary antibody anti-mouse IgG 

conjugated with peroxidase for 1 h at room temperature. RecD2-His was visualised staining the 

membrane with the ClarityTM Western ECL Substrate kit (Bio-Rad). The images were obtained 

with the ChemiDoc Imaging System (Bio-Rad). The intensity of the bands was quantified with 

the Image Lab software (Bio-Rad) and compared to that of the standard curve to obtain the amount 

of RecD2-His present in each sample. The number of RecD2 molecules was calculated dividing 

the resultant amount of RecD2-His by the molecular mass (89 kDa) and multiplying the result 

with the Avogadro number (6,022 x 1023 mol-1). 

The number of recD2his6 cells at OD560=0.7 was obtained plating several dilutions of the 

culture on LB-agar plates. The number of CFUs per ml was counted and multiplied with the total 

volume of the culture (250 ml). Finally, the number of RecD2-His molecules was divided by the 

number of cells to calculate the amount of RecD2 molecules per cell. 

3.2.12. Protein overexpression and purification 

3.2.12.1. RecD2 and RecD2 K373A 

For RecD2 protein overexpression, E. coli BL21 (DE3) [pLysS] cells were transformed 

with the overexpression plasmid pET3b-recD2-His. A CFU was selected from the plate and was 

grown in LB supplemented with Amp 100 µg/ml and Cm 15 µg/ml overnight at 30ºC and 

agitation. The culture was then diluted in fresh LB with the antibiotics to OD600 = 0.07 and grown 

at 30ºC with agitation. Once the OD600 reached 0.2, the culture was incubated at 18ºC and 

agitation. The overexpression of RecD2 was induced by the addition of 0.25 mM IPTG at OD600 

= 0.4. Then, the culture was incubated overnight. Cells were collected by centrifugation at 9,000 

rpm for 15 min at 4ºC. The overexpression yield was generally 3.5 g (wet weight) of cell mass 

per liter of culture. RecD2 K373A was overexpressed from E. coli BL21 (DE3) [pLysS] carrying 

the pET3b-recD2 K373A-His plasmid and following the same protocol. 

For RecD2 purification, the cell mass was resuspended in buffer with 50 mM Tris–HCl 

pH 7.5, 1 M NaCl, 1 mM DTT and 10% (v/v) glycerol, supplemented with 5 mM imidazole (five 

volumes of buffer per gram of cells). Cell lysis was performed sonicating four times for 40 s with 

pulses ON and OFF of 1 s and 25% amplitude with the Q500 Sonicator (Qsonica). Cells were 

then centrifuged at 18,000 rpm for 45 min and 4ºC. The pellet was resuspended in the same 

volume of buffer and centrifuged at the same conditions. The resultant supernatant of both 

centrifugations was loaded onto a Ni-Sepharose column equilibrated with the same buffer. Protein 

was eluted using a gradient of increasing concentrations of imidazole (5 to 100 mM) and analysed 

by 12.5% SDS-PAGE and Coomassie blue staining. Fractions containing RecD2 were 

precipitated with the addition of 70% ammonium sulphate for 30 min. The protein pellet was 
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Materials and Methods 

recovered by centrifugation at 18,000 rpm for 30 min and 4ºC, and resuspended in buffer 50 mM 

Tris–HCl pH 7.5, 1 M NaCl, 1 mM DTT, 10% (v/v) glycerol, 1 mM EDTA and 10 mM sodium 

phosphate buffer pH 7.5. Then, it was loaded onto a hydroxyapatite column. Protein elution was 

carried out with a gradient of increasing concentrations of sodium phosphate (10 to 100 mM). 

Purified RecD2-His (89 kDa) was aliquoted and stored at -80ºC. RecD2 K373A-His was purified 

following the same protocol. Purified proteins were validated by MALDI-TOF spectrometry 

(Proteomics Facility, CNB). The concentration of RecD2 and RecD2 K373A was expressed as 

monomers. 

3.2.12.2. Replisome proteins of B. subtilis 

The purified proteins to reconstitute the B. subtilis replisome PriA (94.5 kDa), PolC (166 

kDa), HolA (δ, 42.1 kDa), HolB (δ’, 40.5 kDa), DnaX (τ, 62,7 kDa), DnaN (β, 42.1 kDa), DnaC 

(50 kDa), DnaG (68.8 kDa), DnaE (125 kDa), DnaB (54.9 kDa), DnaD (28.8 kDa) and SsbA 

(18.8 kDa) were kindly provided by the Dr. Charles S. McHenry’s laboratory from the University 

of Colorado (USA). PriA, PolC, HolA, HolB, DnaG and DnaE were used as monomers; DnaN as 

a dimer; DnaX, DnaB, DnaD and SsbA as tetramers; and DnaC as a hexamer. 

DnaI was purified as previously described in Sanders et al., 2010. E. coli AP1.L1 cells 

bearing pA1-BS-dnaI-dnaC overexpression plasmid were grown in F medium supplemented with 

Amp 100 µg/ml at 37ºC until OD600 = 1. Protein overexpression was induced by the addition of 1 

mM IPTG for 2 h at 37ºC and agitation. Cells were harvested by centrifugation at 9,000 rpm for 

15 min at 4ºC. The overexpression yield was around 6.5 g (wet weight) of cell mass per liter of 

culture. The cell mass was resuspended in buffer 50 mM Tris-HCl pH 8, 100 mM NaCl, 1 mM 

EDTA, 6 mM DTT, 10 % (v/v) sucrose and 20 mM spermidine trihydrochloride. Cell lysis was 

performed by the addition of 0.2 mg/ml lysozyme. The mixture was first incubated for 1 h at 4ºC 

and then 4 min at 37ºC. Cells were centrifuged at 18,000 rpm for 1 h and 4ºC. The supernatant 

was treated with 32.5% ammonium sulphate for 30 min and then centrifuged at 18,000 rpm for 

30 min and 4ºC. The pellet was washed two times with 20% ammonium sulphate solution (20 g 

ammonium sulphate in 100 ml of buffer 50 mM Tris-HCl pH 7.5, 20% (v/v) glycerol, 1 mM 

EDTA, 100 mM NaCl and 5 mM DTT) for 30 min at 4ºC and agitation. After the centrifugation 

at 18,000 rpm for 30 min at 4ºC, the pellet was resuspended in buffer 50 mM Tris-HCl pH 7.5, 

20% (v/v) glycerol, 1 mM EDTA, 100 mM NaCl and 5 mM DTT and loaded onto a Q-sepharose, 

previously equilibrated with the same buffer. Protein elution was carried out by increasing 

concentrations of NaCl (75 to 400 mM). DnaC was eluted at 350 mM NaCl and DnaI at 100 mM 

NaCl. The fractions containing DnaI were loaded onto a hydroxyapatite. DnaI eluted at 20 mM 

sodium phosphate buffer pH 7.5, and was then loaded onto a new Q-sepharose to concentrate the 
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Materials and Methods 

at 65ºC for 20 min to inactivate the enzyme. To remove non-incorporated [γ-32P]-ATP, the 

samples were filtered loading onto Sephadex G-50 mini-columns. The quantification of 

radiolabeled DNA (cpm/µl) was performed by liquid scintillation counting (Tri-Carb 4910 TR, 

Perkin Elmer). 

As DNA marker of DNA replication products, the λ-DNA-HindIII Digest was 

radiolabeled with the DNA polymerase I large Klenow as follows. 500 ng of the λ-DNA-HindIII 

were incubated with a dNTPs mix containing dTTP, dATP and dGTP at 0.08 mM each as final 

concentration. Then, 10 pmol of [α-32P]-dCTP (3.3 pmol/ µl) were added and the reaction was 

incubated for 30 min at 30ºC and for 20 min at 65ºC. Afterwards, non-incorporated [α-32P]-dCTP 

were removed by Sephadex G-50 filtration and the radiolabeling was quantified by liquid 

scintillation counting. 

3.2.15. Annealing and purification of radiolabeled DNA structures 

The annealing of radiolabeled DNA substrates was carried out with the aim to construct 

different DNA structures, such as forks, HJ or D-loops. 0.5 pmol of a radiolabeled oligonucleotide 

were incubated with 1 pmol of non-radiolabeled complementary oligonucleotides in the presence 

of 100 mM sodium phosphate buffer pH 7.5. The mixture was incubated for 10 min at 100ºC in 

a thermoblock. Next, the thermoblock was turned off and the reaction was then allowed to cool 

overnight to facilitate the annealing of complementary oligonucleotides. The annealed DNA 

structures were confirmed running native 10% PAGE gels in 0.5 X TBE buffer at 200 V. The 

gels were exposed to phosphor imager screens and then analysed using the Personal Molecular 

Imager and the Image Lab software (Bio-Rad). The DNA structures used in this work are listed 

in Table 6 (see section 3.1.4). 

Sometimes the annealing was not complete and there were some free radiolabeled DNA 

in the mixture. In these cases, the structures were purified as follows. The total volume of the 

annealing reaction was run in a 10% PAGE gel in 0.5 X TBE buffer at 200 V to separate the 

annealed structure from the free DNA. The gel was autoradiographed to detect the position of the 

desired DNA structure. Then, the band was cut and incubated overnight with a buffer containing 

0.5 M ammonium acetate, 1 mM EDTA and 0.1% (v/v) SDS. Later, the mixture was centrifuged 

and filtered to remove rest of the gel and the DNA structure was extracted by ethanol precipitation. 

3.2.16. DNA helicase assay 

DNA helicase assays were performed to test the DNA unwinding activity of RecD2 and 

RecD2 K373A. Increasing concentrations of each helicase were incubated for 10 min at 37ºC in 

a reaction containing 0.25 nM of radiolabeled DNA, 50 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 

mM DTT, 0.05 mg/ml BSA, 2 mM ATP, 2 or 10 mM MgCl2 and 5% (v/v) glycerol. Reactions 
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Materials and Methods 

were stopped with the addition of stop buffer with 20 mM EDTA pH 8 and 0.5% (v/v) SDS as 

final concentrations and the incubation for 15 min at 37ºC. In experiments in which SsbA and/or 

RecA were added in the reaction, the stop buffer contained also 0.5 mg/ml proteinase K for the 

properly deproteinization. The samples were run in 10-15% PAGE gels in 0.5 X TBE buffer at 

200 V. Later, gels were exposed to phosphor imager screens and then analysed using the Personal 

Molecular Imager and the Image Lab software (Bio-Rad). 

If pGEM-3Zf (+) ssDNA annealed with the Hind24 oligonucleotide was used as DNA 

substrate in helicase assays, the reactions were run in 1.2% (w/v) agarose gels in 1 X TAE buffer 

at 100 V. After electrophoresis, gels were treated with 7% (w/v) trichloroacetic acid for 30 min 

under agitation and dried. Later, gels were analysed similarly as described for the PAGE gels. 

3.2.17. Electrophoretic mobility shift assay (EMSA) 

The property of a protein to bind DNA was tested by EMSA. In these assays, increasing 

concentrations of RecD2 or RecD2 K373A were incubated for 15 min at 37ºC in a reaction buffer 

containing 0.25 nM of radiolabeled DNA, 50 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM DTT, 

0.05 mg/ml BSA, 2 or 10 mM MgCl2 and 5% (v/v) glycerol. Instead of ATP, ATPγS (2 mM) was 

used, which is a non-hydrolysable ATP analogue, to study the dependence of ATP binding for 

the protein-DNA interactions. Glutaraldehyde was subsequently added (0.05% (v/v) as final 

concentration) to fix protein-DNA complexes. Reactions were incubated for 15 min at 37ºC and 

then were run in 8% PAGE in 0.5 X TBE buffer at 200 V. Gels were dried for 2 h at 80ºC using 

the Gel-dryer Model 583 (Bio-Rad) and exposed to phosphor imager screens. Gels were analysed 

using the Personal Molecular Imager (Bio-Rad). The apparent binding constant, kapp, was 

calculated as the concentration of the protein needed to obtain the 50% of DNA bound. The 

intensity of each band was quantified with the Image Lab software (Bio-Rad). 

3.2.18. Protein-protein interaction by immuno dot-blot 

Protein-protein interaction in vitro was studied by immuno dot-blot, as previously 

described (Walsh et al., 2012), using the Bio-Dot apparatus (Bio-Rad) connected to vacuum. This 

method allows to directly visualise the interaction between two proteins with antibodies. First, a 

pre-wetted nitrocellulose membrane with 1 X PBS was placed in the Bio-Dot apparatus. 

Increasing amounts of a protein (i.e. SsbA, RecA, RarA) were applied to the membrane. BSA was 

also applied as negative control of interaction. The membrane was then incubated overnight at 

4ºC with blocking solution (1 X PBS and 5% (w/v) skim milk powder). Later, the membrane was 

incubated for 6 h at 4ºC with RecD2-His (200-300 ng/ml) in binding solution (1 X PBS, 0.5% 

(w/v) skim milk powder and 0.1% (v/v) Triton X-100). After three washes with binding solution, 

primary antibody anti-6xHis (1:6,000) was added to detect the RecD2-His retained in the 
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Materials and Methods 

membrane because of interaction and the membrane was incubated overnight at 4ºC. The 

membrane was then washed three times with binding solution. The secondary antibody anti-IgG 

conjugated with peroxidase (1:5,000) was added and the membrane was incubated for 1 h at room 

temperature. The blots were visualised staining with the ClarityTM Western ECL Substrate kit 

(Bio-Rad). The images were obtained with the ChemiDoc Imaging System (Bio-Rad). 

3.2.19. DNA replication assay 

DNA replication assays were carried out using a PriA-rolling circle DNA replication 

system, as previously described (Sanders et al., 2010). The minicircular RC plasmid was used as 

template of the reaction. Due to the strong dG-dC strand bias (50:1) present in the DNA template, 

leading and lagging strand synthesis can be analysed separately, because radiolabeled [α-32P]-

dCTP is incorporated mostly into the leading strand, whereas [α-32P]-dGTP is incorporated into 

the lagging strand. 

First, an enzyme mix was done in 1 X BsRc buffer (40 mM Tris-acetate pH 7.8, 12 mM 

MgOAc, 200 mM potassium glutamate, 3 µM ZnSO4, 1% (w/v) PEG 8000, 0.02% (v/v) Pluronic 

F68 and 1 mM DTT) containing the proteins needed to reconstitute the replisome of B. subtilis in 

vitro, except SsbA (20 nM PriA, 20 nM PolC, 25 nM HolA (δ), 25 nM HolB (δ’), 25 nM 

DnaX4(τ), 25 nM DnaN2 (β), 25 nM DnaI6, 30 nM DnaC6, 30 nM DnaG, 15 nM DnaE, 50 nM 

DnaB4 and 50 nM DnaD4). The replisome was preassembled incubating the enzyme mix for 5 

min at 37ºC with a substrate mix containing 5 nM minicircular DNA template, 5 µM ATPγS and 

100 µM rNTPs (CTP, GTP and UTP) in 1 X BsRc buffer. The substrate mix contained also 90 

nM SsbA4, 500 nM RecA, 50 nM RecO2 and/or increasing amounts of RecD2 (5-40 nM). Then, 

the reactions were initiated by the addition of 1 mM ATP, 24 µM dNTPs and 0.02 µM [α-32P]-

dCTP or [α-32P]-dGTP at 37ºC. The reactions were stopped at certain times by the addition of an 

equal volume of stop buffer (20 mM Tris-HCl pH 8, 0.2% (v/v) SDS, 50 mM EDTA pH 8 and 

0.5 mg/ ml proteinase K as final concentrations) and the incubation for 20 min at 37ºC. 

Unincorporated dNTPs were removed loading the samples onto Sephadex G-50 mini-columns. 

DNA quantification synthesis was carried out by liquid scintillation counting (Tri-Carb 4910 TR, 

Perkin Elmer). Later, the samples were run in alkaline 0.8% (w/v) agarose gels (30 mM NaOH 

and 2 mM EDTA pH 8) mixing aliquots with loading dye buffer (30 mM NaOH, 2 mM EDTA 

pH 8, 5% (v/v) glycerol and 0.1% (v/v) bromophenol blue). Gels were fixed with 7% (w/v) 

trichloroacetic acid for 30 min and subsequently dried. To visualise the replication products, gels 

were exposed to phosphor imager screens and analysed with the Personal Molecular Imager (Bio-

Rad). 
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Materials and Methods 

3.2.20. Biotin-streptavidin displacement 

To test the ability of RecD2 to displace a protein block from the ssDNA, biotin-

streptavidin displacement assays were performed, as previously described (Bruning et al., 2016). 

0.5 nM of radiolabeled oligo BioT-45, biotinylated at 3’ end, was incubated with 2.5 nM 

streptavidin for 5 min at room temperature in a reaction buffer containing 50 mM Tris-HCl pH 

7.5, 2 mM MgCl2, 2 mM DTT, 50 mM NaCl, 0.05 mg/ml BSA and 2 mM ATP. An equal volume 

of a solution containing increasing concentrations of RecD2 and 50 nM biotin as a trap for the 

displaced streptavidin was added. The reactions were then incubated for 20 min at 37ºC and 

stopped with stop buffer (25 mM EDTA pH 8 and 0.5% (v/v) SDS as final concentrations) for 10 

min at 37ºC. The samples were separated on 10% PAGE in 1 X TBE at 200 V. Gels were exposed 

to phosphor imager screens and analysed using the Personal Molecular Imager and the Image Lab 

software (Bio-Rad). 

3.2.21. DNA strand exchange assays 

DNA strand exchange reactions in the presence of RecD2 and RecD2 K373A were 

performed as described in Carrasco et al., 2015. The circular pGEM-3Zf (+) dsDNA (3,197 bp) 

was first linearised by the KpnI digestion for 2 h at 37ºC. Then, KpnI-linearised pGEM-3Zf (+) 

dsDNA (20 µM in nt, 3 nM in molecules) and its homologous circular pGEM-3Zf (+) ssDNA (10 

µM in nt, 3 nM in molecules) were mixed in a reaction buffer (50 mM Tris–HCl pH 7.5, 10 mM 

MgCl2, 50 mM NaCl, 1 mM DTT, 0.05 mg/ml BSA and 5% (v/v) glycerol) in the presence of 

RecA (1.5 µM), RecO2 (200 nM) and SsbA4 (300 nM). An ATP regeneration system was included 

in the reaction (8 mM creatine phosphate and 8 U/ml creatine kinase). Increasing concentrations 

of RecD2 or RecD2 K373A were added into the reaction at time 0 (before starting the reaction). 

The reactions were initiated adding 2 mM ATP and incubated 20 or 40 min at 37ºC. In other 

reactions, ATP was added to initiate strand exchange and after 20 min, RecD2 was added. Later, 

the samples were deproteinised with stop buffer (25 mM EDTA pH 8, 0.5% (v/v) SDS and 0.5 

mg/ml proteinase K as final concentrations) for 20 min at 37ºC. DNA species were separated by 

0.8% (w/v) agarose gel electrophoresis in 1 X TBE. Gels were stained with ethidium bromide and 

analysed using a GelDoc system (Bio-Rad). Densitometry analysis was performed with the Image 

Lab software (Bio-Rad) to quantify the percentage of the three-stranded recombination 

intermediates (joint molecules, jm) and the final exchanged products (nicked circular dsDNA, 

nc). 

3.2.22. Single-molecule fluorescence microscopy 

The in vivo dynamics of RecD2 at single-molecule level was assayed by single-molecule 

microscopy. These experiments were performed during the stay of three months at the Dr. Peter 
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Materials and Methods 

Graumann’s laboratory (Chemistry Department, University of Marburg, Germany), which is 

specialist in the study of diverse bacterial proteins with this method. 

The dnaX-cfp recD2-mVenus strain was used to study the distance between the replisome 

and RecD2 using single-molecule fluorescence microscopy. This strain was plated overnight at 

37ºC on a LB-agar plate with Cm 5 µg/ml. A CFU was selected from the plate and grown in LB 

supplemented with 0.2% (v/v) xylose at 30ºC under agitation until reach OD560 = 0.5. Then, 

replicative stress was induced by the treatment with 0.5 mM H2O2, 50 or 100 ng/ml MMC or 50 

µg/ml HPUra for 1 h at 30ºC or 5 mg/ml serine hydroxamate (SHX) for 15 min at 30ºC. Later, 1 

ml of the culture was collected by centrifugation for 3 min at 3,000 rpm. The cell pellet was 

resuspended in 500 µl of fresh LB to remove rest of the drug and 3 µl were deposited on a circular 

coverslip (5 mm, Menzel), previously sonicated for 30 min in 2 X Hellmanex and 30 min in H2O 

Milli-Q. Then, a smaller circular coverslip (2.5 mm, Menzel), with 1% (w/v) agarose pad prepared 

in S750 minimal medium, was placed over the 3 µl of cells. The cells were visualised using the 

Olympus IX71 microscope with immersion oil, 100 X objective and 1.45 numerical aperture. 

First, a bright-field image was taken to obtain the cell shape. The DnaX-CFP foci were detected 

by excitation with a 418 nm laser and then, the dynamic of RecD2-mVenus was tracked by 

excitation with a 514 nm laser. A total of 2,500 images were acquired with an exposure time of 

30 ms. 

Time-lapse images were first processed with Image J software (National Institutes of 

Health, Bethesda, MD) to select the region in which the fluorescent intensity reaches a plateau 

(single-molecule level). The cell shape was selected with Oufti software (Jacobs-Wagner 

laboratory, Stanford University) using the bright-field images. The tracks of the RecD2-mVenus 

molecules were acquired with U-track (laboratory for Computational Cell Biology, Harvard 

Medical School), run in MATLAB. Finally, the collected data were globally analysed with the 

SMTracker software, developed by the Dr. Peter Graumann’s laboratory (Rösch et al., 2018). 

This software allowed the visualisation of each RecD2-mVenus track and its subcellular 

localization. Moreover, SMTracker performed the statistical analysis of the data, following the 

Gaussian mixture model and calculating the apparent diffusion coefficient for each treatment (D), 

which represents the velocity of the RecD2-mVenus molecules. The distance between each track 

of RecD2-mVenus to the DnaX-CFP foci was also calculated for each treatment with SMTracker. 

On the other hand, the thermosensitive strains dnaD23 recD2-mVenus and dnaB37 

recD2-mVenus were used to study the dynamic of RecD2-mVenus when the replisome proteins 

DnaD or DnaB are inactive. Each strain was plated on LB-agar plates with Cm 5 µg/ml and grown 

overnight at 30ºC (permissive temperature). A CFU for each strain was grown in LB at 30ºC until 

OD560 = 0.5. Then, the culture was separated in two, and one was incubated for 1 h at 30ºC and 
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the other to 42ºC (non-permissive temperature) under agitation. Cells were prepared as described 

above and visualised by excitation with 514 nm laser for the RecD2-mVenus tracking. A 

temperature controller coupled to the microscope was also used to keep a constant temperature of 

30 or 42ºC. A total of 2,500 images were taken with an exposure time of 30 ms and were processed 

with the softwares, as described above. 
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Results 

4. Results 

4.1. Chapter 1: Analysis of B. subtilis RecD2 in natural transformation 

4.1.1. The absence of RecD2 slightly reduces chromosomal and plasmid transformation 

During natural transformation in B. subtilis, the exogenous DNA is incorporated inside 

the cell by the uptake apparatus, which only internalises one DNA strand. This ssDNA is 

internalised independently of the sequence or the polarity (Kidane et al., 2012). Ssb proteins 

rapidly cover the incoming ssDNA and RecA mediators facilitate the loading of RecA into the 

ssDNA. In this context, HR proteins are needed for the genetic recombination between the 

incorporated ssDNA and the chromosome if both DNA sequences share enough homology 

(chromosomal transformation). Recombination activity is also needed to process the internalised 

ssDNA when it has not sufficient homology to the bacterial chromosome (plasmid 

transformation) (Kidane et al., 2012; Serrano et al., 2018) (see section 1.2., Introduction). 

Particularly, the contribution of B. subtilis RecD2 in natural transformation had not been 

explored. Previous authors observed that the chromosomal transformation efficiency of the D. 

radiodurans recD2::kan mutant was greater than the efficiency of the wild-type LS18 strain. 

Depending on the transformation method used, the efficiency of the recD2::kan mutant was 3 to 

7-fold or even 30 to 100-fold higher than the wild-type (Servinsky and Julin, 2007). 

To gain insight into the contribution of B. subtilis RecD2 in natural transformation, 

chromosomal and plasmid transformation assays were carried out in the ∆recD2 strain using 

different donor DNAs. The B. subtilis wild-type BG214 (rec + , wt) was also tested to compare the 

transformation efficiencies between both strains. Chromosomal transformation was performed 

with the pCB980 DNA, which harbours the house-keeping rpoB gene (2,997 bp) from the B. 

subtilis 168 wt strain with a single point mutation C482T (named as rpoB482 variant) that confers 

RifR. The RifR mutation was located approximately at the centre of the donor DNA (position 1,444 

bp of the rpoB gene). For plasmid transformation, an oligomeric plasmid is required to 

reconstitute a circular plasmid inside the bacterial cell by intramolecular recombination. In fact, 

the transformation efficiency with an oligomeric plasmid is 1,000-fold higher than using a 

monomeric plasmid (Canosi et al., 1978; Serrano et al., 2018). For testing plasmid transformation, 

the pUB110 plasmid (4.5 kb) was digested with EcoRI and then self-ligated for the formation of 

concatemers. This plasmid was used as donor DNA, which confers NmR. 

The results showed that ∆recD2 competent cells had a reduced plasmid transformation 

efficiency respect to wt competent cells (~4.5-fold), whereas chromosomal transformation 

efficiency was only marginally affected (~2.6-fold) (Table 10). The data suggest that the 
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contribution of RecD2 to plasmid and chromosomal transformation is not crucial because these 

processes were not greatly impaired in the absence of this helicase (Serrano et al., 2020) 

Table 10. Efficiencies of chromosomal and plasmid transformation in ∆recD2. 

Strain Relevant 
genotype 

Chromosomal transformation 
efficiency (%) 

Plasmid transformation 
efficiency (%) 

BG214 rec+ (wt) 100 (2.1 × 103) 100 (4.2 × 102) 
BG1455 + ∆recD2 38 ± 7.8 22 ± 5 

Competent B. subtilis cells (1 ml) were transformed with 0.1 µg of the rpoB482 DNA or self-ligated pUB110 plasmid. 
The yield of chromosomal (RifR/ml) and plasmid (NmR/ml) transformation was normalised relative to that of the rec+ 

strain, recorded as 100%. In parenthesis are represented the number of transformants per ml of competent cells. The 
results are shown as mean ± SEM of at least six independent experiments. 

4.1.2. Chromosomal and plasmid transformation efficiencies in the absence of RecD2 

and RadA/Sms 

RecD2 has been postulated as a branch migration translocase during the postsynaptic step 

of HR, as RecG or RuvAB, because the double mutant ∆recD2 ∆recG and ∆recD2 ∆ruvAB strains 

are not viable in B. subtilis (Torres et al., 2017). Another helicase present in B. subtilis that 

facilitates branch migration is RadA/Sms. The ∆radA/sms strain is greatly impaired in 

chromosomal transformation respect to the wt (~140-fold), whereas it is not significantly affected 

in plasmid transformation (~1.6-fold) (Table 11) (Torres et al., 2019b). 

Table 11. Efficiencies of chromosomal and plasmid transformation in ∆recD2 ∆radA/sms. 

Strain Relevant genotype Chromosomal transformation 
efficiency (%) 

Plasmid transformation 
efficiency (%) 

BG214 rec+ (wt) 100 (2.1 × 103) 100 (4.2 × 102) 
BG1455 + ∆recD2 38 ± 7.8 22 ± 5 
BG1245 + ∆radA/sms 0.7 ± 0.2 66 ± 4.8 
BG1635 + ∆recD2 ∆radA/sms 0.4 ± 0.2 4.5 ± 1.5 

Competent B. subtilis cells (1 ml) were transformed with 0.1 µg of the rpoB482 DNA or self-ligated pUB110. The 
yield of chromosomal (RifR/ml) and plasmid (NmR/ml) transformation was normalised relative to that of the rec+ strain, 
recorded as 100%. In parenthesis are represented the number of transformants per ml of competent cells. The results 
are shown as mean ± SEM of at least six independent experiments. 

To analyse the putative contribution of RecD2 as a branch migration translocase, 

chromosomal and plasmid transformation were assayed in the double mutant ∆recD2 ∆radA/sms 

strain. The simultaneous deletion of both genes recD2 and radA/sms was viable. The results 

showed that the ∆recD2 ∆radA/sms strain had a defect in chromosomal transformation, with a 

similar efficiency than the obtained in the absence of RadA/Sms alone, with just a marginal 

decrease (~1.75-fold reduction respect to the ∆radA/sms efficiency) (Table 11). This result 

supported that RadA/Sms is crucial for chromosomal transformation, whereas RecD2 may not 

have a substantial role in this process. On the other hand, a synergistic effect between RecD2 and 
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Results 

RadA/Sms was observed in plasmid transformation, because the transformation efficiency was 

highly reduced in the absence of both helicases (~22-fold) (Serrano et al., 2020). 

4.1.3. Interspecies chromosomal transformation requires RecD2 in a ∆rok background 

B. subtilis, as other naturally competent bacteria, can integrate fully homologous DNA 

sequences (intraspecies chromosomal transformation) or partially homologous sequences with 

less efficiency (interspecies chromosomal transformation) during natural transformation (Fraser 

et al., 2007). The interspecies chromosomal transformation contributes to bacterial adaptation and 

evolution, as well as to the expansion of their pangenome by the integration of new genes flanked 

with homologous DNA sequences to the recipient chromosome (Kidane et al., 2012). In B. 

subtilis, the acquisition of divergent ssDNAs has been previously explored with the use of donor 

DNAs for transformation that contained the rpoB482 variant genes from different Bacilli with 

increasing degree of divergence respect to the B. subtilis 168 rpoB gene (Table 9, see section 

3.2.3., Methods). The chromosomal transformation frequency of the wt strain decreases linearly 

as the sequence divergence increases (Carrasco et al., 2016). Beyond 8% sequence divergence, 

chromosomal transformation is highly reduced in the wt (Carrasco et al., 2016). 

To increase the sensitivity of the system, the ∆rok mutant was used previously. Rok is a 

transcriptional factor that negatively regulates the expression of ComK, which is the master 

regulator of the state of competence. The deletion of rok increases the proportion of competent 

cells from 10% to 50% of the total number of cells (Maamar and Dubnau, 2005). Consistently, 

the chromosomal transformation frequency in B. subtilis is 20 to 50-fold higher in the ∆rok strain 

respect to the wt, and transformants are detectable with donor DNA of 20% sequence divergence 

(Carrasco et al., 2016). The ∆rok ∆recD2 strain was constructed to test the chromosomal 

transformation efficiency in the absence of recD2 in a ∆rok background. 

Intraspecies chromosomal transformation was analysed in ∆rok ∆recD2 competent cells 

and compared to ∆rok and rec + using the pCB980 (B. subtilis 168 rpoB482) as donor DNA, which 

only has a 0.034% sequence divergence. The results showed that the chromosomal transformation 

efficiency of the ∆rok ∆recD2 cells was highly reduced compared to the ∆rok, rec + (~1,000-fold) 

(Table 12). This result was different from the observed for the ∆recD2 strain in the rok+ 

background, where chromosomal transformation was only ~2.6-fold decreased respect to the wt 

(see section 4.1.1). This unexpected behavior was also observed in some recombination mutants, 

like ∆recJ, ∆recX, ∆dprA and ∆radA (Serrano et al., 2021). For instance, the chromosomal 

transformation efficiency of ∆rok ∆radA was ~1,600-fold reduced in contrast to the ~140-fold 

reduction observed in ∆radA, rok+ (see section 4.1.2). It has been postulated that Rok, which is a 

nucleoid-associated protein, plays a central role in the structural organization of the B. subtilis 

chromosome. Rok was found to mediate long-range chromosomal interactions leading to the 
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formation of anchored chromosomal loops (Dugar et al., 2022). The absence of rok could alter 

the nucleoid conformation and subsequently affect the action of some recombination mechanisms 

during chromosomal transformation (Serrano et al., 2021b). 

Table 12. Efficiency of intraspecies chromosomal transformation in ∆rok ∆recD2. 

Strain Relevant 
genotype 

Chromosomal transformation 
efficiency (%) 

BG1359 +∆rok, rec 100 (3.3 × 104) 
BG1549 + ∆recD2 0.1 ± 0.05 

Competent B. subtilis cells (1 ml) were transformed with 0.1 µg of the rpoB482 DNA. The yield of transformation 
(RifR/ml) was normalised relative to that of the ∆rok, rec+ strain, recorded as 100%. In parenthesis are represented the 
number of transformants per ml of competent cells. The results are shown as mean ± SEM of at least six independent 
experiments. 

The number of spontaneous RifR mutants that appeared in the absence of transforming 

DNA was remarkably higher in the absence of recD2. Whereas the spontaneous mutation 

frequencies in ∆rok and rok+ (wt) competent cells were similar (~7 to 9 x 10-9), in ∆recD2 and 

∆rok ∆recD2 the spontaneous mutation frequency increased ~3-fold (~2 to 4 x 10-8) (Serrano et 

al., 2021). This is consistent with previous data that described that the deletion of recD2 in B. 

subtilis moderately increases the spontaneous mutation rate (~3.6-fold) respect to the wt (Walsh 

et al., 2014). These results suggest some contribution of RecD2 in DNA repair (maybe in MMR). 

To elucidate the role of RecD2 during interspecies chromosomal transformation, ∆rok 

∆recD2 competent cells were transformed with different rpoB genes from natural origin, 

described in the Table 9 (see section 3.2.3., Methods), harbouring the rpoB482 variant. These 

donor DNAs have increasing percentage of sequence divergence respect to the wt rpoB gene, and 

confer RifR resistance. The transformation frequency in ∆rok, rec+ was normalised to give a value 

of 1 to the transformation rate obtained in the intraspecies chromosomal transformation (Figure 

9, black circles). The transformation frequency in ∆rok ∆recD2 was compared to that of the ∆rok, 

rec+ competent cells (Figure 9, white squares). The results showed that chromosomal 

transformation frequency in the absence of recD2 was greatly reduced as the sequence divergence 

increased. The frequency of spontaneous mutation was defined by the chromosomal 

transformation frequency in the absence of recA, which is essential in this process (Figure 9, 

white triangles). Furthermore, the transformation frequency in ∆rok ∆recD2 cells was normalised 

to give a value of 1 to the transformation rate obtained in the intraspecies chromosomal 

transformation assay, as done in ∆rok, rec+, to compare the decay in the transformation frequency 

depending on sequence divergence (Figure 9, black squares). The chromosomal transformation 

reached a plateau over 8% sequence divergence in ∆rok ∆recD2. These results suggest a crucial 

contribution of RecD2 during the interspecies chromosomal transformation (Serrano et al., 2021). 
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Figure 9. Chromosomal transformation frequencies as a function of increased sequence divergence in ∆rok 
∆recD2. 
Chromosomal transformation assays were performed using donor DNAs containing the rpoB482 variant, conferring 
RifR, with increasing percentage of sequence divergence respect to the wt rpoB gene: B. subtilis 168 (0.034% sequence 
divergence, homologous DNA), B. subtilis W23 (2.47%), B. atrophaeus 1942 (8.35%), B. amyloliquefaciens DSM7 
(10.12%), B. licheniformis DSM13 (14.52%), B. gobiensis FJAT-4402 (17%), B. thuringiensis MC28 (20.83%) and B. 
smithii DSM4216 (22.74%). These DNAs were used to transform B. subtilis ∆rok rec+, ∆rok ∆recD2 and ∆rok ∆recA 
competent cells. The values are plotted relatives to rec+ , dividing the number of transformants/CFUs obtained in ∆rok 
∆recD2 (depicted here as ∆recD2 relative to rec+ , white squares) and ∆rok ∆recA (depicted here as ∆recA relative to 
rec+ , white triangles) by the number of transformants/CFUs obtained in ∆rok rec+ , whose intraspecies transformation 
frequency was normalised to give a value of 1 (depicted here as rec+ , black circles). The intraspecies transformation 
frequency of ∆rok ∆recD2 was also normalised to 1 (depicted here as ∆recD2, black squares). The transformation 
frequency of ∆rok ∆recA represents the frequency of spontaneous mutation. The results are plotted in log10 scale as 
the mean ± SD for at least three independent experiments. 

4.1.4. RecD2 is needed for the integration of divergent sequences beyond ~15% during 

interspecies chromosomal transformation 

For the integration of a sequence into a homologous or partially homologous 

(homeologous) chromosomal region, RecA needs a minimum efficient processing segment 

(MEPS) to initiate the DNA strand exchange. In E. coli, the length of the MEPS for RecA-

mediated recombination is at least 40 nt (McIlwraith and West, 2001), whereas in B. subtilis is 

predicted to be between 25 to 30 nt (Majewski and Cohan, 1999). Furthermore, in vitro, a 

threshold of 9 nt of identity is required for a stable interaction and ~26 nt are needed for RecA to 

promote DNA strand exchange (Majewski and Cohan, 1999; Kidane et al., 2012). As the 

sequence divergence increases, the number of MEPS present in the donor DNA decreases, and 

this reduces the chromosomal transformation frequency and the integration length. Up to ~15% 

sequence divergence, homology-directed HR is involved in the integration. However, beyond this 

percentage of sequence divergence, homology-facilitated illegitimate recombination is predicted 

to occur, which can take place between non-allelic segments containing micro-homologous 
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regions and allows the integration of 3 to 10 nt (de Vries and Wackernagel, 2002; Prudhomme et 

al., 2002; Carrasco et al., 2019). 

After interspecies chromosomal transformation, the length of the integrated sequence into 

the chromosome was analysed in ∆rok ∆recD2 cells sequencing the rpoB gene and mapping the 

endpoints of recombination of 35 RifR clones, similarly as previously described for ∆rok, rec + 

(Carrasco et al., 2016; Serrano and Carrasco, 2019). At 0.034% sequence divergence, the length 

of the integrated sequence in the chromosome was practically the full rpoB gene in ∆rok, rec + . 

Similar integration length was obtained at 2.47% sequence divergence (~2,000 bp). At 8.35% 

sequence divergence, ~1,000 bp were integrated in ∆rok, rec + . Furthermore, at 10.12% and 

14.52% sequence divergence, the integration length was reduced to ~400 bp and ~250 bp, 

respectively. However, beyond 15% sequence divergence, just micro-homologous regions were 

integrated (3 to 9 bp) in ∆rok, rec+ (Figure 10, black bars) (Carrasco et al., 2016; Serrano et al., 

2021). In ∆rok ∆recD2 cells, the integration length was similar to that of the ∆rok, rec + below 

10.12% sequence divergence. At 14.52% sequence divergence, only two of the 35 RifR clones 

sequenced were genuine transformants, with an integration length ~140 bp. Beyond ~15% 

sequence divergence, transformants were not detected in ∆rok ∆recD2 and only spontaneous RifR 

mutants were obtained (Figure 10, white bars). These results imply that RecD2 is crucial for 

micro-homologous integration when the sequence divergence is larger than ~15% (Serrano et al., 

2021). 
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Figure 10. Integration length in ∆rok ∆recD2 transformants for each divergent sequence used as donor DNA. 
After transformation with donor DNAs with increased sequence divergence, the length of the rpoB482 variants that 
were integrated into the ∆rok, rec+ and ∆rok ∆recD2 chromosomes was analysed by sequencing. Integration endpoints 
were defined as the average between the last single nucleotide polymorphism present and the next one absent in the 
sequence of transformants (integration endpoint). Black bars: integration length obtained for ∆rok, rec+ (depicted as 
rec+). White bars: integration length obtained for ∆rok ∆recD2 (depicted as ∆recD2). ND: not detected genuine 
transformants (35 RifR clones). The results are represented in log10 scale as the mean ± SD for at least six sequenced 
clones. 
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In the absence of the nucleoid-associated Rok factor, the nucleoid topology could be 

altered because this protein could act as a bridge connecting further chromosomal regions (Dugar 

et al., 2022). In order to evaluate if the presence of Rok alters the integration length of dissimilar 

sequences, interspecies chromosomal transformation assays were also carried out in (rok+) 

∆recD2 and wt cells. As previously described in Carrasco et al., 2016, the transformation 

frequency of the wt strain was approximately 1-log lower than ∆rok, probably because of the 

lower proportion of competent cells (Figure 11, white circles). The intraspecies chromosomal 

transformation in (rok+) ∆recD2 was similar to that obtained in wt competent cells, as previously 

observed in this work (Table 10, see section 4.1.1). At increased sequence divergence, the 

transformation frequency in (rok+) ∆recD2 decreased ~1-log respect to the results obtained for 

the wt cells (Figure 11, white squares). However, the absence of recD2 in the ∆rok background 

conferred a great reduction in transformation frequency at less than ~8% sequence divergence 

(Figure 11, black squares), whereas no considerably differences were visualised compared to the 

rok+ background at higher sequence divergence. These results suggest that the absence of Rok 

affects the transformation frequency in the absence of RecD2 at low sequence divergence (below 

8%), perhaps because of topological changes in the nucleoid architecture that could affect the 

integration of larger DNA sequences (~2,000 bp). 

Figure 11. Chromosomal transformation frequencies as a function of increased sequence divergence in ∆recD2. 
Chromosomal transformation assays were performed using donor DNAs containing the rpoB482 variant, conferring 
RifR, with increasing percentage of sequence divergence respect to the wt rpoB gene: B. subtilis 168 (0.034% sequence 
divergence, homologous DNA), B. subtilis W23 (2.47%), B. atrophaeus 1942 (8.35%), B. amyloliquefaciens DSM7 
(10.12%) and B. licheniformis DSM13 (14.52%). These DNAs were used to transform B. subtilis ∆rok rec+ (black 
circles), rok+ rec+ (wt, white circles), ∆rok ∆recD2 (black squares) and rok+ ∆recD2 (white squares) competent cells. 
The values are plotted relative to ∆rok rec+ dividing the number of transformants/CFUs obtained in each condition by 
the number of transformants/CFUs obtained in ∆rok rec+ , whose intraspecies transformation frequency was normalised 
to give a value of 1. The results are plotted in log10 scale as the mean ± SD for at least three independent experiments. 

35 RifR colonies were selected and sequenced to analyse the length of the integrated 

rpoB482 variant after chromosomal transformation in (rok+) ∆recD2 and compared to the data 

obtained for ∆rok ∆recD2 cells (Table 13). No significant differences were observed in the 
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integration length in both strains at 2.47% and 8.35% sequence divergence. At 10.12% of 

divergence, only one of the total sequenced colonies was a genuine transformant, and no 

transformants were detected at 14.52% sequence divergence in the presence of Rok. In contrast, 

the deletion of rok allowed the detection of more genuine transformants, because at least six 

clones at 10.12% sequence divergence and two clones at 14.15% were obtained in ∆rok ∆recD2. 

As observed, the absence of rok increases the barrier for the detection of DNA acquisition from 

other Bacilli, and thus allows to understand the contribution of RecD2 during interspecies 

chromosomal transformation. 

Table 13. Mean of the integration length in ∆recD2 and ∆rok ∆recD2. 

Source of donor DNA 
Sequence 

divergence 
(%) 

Integration 
length in rok+ 

∆recD2 (bp) 

Integration 
length in ∆rok 
∆recD2 (bp) 

B. subtilis W23 2.47 2050  617 1612  528 
B. atrophaeus 1942 8.35 1198  564 908  324 

B. amyloliquefaciens DSM7 10.12 288a 462  268 
B. licheniformis DSM13 14.52 ND 145  14b 

The results are shown as mean ± SD for at least six different sequenced transformants. a: 35 RifR sequenced clones. 
Only one was a genuine transformant. b: 35 RifR sequenced clones. Only two were genuine transformants. ND: not 
detected genuine transformants (35 RifR sequenced clones). 

4.1.5. Viral transfection is affected in the absence of RecD2 

Bacterial competent cells can acquire ssDNA from the environment independently of the 

nature of the genetic material. One source of exogenous DNA can be proteolysed bacterial viruses 

(also known as bacteriophages or just phages). These broken DNA fragments from the 

bacteriophage can be incorporated inside the bacterial cell during natural transformation and 

reconstitute the viral genome leading to the formation of lytic phages that induce cell death. 

Commonly, DNA from bacteriophages does not share homology with the bacterial chromosome. 

As in plasmid transformation, this DNA could be reconstituted as a circular duplex molecule 

inside the competent cell in a mechanism known as viral transfection (Riva and Polsinelli, 1968; 

Spatz and Trautner, 1971). However, differently to plasmid transformation, there must be an 

intermolecular recombination between more than one DNA molecule to establish a viral particle. 

This is because the DNA uptake apparatus of B. subtilis is able to acquire ssDNA fragments below 

16,000 nt (Dubnau and Cirigliano, 1972; Fornili and Fox, 1977), but usually the genomes of 

bacteriophages are longer. Due to the length of the SPP1 genome (44,016 bp), viral DNA is 

fragmented prior its incorporation inside the cytosol. Three or more DNA molecules need to be 

internalised inside the bacterial cell for the reconstitution of a viral particle (Trautner and Spatz, 

1973; Humphreys and Trautner, 1981). 

88 



 
 

 
 

      

        

        

         

     

      

    

       

            

          

       

     

 

    

      

       

   

           

        

      

      

        

 

  

     

 
 

 
 

      
     

     
 

              
              

            

 

    

     

Results 

The lytic bacteriophage SPP1 infects specifically B. subtilis cells. This infection is used 

in the lab as a mechanism of horizontal gene transfer in which genetic material is transferred 

directly from one bacterium to another by transduction. Generalised transduction by SPP1 also 

transfers plasmids between bacteria. SPP1 encodes in their genome some viral recombination 

proteins required for transduction, such as the essential G35P, needed for the single-strand 

annealing, or the single-stranded binding protein G36P (Ayora et al., 2002; Lo Piano et al., 2011; 

Valero-Rello et al., 2017). On the other hand, exogenous SPP1 ssDNA can also be acquired by 

B. subtilis competent cells during viral transfection allowing the formation of infectious SPP1 

particles inside the cell. Although viral transfection is a poorly understood process, it is supposed 

to be partially dependent of the bacterial HR machinery. During the early stages of viral 

transfection, ssDNA sequences from SPP1 are substrate for bacterial HR proteins prior the 

transcription and the subsequent production of viral proteins (Riva and Polsinelli, 1968; Spatz 

and Trautner, 1971). 

The ability to reconstitute viral SPP1 bacteriophages was explored in the ∆recD2 mutant 

with the aim to elucidate a possible role of RecD2 in this process. Viral transfection assays were 

carried out similarly to chromosomal or plasmid transformation, but using isolated genomic DNA 

from SPP1. In these experiments, the number of PFUs obtained in ∆recD2 was compared to that 

of the rec + (wt) cells, which was considered as the 100%. Experiments were also carried out in 

∆recA competent cells for comparison. The results showed that the absence of recD2 highly 

reduced the viral transfection efficiency (~29-fold respect to the wt) (Table 14). The absence of 

recA also triggers a markedly reduction in viral transfection efficiency (~70-fold respect to the 

wt), because RecA is needed for the annealing of the different ssDNA sequences from the phage 

to reconstitute the viral particle. The data show an important role of RecD2 in the early stages of 

the reconstitution of a SPP1 infectious particle inside the B. subtilis cell (Serrano et al., 2020). 

Table 14. Efficiency of viral transfection in ∆recD2. 

Strain 
Relevant 
genotype 

Viral transfection efficiency 
(%) 

BG214 rec+(wt) 100 (1.9 × 103) 
BG1455 + ∆recD2 3.4 ± 3 
BG190 + ∆recA 1.4 ± 0.5 

Competent B. subtilis cells were transformed with 0.1 µg of genomic SPP1 DNA. The yield of viral transfection 
(PFU/ml) was normalised relative to that of the rec+ strain, recorded as 100%. In parenthesis are represented the number 
of PFUs per ml of competent cells. The results are shown as mean ± SEM of at least four independent experiments. 

4.1.6. Viral transfection efficiency in the absence of RecD2 and RadA/Sms 

Viral transfection assays were also performed in the double mutant ∆recD2 ∆radA/sms 

with the aim to understand the contribution of these two helicases in the reconstitution of SPP1 
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bacteriophages. The absence of radA/sms marginally reduced the viral transfection efficiency (~3-

fold respect to the wt), with no statistically significance. The absence of both helicases promoted 

a decrease in the efficiency (~20-fold reduction), similarly as obtained in the absence of recD2 

alone (~29-fold respect to the wt) (Table 15) (Serrano et al., 2020). These data support the crucial 

role of RecD2 during viral transfection, whereas RadA/Sms is mainly involved in the 

chromosomal transformation process. 

Table 15. Efficiency of viral transfection in ∆recD2 ∆radA/sms. 

Strain Relevant genotype 
Viral transfection efficiency 

(%) 

BG214 rec+(wt) 100 (1.9 × 103) 
BG1455 + ∆recD2 3.4 ± 3 
BG1245 + ∆radA/sms 33 ± 4 
BG1635 + ∆recD2 ∆radA/sms 5.2 ± 2 

Competent B. subtilis cells were transformed with 0.1 µg of genomic SPP1 DNA. The yield of viral transfection 
(PFU/ml) was normalised relative to that of the rec+ strain, recorded as 100%. In parenthesis are represented the number 
of PFUs per ml of competent cells. The results are shown as mean ± SEM of at least four independent experiments. 
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2. Chapter 2: Biochemical characterisation of B. subtilis RecD2 

4.2.1. Purification of RecD2 and RecD2 K373A 

B. subtilis RecD2 was purified with a 6xHis-tag placed in the C-terminal domain after 

several attempts of purification without the tag, because the protein had a reduced solubility and 

tended to aggregate. In fact, all published data about RecD2 have been obtained from a protein 

fused to a C-terminal 6xHis-tag (Saikrishnan et al., 2008; Shadrick and Julin, 2010; Walsh et al., 

2014), but if the tag affects the activity of the protein in vivo was not yet tested. The functionality 

of the RecD2-His fusion in vivo was confirmed with the use of the B. subtilis recD2his6 strain that 

expresses the protein fused to 6xHis-tag from its natural promoter. This strain was plated on plates 

containing 1.5 mM MMS and the cells were as resistant as wt, whereas the ∆recD2 mutant showed 

sensitivity to this DNA damaging agent (Figure 12 A), as previously described (Walsh et al., 

2014; Torres et al., 2017). For that reason, it was concluded that the C-terminal 6xHis-tag did not 

affect the activity of RecD2, so the protein was purified with this tag. The Walker A motif mutant 

protein, RecD2 K373A, defective in ATP hydrolysis (Walsh et al., 2014), was also purified with 

the 6xHis-tag and following the same protocol of purification (Figure 12 B). 

Figure 12. Assessment of RecD2-His. 
(A) rec+ (wt), ∆recD2 and recD2his6 cells were grown until OD560 = 0.5. Then, several dilutions of each culture (10-3 to 
10-6) were spotted on LB-agar plates having 1.5 mM MMS. (B) Example of a 12.5% SDS-PAGE with increasing 
amounts (200 to 800 ng) of purified RecD2 (lanes 1 to 4) and RecD2 K373A (lanes 6 to 9) (89 kDa). Both proteins 
were purified with a 6xHis-tag fusion placed in the C-terminal domain. M: Rainbow molecular weight marker (kDa, 
lane 5). 

4.2.2. ATP hydrolysis activities of RecD2 

4.2.2.1. ATPase activity with different DNA substrates 

Because of its nature as a helicase, RecD2 requires the energy of ATP hydrolysis for its 

translocation along the ssDNA. It was previously observed that the ATPase activity of RecD2Dra 

was greatly stimulated in the presence of ssDNA, but a reduced ATP hydrolysis was observed 

with linear or circular dsDNA (Wang and Julin, 2004). However, the ATPase activity of RecD2 

from B. subtilis had not been explored so far. To gain insight into the ATP hydrolysis activities 

of RecD2, ATP/NADH-coupled spectrophotometric assays were carried out in the presence of an 
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Results 

ATP regeneration system and different DNAs as effectors. The pGEM-3Zf (+) DNA and the 

linearized KpnI-pGEM-3Zf (+) were used as circular and linear dsDNA substrates, respectively. 

As ssDNAs, sspGEM-3Zf (+), polydT80 and polydA80 were used in the reactions. The experiments 

were performed at 10 mM MgCl2 and 0.2 mM ATP. As a measure of the ATP hydrolysis rate, the 

kcat (s-1) was calculated for each condition (Table 16), which represents the molecules of ATP 

hydrolysed per molecule of RecD2. 

In the absence of DNA, ATPase activity of RecD2 was not observed (Figure 13 A, black 

line). Similar result was obtained for the RecD2 K373A with polydT80, confirming the absence 

of hydrolysis activity of the mutant protein (Figure 13 A, brown line). The addition of circular or 

linear dsDNA did not substantially stimulate the activity of RecD2, with kcat = 6.7 ± 2.2 s-1 and 

11.3 ± 5.2 s-1, respectively (Figure 13 A, cian and red lines). When sspGEM-3Zf (+), a ssDNA 

with secondary structures (i.e. regions of dsDNA), was added to the reaction, RecD2 hydrolysed 

ATP with more efficiency and the rate increased to 28.6 ± 5.9 s-1 (Figure 13 A, orange line). 

Moreover, the activity of RecD2 was also tested when ssDNAs without secondary structures were 

added. In the presence of polydA80, the kcat was similar to that obtained with sspGEM-3Zf (+) 

(20.9 ± 5.6 s-1) (Figure 13 A, green line). In contrast, the ATPase activity of RecD2 was 

considerably elevated with polydT80 (kcat = 174.2 ± 15.3 s-1), so RecD2 appears to have preference 

on pyrimidines rather than purines (Figure 13 A, dark blue line). The activity with sspGEM-3Zf 

(+) and polydT80 was also assayed when ATP was replaced by dATP in the reactions. In this case, 

the activity was significantly lower than the observed with ATP, obtaining a kcat = 32.2 ± 7.9 s-1 

for polydT80 and kcat = 4.6 ± 1.1 s-1 for sspGEM-3Zf (+) (Figure 13 A, grey and pink lines). These 

results conclude that RecD2 might prefer the binding or translocation along ssDNA rather than 

dsDNA regions and the hydrolysis of ATP is crucial. 

Due to the high activity observed with polydT80, the ATP hydrolysis action of RecD2 was 

measured in the presence of polydTs with different lengths (15 to 80 nt) in order to analyse the 

minimal site size that RecD2 requires for a robust ATPase activity (Figure 13 B). Previous 

experiments done with the N-terminal truncated ∆150-RecD2Dra showed a kcat = 86.9 ± 1.5 s-1 

with a polydT20 (Toseland and Webb, 2013). In addition, no differences in ATP hydrolysis rates 

were observed for ∆150-RecD2Dra between polydTs of 20, 30, 40, 50 and 60 nt, with a global kcat 

= 98 ± 12 s-1 (Saikrishnan et al., 2009). ATPase experiments were performed as described above. 

The results showed a similar rate with polydT70 (158.6 ± 10.4 s-1) than the acquired with polydT80 

(174.2 ± 15.3 s-1) (Figure 13 B, dark blue and grey lines). In the presence of polydT60, the ATPase 

activity of RecD2 was moderately reduced (118 ± 7.7 s-1) (Figure 13 B, orange line). No huge 

differences were shown between polydT20 (90.1 ± 4.9 s-1), polydT30 (95.2 ± 3.3 s-1) and polydT40 

(102.1 ± 9.7 s-1) (Figure 13 B, cian, green and pink lines). However, the rate was significantly 

lower with polydT15 (55.1 ± 7.2 s-1) (Figure 13 B, red line). These data suggest that RecD2 
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essentially hydrolyses ATP during its translocation along the ssDNA, because the ATP hydrolysis 

rates decreases as the polydT length also declines. In addition, RecD2 might require a minimum 

ssDNA length of ~20 nt to show a robust ATPase activity, perhaps because of the binding of more 

than one protein molecule. 

Figure 13. ATPase activity of RecD2 with different DNA substrates. 
Representation of the ATPase activity of RecD2 as the concentration of ADP (µM) that accumulates along the time (s). 
RecD2 (5 nM) was incubated for 5 min at 37ºC with DNA (3 µM in nt) in a buffer containing 50 mM Tris-HCl pH 7.5, 
10 mM MgCl2, 1 mM DTT, 50 µg/ml BSA, 50 mM NaCl, 5% (v/v) glycerol, 0.5 mM phosphoenolpyruvate, 0.3 mM 
NADH, 10 U/ml pyruvate kinase and 10 U/ml lactate dehydrogenase. The reactions were started with the addition of 
0.2 mM ATP and ATP hydrolysis was measured for 250 s at 37ºC. (A) Kinetic measurement of ATP hydrolysis with 
different DNAs: polydT80 (dark blue line), sspGEM-3Zf (+) (orange line), polydA80 (green line), pGEM-3Zf (+) 
dsDNA (cian line) and linearised KpnI-pGEM-3Zf (+) (red line). Reactions in the presence of dATP instead of ATP 
with polydT80 (grey line) or sspGEM-3Zf (+) (pink line) are also shown. The brown line represents the activity of 25 
nM RecD2 K373A with polydT80. The reaction in the absence of DNA is shown in the black line. (B) ATPase activity 
of RecD2 when polydTs with increased length were added: polydT15 (red line), polydT20 (cian line), polydT30 (green 
line), polydT40 (pink line), polydT60 (orange line), polydT70 (grey line) and polydT80 (dark blue line). The graphs 
represent the mean of at least three independent experiments for each condition. 

Table 16. Kinetics of ATP hydrolysis of RecD2 with different DNAs. 

kcat (s-1) 
pGEM-3Zf (+) 6.7 ± 2.2 

KpnI-pGEM-3Zf (+) 11.3 ± 5.2 
sspGEM-3Zf (+) 28.6 ± 5.9 

sspGEM-3Zf (+) (dATP) 4.6 ± 1.1 
polydT15 55.1 ± 7.2 
polydT20 90.1 ± 4.9 
polydT30 95.2 ± 3.3 
polydT40 102.1 ± 9.7 
polydT60 118 ± 7.7 
polydT70 158.6 ± 10.4 
polydT80 174.2 ± 15.3 

polydT80 (dATP) 32.2 ± 7.9 
polydA80 20.9 ± 5.6 

The rates of the ATP hydrolysis, kcat (s-1), for each condition are shown as mean ± SD for at least three independent 
ATPase reactions. 
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Results 

4.2.2.2. Effect of the Mg2+ concentration on the ATPase activity 

The concentration of magnesium present in the reactions is crucial for the optimal activity 

of a protein with ATPase activity. This cation is coordinated to specific amino acid residues and 

contributes to the activation of the catalytic reaction. The necessity of Mg2+ for the biochemical 

action of RecD2 was previously observed in ∆150-RecD2Dra. In the absence of Mg2+, the ATP 

hydrolysis activity of ∆150-RecD2Dra was not practically detected (<0.03 s-1) (Toseland and 

Webb, 2013). The magnesium requirements of B. subtilis RecD2 during ATP hydrolysis were 

explored. Most of the published data about the biochemical activities of the protein were from 

experiments carried out at 10 mM MgCl2, but other concentrations were not tested so far. To 

determine the optimal concentration of Mg2+ for RecD2, ATPase experiments were performed 

similarly as described in the section above, but increasing amounts of MgCl2 (1 to 20 mM) were 

examined. The experiments were done with polydT80 (no secondary structures) and sspGEM-3Zf 

(+) (ssDNA with secondary structures) as the effectors. 

In the presence of a ssDNA without secondary structures, polydT80, the kcat was 123.9 ± 

8.6 s-1 at 1 mM MgCl2 (Figure 14 A, cian line), and greater rates were observed at 2 mM (183.1 

± 12.2 s-1), 5 mM (176.7 ± 6.2 s-1) and 10 mM (174.2 ± 15.3 s-1) MgCl2 (Figure 14 A, dark blue, 

pink and green lines). However, the ATPase action of RecD2 decreased at higher MgCl2, 
-1 -1obtaining kcat values of 85 ± 0.8 s at 15 mM MgCl2 and 46.5 ± 9 s at 20 mM MgCl2 (Figure 14 

A, grey and red lines). On the other hand, the rate of the hydrolysis was strongly increased at 1 

and 2 mM MgCl2 with a ssDNA containing secondary structures, sspGEM-3Zf (+), (kcat = 209.5 
-1 -1± 28 s and kcat = 147.2 ± 0.9 s , respectively), compared with the results acquired at 10 mM 

MgCl2 (kcat = 28.6 ± 5.9 s-1) (Figure 14 B, cian, dark blue and green lines). When reactions were 

done at 5 mM MgCl2, the rate was ~1.5-fold higher than at 10 mM, with a kcat = 40.5 ± 1.2 s-1 

(Figure 14 B, pink line). At 15 mM MgCl2, the activity of RecD2 was not practically stimulated 

(7 ± 2.4 s-1) (Figure 14 B, grey line). Taking into account all these results, the concentration of 

Mg2+ is crucial for the activity of RecD2. Furthermore, the data showed differences in the ATPase 

activity depending on the ssDNA present in the reactions and this is probably because the 

concentration of Mg2+ also affects the conformation of the DNA. Whereas slight variations were 

observed between 2 or 10 mM MgCl2 with polydT80, drastic differences were obtained at these 

concentrations with a ssDNA that may have secondary structures, as sspGEM-3Zf (+) (Figure 14 

C). Unlike polydT80, which do not form secondary structures, the conformation of sspGEM-3Zf 

(+) is influenced by the amount of Mg2+ available in the reaction. At higher Mg2+, the sspGEM-

3Zf (+) structure is more compacted and dsDNA regions accumulate, hindering the binding or the 

translocation of RecD2. 
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Figure 14. ATPase activity of RecD2 at increasing concentrations of MgCl2. 
RecD2 (5 nM) was incubated for 5 min at 37ºC with DNA (3 µM in nt) in a buffer containing 50 mM Tris-HCl pH 7.5, 
1 mM DTT, 50 µg/ml BSA, 50 mM NaCl, 5% (v/v) glycerol, 0.5 mM phosphoenolpyruvate, 0.3 mM NADH, 10 U/ml 
pyruvate kinase, 10 U/ml lactate dehydrogenase and variable amounts of MgCl2 (1-20 mM) The reactions were started 
with the addition of 0.2 mM ATP and ATP hydrolysis was measured for 250 s at 37ºC. Representation of the ATPase 
activity of RecD2 as the concentration of ADP (µM) that accumulates along the time (s) with (A) polydT80 or (B) 
sspGEM-3Zf (+). Reactions at 1 mM (cian lines), 2 mM (dark blue lines), 5 mM (pink lines), 10 mM (green lines), 15 
mM (grey lines) and 20 mM (red line) MgCl2 are shown. (C) Rate of the ATP hydrolysis, kcat (s-1), as a function of the 
concentrations of MgCl2 used (mM), plotted as mean ± SD. White circles: activity with polydT80. Black circles: activity 
with sspGEM-3Zf (+). The graphs represent the mean of at least three independent experiments for each condition. 

Due to the variations in ATPase activity observed depending on the MgCl2 concentration, 

the affinity of RecD2 to ATP, represented as the Km, was measured at 2 or 10 mM MgCl2 with 

polydT80 and sspGEM-3Zf (+). The experiments were done in the same way as described above, 

but increasing amounts of ATP (12.5 to 3,200 µM) were tested. Despite the maximum rate (Vmax) 

was different for each condition, no huge differences in the affinity parameter were obtained 

(Figure 15). The kinetics acquired with polydT80 gave Km values of 104 ± 7.9 µM ATP at 2 mM 

MgCl2 (Vmax ~225 s-1) and 122 ± 5.3 µM ATP at 10 mM MgCl2 (Vmax ~185 s-1). The activity with 

sspGEM-3Zf (+) at 2 mM MgCl2 was comparable to that with polydT80, with a Km = 128.3 ± 11.2 

µM ATP (Vmax ~200 s-1). A slight decrease in the affinity was obtained with sspGEM-3Zf (+) at 

10 mM MgCl2 (Km = 166.7 ± 5.8 µM ATP), although the Vmax was strongly reduced (~55 s-1). 
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Results 

These results conclude that the affinity of RecD2 for the ATP is not greatly affected neither by 

the concentration of Mg2+ nor by the nature of the ssDNA used in the reaction. 

Figure 15. ATP affinity of RecD2 in the presence 
of different effectors. 
RecD2 (5 nM) was incubated for 5 min at 37ºC with 
DNA (3 µM in nt) in a buffer having 50 mM Tris-
HCl pH 7.5, 2 or 10 mM MgCl2, 1 mM DTT, 50 
µg/ml BSA, 50 mM NaCl, 5% (v/v) glycerol, 0.5 
mM phosphoenolpyruvate, 0.3 mM NADH, 10 U/ml 
pyruvate kinase and 10 U/ml lactate dehydrogenase. 
The reactions were started with the addition of ATP 
(12.5 to 3,200 µM) and ATP hydrolysis was 
measured for 250 s at 37ºC. Representation of ATP 
hydrolysis rate (s-1) as a function of the concentration 
of ATP (µM) with polydT80 at 2 mM (black circles) 
or 10 mM MgCl2 (white circles), or with sspGEM-
3Zf (+) at 2 mM (black squares) or 10 mM MgCl2 

(white squares). The curves were used to obtain Vmax 

and Km parameters for each condition and represent 
the mean ± SD of three independent experiments. 

4.2.3. Helicase activities of RecD2 

4.2.3.1. RecD2 is a 5’ to 3’ helicase that does not unwind blunt-ended dsDNA 

Previous authors had already determined that the RecD2 helicases unwind DNA from 5’ 

to 3’ (Wang and Julin, 2004; Walsh et al., 2014). The polarity of the purified B. subtilis RecD2 

used in this work was tested prior to perform further helicase experiments. For that purpose, the 

5’-tailed and the 3’-tailed structures were used as DNA substrates, which contain a duplex region 

of 30 bp and 30 nt of 5’ or 3’ ssDNA end, respectively. Helicase activity of RecD2 was only 

observable on the 5’-tailed structure and at 6 nM RecD2, ~50% of the DNA duplex was unwound 

(Figure 16 A). In contrast, RecD2 could not unwind the 3’-tailed substrate even at a high protein 

concentration (100 nM), confirming the unwinding polarity 5’ to 3’ of the protein (Figure 16 B). 

As a control of the experiments, the Walker A motif mutant, RecD2 K373A, defective in ATP 

hydrolysis, was also included in the reactions. As expected, the helicase activity of RecD2 K373A 

was impaired (Figure 16 A, lane 10, and B, lane 5). On the other hand, it has been proposed that 

RecD2Dra might require a ssDNA end to translocate prior to perform the unwinding of a dsDNA 

region, because this protein is not capable to unwind dsDNA with blunt ends (Wang and Julin, 

2004). Helicase assays were carried out using a dsDNA of 80 bp as substrate. The results showed 

that RecD2 was unable to unwind the blunt-ended dsDNA, suggesting that a ssDNA region is 

needed for the proper binding and translocation of the protein (Figure 16 C). 
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Figure 16. RecD2 is a 5’ to 3’ helicase 
that requires a 5’ ssDNA end for the 
unwinding. 
Increasing concentrations of RecD2 
(nM) were incubated for 10 min at 
37ºC with 0.25 nM in molecules of 
radiolabeled DNA in a reaction buffer 
containing 50 mM Tris-HCl pH 7.5, 50 
mM NaCl, 1 mM DTT, 0.05 mg/ml 
BSA, 2 mM ATP, 2 mM MgCl2 and 
5% (v/v) glycerol. Then, reactions 
were stopped for 15 min at 37ºC 
adding stop buffer (20 mM EDTA pH 
8 and 0.5% (v/v) SDS as final 
concentrations). DNA structures were 
separated on 15% PAGE in 0.5 X TBE 
buffer. (A) Unwinding activity of 
RecD2 on the 5’-tailed structure. (B) 
Helicase assay of RecD2 with the 3’-
tailed structure. Reactions at 100 nM 
RecD2 K373A instead of RecD2 are 
also shown (A, lane 10 and B, lane 5). 
(C) Helicase assay of RecD2 with the 
blunt-ended dsDNA (80 bp). B: boiled 
DNA at 100ºC, which represents the 
unwound product of the reaction. *: 
radiolabeled 5’ end. 

4.2.3.2. Unwinding of fork-like structures 

As previously done in ATPase assays (see section 4.2.2.2), the Mg2+ requirements for the 

unwinding were explored prior to perform further helicase experiments. Published data about 

RecD2 activities were obtained at 8 or 10 mM magnesium for RecD2Dra (Wang and Julin, 2004; 

Shadrick and Julin, 2010) and at 4 mM magnesium for RecD2Bsu (Walsh et al., 2014). To elucidate 

the optimal magnesium concentration needed for the helicase activity of RecD2, increasing 

amounts of the protein were incubated with the fork 30-30 (dsDNA of 30 bp and two ssDNA tails 

of 30 nt) in a reaction buffer containing variable MgCl2 (1 to 15 mM as final concentrations). The 

unwinding of the fork was lower as the MgCl2 increased (Figure 17), with a similar pattern than 

observed in ATPase assays with the sspGEM-3Zf (+) (Figure 14 C). Whereas at 1 mM MgCl2, 

~70% of the substrate was entirely unwound at 6 nM RecD2, only ~10% was at 10 mM MgCl2 

(Figure 17 A, lanes 2 and 11, and B). In addition, helicase activity was practically undetectable 

at 15 mM MgCl2 at 6 nM RecD2 (Figure 17 A, lane 14, and B). Because no huge differences 

were observed between 1 and 2 mM MgCl2 and the previous helicase assays had been done at 2 

mM MgCl2 (see section 4.2.3.1), the subsequent experiments were carried out at that MgCl2 

concentration. 
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Figure 17. Effect of Mg2+ concentration on the helicase activity of RecD2. 
(A) RecD2 (6 to 25 nM) was incubated for 10 min at 37ºC with 0.25 nM in molecules of the radiolabeled fork 30-30 
(30 nt paired and two 30 nt tails of ssDNA) in a reaction buffer containing 50 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 
mM DTT, 0.05 mg/ml BSA, 2 mM ATP, variable amounts of MgCl2 (1 to 15 mM) and 5% (v/v) glycerol. Then, 
reactions were stopped for 15 min at 37ºC adding stop buffer (20 mM EDTA pH 8 and 0.5% (v/v) SDS as final 
concentrations) and DNA structures were separated on 10% PAGE in 0.5 X TBE buffer. B: boiled DNA at 100ºC, 
which represents the unwound product of the reaction. *: radiolabeled 5’ end. (B) Quantification of DNA unwound (%) 
as a function of the concentration of MgCl2 (mM) at 6 nM RecD2. The graph represents the mean ± SD of three 
independent experiments. 

The kinetics of DNA unwinding was measured in the presence of different non-replicated 

fork-like structures. It had been reported that RecD2Dra requires a minimum tail of 10 nt for a 

proper unwinding (Wang and Julin, 2004). In this work, the helicase activity of RecD2 was 

analysed on the fork 30-30 and the fork 30-16, which contains the same dsDNA region (30 bp), 

but two shorter ssDNA tails (16 nt). Whereas ~70% of the fork 30-30 was fully unwound at 12.5 

nM RecD2, ~50% of the fork 30-16 was at the same protein concentration. In both cases, ~90% 

of the DNA was unwound at 100 nM RecD2 (Figure 18, dark blue and red lines). These results 

indicate that extended ssDNA regions favour helicase activity perhaps allowing the binding of 

several RecD2 molecules. On the other hand, due to the preference for pyrimidines rather than 

purines observed in ATPase assays (see section 4.2.2.1), the helicase action of the protein was 

also explored with the forks 30-dT30 and 30-dA30, which harbour two polydT or polydA tails of 

30 nt, respectively. The activity observed in the presence of the fork 30-dT30 was comparable to 

that acquired with the 30-30, whereas similar pattern to the fork 30-16 was obtained with the 30-

dA30. RecD2 efficiently unwound both structures at 100 nM. However, notable differences were 

obtained at lower concentrations of protein. At 6 nM RecD2, ~50% of the fork 30-dT30 was 
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unpaired, whilst ~30% of the 30-dA30 was unwound (Figure 18, green and pink lines). These data 

support the hypothesis of the base preference of RecD2 for DNA binding and/or translocation. 

Figure 18. Helicase activity of RecD2 with different fork-like structures. 
RecD2 (0.75 to 100 nM) was incubated for 10 min at 37ºC in a reaction buffer (50 mM Tris-HCl pH 7.5, 50 mM NaCl, 
1 mM DTT, 0.05 mg/ml BSA, 2 mM ATP, 2 mM MgCl2 and 5% (v/v) glycerol) with 0.25 nM in molecules of 
radiolabeled fork structures: 30-30 (dark blue), 30-16 (red), 30-dT30 (green) or 30-dA30 (pink). Then, reactions were 
stopped for 15 min at 37ºC adding stop buffer (20 mM EDTA pH 8 and 0.5% (v/v) SDS as final concentrations) and 
DNA structures were separated on 10% PAGE in 0.5 X TBE buffer. The percentage of DNA unwound (%) was 
quantified from the gels by ImageLab software and represented as a function of the concentration of RecD2 (nM). The 
graph represents the mean ± SD of at least three independent experiments for each condition. 

4.2.3.3. Processivity of fork unwinding 

It had been reported that RecD2Dra is not a high processive helicase, because its activity 

was considerably reduced on a substrate containing 52 bp dsDNA and 12 nt ssDNA and almost 

not detected on a longer dsDNA region (76 bp) (Wang and Julin, 2004). The processivity of 

RecD2 as helicase was explored using forked structures containing 30, 40, 50 or 70 bp, but, taking 

into account the previous data, a longer ssDNA region was present in all these structures. As 

observed for RecD2Dra, the fraction of the total DNA unwound decreased as the length of the 

dsDNA region increased. For instance, ~80% of the fork 30-30 was completely unwound at 25 

nM RecD2 (Figure 19, dark blue line). This ratio decreased to ~65% with the fork 40-30 (dsDNA 

region of 40 bp) or to ~25% in the case of the fork 50-30 (dsDNA region of 50 bp) (Figure 19, 

red and green lines). When the activity of RecD2 was tested on the fork 50-dT37, having two 

polydT tails of 37 nt, the activity was greater (~45% unwound at 25 nM RecD2) to that observed 

with the fork 50-30 (Figure 19, pink line). Furthermore, similar kinetics of unwinding was 

observed with the fork 70-dT37 compared to the fork 50-30, with ~25% of DNA unwound at 25 

nM RecD2 (Figure 19, black line). These results show that the binding of RecD2 to the polydT 

is more efficient than to a random sequence of ssDNA and this facilitates DNA unwinding. 

Despite the helicase activity of the protein was reduced with larger dsDNA regions, all of the 

forked structures tested were practically unwound (~90%) at 100 nM RecD2 in 10 min of reaction. 
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Figure 19. Unwinding activity of RecD2 with longer dsDNA regions. 
RecD2 (0.75 to 100 nM) was incubated for 10 min at 37ºC in a reaction buffer (50 mM Tris-HCl pH 7.5, 50 mM NaCl, 
1 mM DTT, 0.05 mg/ml BSA, 2 mM ATP, 2 mM MgCl2 and 5% (v/v) glycerol) with 0.25 nM in molecules of 
radiolabeled fork structures: 30-30 (blue), 40-16 (red), 50-30 (green), 50-dT37 (pink) or 70-dT37 (black). Then, reactions 
were stopped for 15 min at 37ºC with the addition of stop buffer (20 mM EDTA pH 8 and 0.5% (v/v) SDS as final 
concentrations) and DNA structures were separated on 10% PAGE in 0.5 X TBE buffer. The percentage of DNA 
unwound (%) was quantified from the gels by ImageLab software and represented as a function of the concentration of 
RecD2 (nM). The graph represents the mean ± SD of at least three independent experiments for each condition. 

4.2.3.4. RecD2 may regulate fork remodeling 

During DNA replication, a DNA lesion supposes an obstacle for the progression of the 

replisome machinery and could lead to the stalling of the replication fork. If the lesion affects 

only one strand, DNA synthesis can continue in the other strand, a situation that promotes the 

replication uncoupling. Consequently, gaps in the leading or in the lagging strand are generated. 

The helicase action of RecD2 was explored on a 5’-forked structure (substrate with the entirely 

synthetised leading strand and a 5’-ssDNA flap of 30 nt that mimics a gap in the lagging strand) 

or a 3’-forked structure (substrate with the fully synthesised lagging strand and a 3’-ssDNA flap 

of 30 nt that simulates a gap in the leading strand) (Table 6, see section 3.1.4., Materials). Both 

structures contained a dsDNA region of 30 bp. RecD2 efficiently unwound the 5’-forked DNA 

through its binding to the 5’-ssDNA flap. At lower protein concentrations (0.2 to 3 nM), the 5’-

tailed structure was generated due to the helicase activity (Figure 20, lanes 2 to 6). The final 

product of the unwinding started to be visible at 6 nM RecD2 (Figure 20, lane 7). As expected, 

no activity was observed on the 3’-forked due to the polarity 5’ to 3’ of the protein (Figure 20, 

lanes 16 and 17). 
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Figure 20. RecD2 unwinds a 5’-forked structure. 
RecD2 was incubated for 10 min at 37ºC with 0.25 nM in molecules of radiolabeled 5’-forked (replicated fork with a 
gap in the lagging strand) (lanes 1 to 10) or 3’-forked (replicated fork with a gap in the leading strand) (lanes 15 to 17) 
in a reaction buffer containing 50 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM DTT, 0.05 mg/ml BSA, 2 mM ATP, 2 
mM MgCl2 and 5% (v/v) glycerol. Then, reactions were stopped for 15 min at 37ºC with the addition of stop buffer (20 
mM EDTA pH 8 and 0.5% (v/v) SDS as final concentrations) and DNA structures were separated on 15% PAGE in 
0.5 X TBE buffer. Reactions in the presence of RecD2 K373A instead of RecD2 were tested (lanes 11 and 18). 
Intermediate structures of the unwinding were annealed and loaded into the gel as a control of the product migration 
(lanes 13 and 14). Parental strands are depicted in black colour and the new synthesised DNA in grey colour. B: boiled 
DNA at 100ºC, which represents the final unwound product of the reaction. *: radiolabeled 5’ end. 

As a mechanism of replication restart, a stalled replication fork can be remodel to a HJ-

structure in a process known as fork regression, which can be catalysed by the branch migration 

translocases RecG or RuvAB. RecU enzyme can then resolve this HJ structure (Marians, 2018). 

Moreover, helicases can contribute to the processing of a regressed fork via facilitating the 

unwinding of the nascent strands, such as RadA/Sms (Torres and Alonso, 2021). The helicase 

action of RecD2 was first analysed on partially regressed fork structures. First, its activity was 

tested on a 5’-regressed fork (structure similar to the 5’-forked substrate, but the nascent leading 

strand contains a 3’-tail) or a 3’-regressed fork (similar to the 3’-forked, but the nascent lagging 

strand has a 5’-tail) (Table 6, see section 3.1.4., Materials). Depending on the spontaneous 

annealing of these structures, the length of the 3’-tail could be 12 nt or longer. RecD2 efficiently 

unwound the 5’-regressed fork through its translocation along the lagging strand, similarly as 

occurred with the 5’-forked substrate (Figure 21 A, lanes 2 to 5, and D). However, whereas 

RecD2 did not unwind the 3’-forked (Figure 20), the helicase was able to fully unwind the 3’-

regressed fork, starting with the unwinding of the nascent lagging strand (Figure 21 A, lanes 11 

to 14, and D). When the activity of RecD2 was tested on a fully regressed fork with blunt ends 

(HJ structure), no activity was detected, because its requirement of a 5’ ssDNA to initiate the 

unwinding (Figure 21 B). However, RecD2 was able to unwind a fully regressed fork structure 

with a 5’-tail of 30 nt, although only at high concentrations (Figure 21 C and D). These substrate 
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would correspond to a regressed fork with a nascent lagging strand longer than the nascent leading 

strand. All these data conclude that RecD2 could contribute to unwind stalled or regressed forks. 

Figure 21. Unwinding activity of RecD2 on regressed fork structures. 
Helicase activity of RecD2 was measured for 10 min at 37ºC with 0.25 nM in molecules of different radiolabeled 
regressed fork structures in a reaction buffer containing 50 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM DTT, 0.05 mg/ml 
BSA, 2 mM ATP, 2 mM MgCl2 and 5% (v/v) glycerol. Then, reactions were stopped for 15 min at 37ºC with the 
addition of stop buffer (20 mM EDTA pH 8 and 0.5% (v/v) SDS as final concentrations) and DNA structures were 
separated on 15% PAGE in 0.5 X TBE buffer. (A) Unwinding of the 5’-regressed fork (replicated fork with a partially 
regressed leading strand and a gap in the parental lagging strand) (lanes 2 to 5) or a 3’-regressed fork (replicated fork 
with a partially regressed lagging strand and a gap in the parental leading strand) (lanes 11 to 14). Reactions with 
RecD2 K373A instead of RecD2 were tested (lanes 6 to 8 and 15 to 17). An intermediate structure of the unwinding 
was annealed as a control of the product migration (lane 9). (B) Helicase activity with a fully regressed fork structure 
(HJ) in the presence of RecD2 (lanes 2 to 6) or RecD2 K373A (lanes 7 to 10). (C) Unwinding of a fully regressed fork 
with a 5’-tail (longer nascent lagging strand). The activity of RecD2 was tested radiolabeling two different strands in 
the structure: the regressed nascent lagging strand (lanes 1 to 5) or the leading strand (lanes 7 to 10). Intermediate 
structures were also annealed (lane 6). B: boiled DNA at 100ºC, which represents the final unwound product of the 
reaction. *: radiolabeled 5’ end. (D) Schematic representation of the unwinding activities of RecD2 (blue triangle) on 
regressed forks. Parental strands are depicted in black colour and the new synthesised DNA in grey colour. 

4.2.3.5. RecD2 unwinds 5’ and 3’-invading D-loops 

During HR, the end resection machinery processes the ends of the DSB, leading to the 

generation of 3’ ssDNA ends. RecA binds to the 3’ ends and promotes the strand exchange 

invasion of a homologous duplex region forming a 3’-invading D-loop. However, during natural 

chromosomal transformation, the end resection machinery is not acting, so it is possible that RecA 

could promote the strand invasion in both directions, 3’ to 5’ or 5’ to 3’, and a 5’-invading D-loop 

could be also created. To gain insight into the heteroduplex unwinding by RecD2, the two 

different D-loops were tested. These structures consist of a region of 30 nt paired to a duplex 

region displacing one strand, and 30 nt of a 5’ or a 3’-tailed ssDNA (Table 6, see section 3.1.4., 
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Materials). The fate of the displaced or the invading strands was analysed radiolabeling the 

corresponding strand. 

Figure 22. 3’ or 5’-invading D-loops unwinding by RecD2. 
Helicase activity was measured by the incubation of RecD2 for 10 min at 37ºC with 0.25 nM in molecules of 
radiolabeled DNA in a reaction buffer containing 50 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM DTT, 0.05 mg/ml 
BSA, 2 mM ATP, 2 mM MgCl2 and 5% (v/v) glycerol. Then, reactions were stopped for 15 min at 37ºC by the addition 
of stop buffer with 20 mM EDTA pH 8 and 0.5% (v/v) SDS as final concentrations and DNA structures were separated 
on 10% PAGE in 0.5 X TBE buffer. Unwinding activity of (A) 3’-invading D-loop or (B) 5’-invading D-loop. 
Intermediate structures of the unwinding were annealed and loaded into the gel as a control of the product migration 
(A, lanes 9 and 10, and B, lanes 19 and 20). B: boiled DNA at 100ºC, which represents the final unwound product of 
the reaction. *: radiolabeled 5’ end. (C) Schematic representation of the unwinding activities of RecD2 (blue triangle) 
on the D-loops. 

Helicase experiments showed that RecD2 protein separated the ssDNA that is invading 

the duplex in the 3’-invading D-loop structure at very low concentrations due to its 5’ to 3’ 

polarity (Figure 22 A, lanes 2 to 8, and C). On the other hand, when increasing amounts of RecD2 

were incubated with the 5’-invading D-loop substrate, which contained a 3’-tail, the ssDNA that 
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invaded the duplex was also efficiently separated, but higher concentrations of the protein were 

needed (Figure 22 B, lanes 2 to 9, and C). For instance, whereas at 1.5 nM RecD2, the invading 

strand was entirely unwound in the 3’-invading D-loop, only ~50% was separated in the 5’-

invading D-loop (Figure 22 A, lane 7, and B, lane 3). To fully unwind the complete structure, 

greater amounts of the protein (at least > 100 nM) were needed in both D-loops (Figure 22 A, 

lanes 12 to 16, and B, lanes 12 to 17). According to the activity observed on the 5’-invading D-

loop, RecD2 could bind the ssDNA region of the displaced strand and efficiently unwind the 

duplex, favouring the recombination reaction (Figure 22 C). However, an anti-recombinational 

activity of RecD2 was detected in the 3’-invading D-loop. These results suggest that RecD2 could 

act as a recombinational or anti-recombinational helicase during the strand exchange invasion, 

depending on the orientation of the strand (3’ or 5’) that is paired to the homologous dsDNA. 

4.2.4. DNA binding activities of RecD2 

4.2.4.1. RecD2 preferentially binds ssDNA without secondary structures 

The affinities of RecD2 from B. subtilis to different DNA substrates had not been studied 

so far. Previous authors had observed that the N-terminal truncated RecD2Dra is able to bind 

ssDNA, such as a polydT15 (Saikrishnan et al., 2008). In this work, the DNA binding activities 

were explored by EMSA assays. Prior to perform further experiments, the requirement of ATP in 

these assays was first analysed in the presence of a 60 nt ssDNA with random sequence (17-M-

60 oligonucleotide). For that purpose, experiments were carried out in a reaction buffer containing 

or not 2 mM ATPγS, a non-hydrolysable ATP analogue. Glutaraldehyde was added to fix the 

interactions between the ssDNA and RecD2 molecules. The results showed that the ATP binding 

enhances the affinity to the ssDNA, obtaining the apparent binding constants, Kapp, of 27.5 ± 3.5 

nM and 13.5 ± 4.2 nM RecD2 in the absence or in the presence of ATPγS, respectively (Figure 

23). For that reason, all the EMSA experiments were done at 2 mM ATPγS. 

Figure 23. ATP binding increases the affinity of RecD2 
to ssDNA. 
Increasing amounts of RecD2 were incubated for 15 min 
at 37ºC with radiolabeled 60 nt ssDNA with random 
sequence (0.25 nM in molecules) in a reaction buffer 
containing 50 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM 
DTT, 0.05 mg/ml BSA, 2 mM MgCl2 and 5% (v/v) 
glycerol. Then, glutaraldehyde (0.05% (v/v) as final 
concentration) was added for another 15 min and the 
samples were separated on 8% PAGE run in 1 X TBE. 
Lanes 1 to 5: reactions with 2 mM ATPγS. Lanes 6 to 10: 
reactions without ATPγS. FD: free DNA. CRecD2-ssDNA: 
complexes formed because of the binding of RecD2 
molecules to the ssDNA. 

Due to the differences observed in the ATPase activity of RecD2 between DNAs with or 

without secondary structures (see section 4.2.2), ssDNAs with random sequence or polydTs were 
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tested in the DNA binding assays and the Kapp was calculated for each condition (Table 17). The 

binding affinity was very low in the case of a 30 nt ssDNA containing random sequence (22-M-

30 oligonucleotide), with a Kapp > 200 nM (Figure 24 A). However, the Kapp was drastically lower 

when the length increased up to 60 nt (17-M-60 oligonucleotide) (Kapp = 13.5 ± 4.2 nM) or 80 nt 

(17-M-80 oligonucleotide) (Kapp = 11.1 ± 5.4 nM) (Figure 24 B and C). Similar experiments were 

performed with these substrates at 10 mM MgCl2 instead of 2 mM MgCl2. As observed in ATPase 

and helicase assays, DNA binding affinity was significantly lower at 10 mM MgCl2 (Table 17). 

Figure 24. Binding of RecD2 to different ssDNAs. 
Increasing amounts of RecD2 were incubated for 15 min at 37ºC with radiolabeled ssDNA (0.25 nM in molecules) in 
a reaction buffer containing 50 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM DTT, 0.05 mg/ml BSA, 2 mM MgCl2, 2 
mM ATPγS and 5% (v/v) glycerol. Then, glutaraldehyde (0.05% (v/v) as final concentration) was added for another 
15 min and the samples were separated on 8% PAGE run in 1 X TBE. Binding to ssDNA with random sequence of (A) 
30 nt, (B) 60 nt and (C) 80 nt. (D) Binding to polydT20 (lanes 1 to 6), polydT30 (lanes 7 to 12) and polydT40 (lanes 13 
to 18). (E) Binding to polydT60 (lanes 1 to 6), polydT70 (lanes 7 to 12) and polydT80 (lanes 13 to 18). FD: free DNA. 
CRecD2-ssDNA: complexes formed due to the binding of RecD2 molecules to the ssDNA. 

Binding of RecD2 to polydTs was substantially better than to ssDNA with random 

sequence, even with shorter lengths. Whereas the Kapp for polydT20 was > 50 nM, the affinity 

strongly increased with longer polydTs, observing a Kapp value of 6 ± 2.8 nM for polydT30 and 3.2 

± 0.5 nM for polydT40 (Figure 24 D). Similar affinities were obtained between polydT60, polydT70 

and polydT80 (Kapp values of 2.1 ± 0.8 nM, 2.9 ± 1 nM or 2.2 ± 1.1 nM, respectively) (Figure 24 

E). These results suggests that RecD2 preferentially binds ssDNAs with no secondary structures. 

Moreover, whereas two different RecD2-ssDNAs complexes were observed with the 30 nt 

ssDNA containing random sequence, only one was appreciable with the polydT30. At higher 

lengths, more than one RecD2-ssDNA complex were observed in the gels, indicating the binding 

of more than one helicase per ssDNA molecule. Taking into account all the results, the minimum 
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site size needed for the binding of one RecD2 monomer per molecule of ssDNA might be ~15-30 

nt, which is consistent with the number of complexes formed. 

Table 17. Summary of the RecD2-ssDNA binding affinities. 
Kapp (nM) 

2 mM MgCl2 10 mM MgCl2 

ssDNA with random sequence 
30 nt 212 ± 17.7 246 ± 20.2 
60 nt 13.5 ± 4.2 44.2 ± 14.1 
80 nt 11.1 ± 5.4 37.1 ± 15.4 

polydTs 

dT20 50.3 ± 3.3 
dT30 6 ± 2.8 
dT40 3.2 ± 0.5 
dT60 2.1 ± 0.8 
dT70 2.9 ± 1 
dT80 2.2 ± 1.1 

The apparent binding constants Kapp (nM), which represent the concentration of RecD2 that binds the 50% of ssDNA, 
are shown as mean ± SD for at least three independent experiments. 

4.2.4.2. Binding affinities to fork-like structures 

The affinity of RecD2 to fork-like structures was also analysed. Previous data obtained 

with RecD2Dra had shown that the protein is able to bind these structures through the 5’ ssDNA 

tails (Wang and Julin, 2004; Saikrishnan et al., 2008). However, the binding to 3’ ssDNA tailed 

structures had not been studied so far. Prior to investigate the affinity of RecD2 to fork-like 

structures, EMSA experiments were performed as done in the previous section with the 3’ or 5’-

tailed substrates. 

Figure 25. Affinity of RecD2 to 
the 3’ or the 5’-tailed substrates. 
Increasing amounts of RecD2 were 
incubated for 15 min at 37ºC with 
radiolabeled DNA (0.25 nM in 
molecules) in a reaction buffer (50 
mM Tris-HCl pH 7.5, 50 mM 
NaCl, 1 mM DTT, 0.05 mg/ml 
BSA, 2 mM MgCl2, 2 mM ATPγS 
and 5% (v/v) glycerol). The 
samples were separated on 8% 
PAGE run in 1 X TBE. (A) and (B) 
Binding to the 3’ or 5’-tailed 
structures, respectively, with the 
addition of glutaraldehyde (0.05% 
(v/v) as final concentration) for 15 
min at 37ºC to fix the RecD2-
DNA interactions. (C) and (D) 
Binding to the 3’ or 5’-tailed 
structures, respectively, without 
glutaraldehyde. *: radiolabeled 5’ 
end. FD: free DNA. CRecD2-DNA: 
complexes formed due to binding 
of RecD2 molecules to the DNA. 
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The results showed that the binding affinity was similar in both structures, with Kapp 

values of 15.5 ± 7.1 nM RecD2 for the 3’-tailed and 14.3 ± 5 nM for the 5’-tailed (Figure 25 A 

and B, and Table 18), concluding that RecD2 not necessarily requires a 5’ ssDNA tail for the 

binding. Moreover, two different RecD2-ssDNA complexes were observed, which was consistent 

with the hypothesis of the requirement of a minimum length between 15-30 nt for the binding of 

one RecD2 monomer. Additionally, experiments without glutaraldehyde were also performed to 

check the stability of the RecD2-ssDNA complexes. In these cases, non-defined complexes were 

visualised, although the affinities were similar to that obtained in the presence of this cross-linking 

agent (Kapp = 17 ± 3.5 nM for the 3’-tailed and Kapp = 19 ± 2.6 nM for the 5’-tailed) (Figure 25 C 

and D, and Table 18). 

Regarding the fork-like structures, the binding activity of RecD2 was first tested with the 

non-replicated fork 30-30. The affinity was very high, obtaining a Kapp = 2.1 ± 0.7 nM, indicating 

the preference of RecD2 for this kind of structure (Figure 26 A and Table 18). Moreover, at least 

three different RecD2-ssDNA complexes were visualised in the gels. For comparison, the binding 

of the RecD2 K373A mutant to this substrate was also checked. In this case, the affinity was ~25-

fold lower (Kapp = 49.5 ± 0.5 nM) than the affinity of the wild-type protein (Figure 26 B). Because 

the Walker A mutant does not bind ATP, this result confirms that the ATP binding stimulates the 

binding to DNA. As done with the 3’ and 5’-tailed structures, assays without the addition of 

glutaraldehyde were also evaluated, obtaining a similar affinity than in the presence of this agent 

in the reactions (Kapp = 3 ± 1 nM), but poorly stable complexes (Figure 26 C and Table 18). 

Figure 26. Binding of RecD2 to the non-replicated fork 30-30. 
Increasing amounts of RecD2 were incubated for 15 min at 37ºC with the radiolabeled fork 30-30 (0.25 nM in 
molecules) in a reaction buffer containing 50 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM DTT, 0.05 mg/ml BSA, 2 mM 
MgCl2, 2 mM ATPγS and 5% (v/v) glycerol. The samples were separated on 8% PAGE run in 1 X TBE. (A) and (B) 
Binding of RecD2 or RecD2 K373A mutant, respectively, with the addition of glutaraldehyde (0.05% (v/v) as final 
concentration) for 15 min at 37ºC to fix the RecD2-DNA interactions. (C) Binding of RecD2 to the fork without 
glutaraldehyde. FD: free DNA. CRecD2-DNA: complexes formed due to the binding of RecD2 molecules to the DNA. 

107 



 
 

 
 

     

 

            

  

         

       

    

          
               

                  
                  

         
             

           
     

 
        

    
      

       

       

   
      

 
       

 
      

 
              

           
       

B 

0.4 0.75 1.5 3 6 12 25 50 100 nM RecD2 0.4 0.75 1.5 3 6 12 25 50 100 nM RecD2 

C RecD2-DNA C RecD2-DNA 

FD FD 
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10 

C D 
- 1.5 3 6 12 25 50 100 nM RecD2 

~:~~WM 
~----------

234 56 78 234 56 78 

__/ 

Results 

On the other hand, EMSA experiments were also performed with partially replicated fork 

structures, such as the 5’-forked and the 3’-forked, described in the section 4.2.3.4. The results 

were comparable in both cases, with Kapp values of 11.5 ± 2.6 nM for the 5’-forked and 13.3 ± 4.9 

nM for the 3’-forked (Figure 27 A and B, and Table 18). In the absence of glutaraldehyde, non-

defined complexes were visualised, as observed with the other substrates tested, and the affinities 

obtained were Kapp = 9.3 ± 2.3 nM and Kapp = 14 ± 4 nM for the 5’ and the 3’-forked, respectively 

(Figure 27 C and D, and Table 18). 

Figure 27. Affinity of RecD2 to the 5’ or the 3’-forked substrates. 
Increasing amounts of RecD2 were incubated for 15 min at 37ºC with radiolabeled DNA (0.25 nM in molecules) in a 
reaction buffer containing 50 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM DTT, 0.05 mg/ml BSA, 2 mM MgCl2, 2 mM 
ATPγS and 5% (v/v) glycerol. The samples were separated on 8% PAGE run in 1 X TBE. (A) and (B) Binding to the 
5’ or 3’-forked structures, respectively, with the addition of glutaraldehyde (0.05% (v/v) as final concentration) for 15 
min at 37ºC to fix the RecD2-DNA interactions. (C) and (D) Binding to the 5’ or 3’-forked structures, respectively, 
without glutaraldehyde. *: radiolabeled 5’ end. FD: free DNA. CRecD2-DNA: complexes formed due to the binding of 
RecD2 to the DNA. 

Table 18. Summary of the binding affinities of RecD2 to fork-like structures. 
Kapp (nM) 

- Glutaraldehyde + Glutaraldehyde 
3’-tailed 17 ± 3.5 15.5 ± 7.1 

5’-tailed 19 ± 2.6 14.3 ± 5 

Non-replicated fork 30-30 3 ± 1 2.1 ± 0.7 

5’-forked 9.3 ± 2.3 11.5 ± 2.6 

3’-forked 14 ± 4 13.3 ± 4.9 

The apparent binding constant Kapp (nM), which represents the concentration of RecD2 that binds the 50% of DNA, 
was calculated in the absence or in the presence of glutaraldehyde (0.05% (v/v) as final concentration) for each 
structure. The values are shown as mean ± SD for at least three independent experiments. 
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4.2.4.3. Binding affinities to recombination intermediates 

Figure 28. Affinity of RecD2 to recombination intermediates. 
Increasing amounts of RecD2 were incubated for 15 min at 37ºC with radiolabeled DNA (0.25 nM in molecules) in a 
reaction buffer containing 50 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM DTT, 0.05 mg/ml BSA, 2 mM MgCl2, 2 mM 
ATPγS and 5% (v/v) glycerol. The samples were separated on 8% PAGE run in 1 X TBE. (A), (B) and (C) Binding to 
3’-invading D-loop, 5’-invading D-loop or HJ structures, respectively. *: radiolabeled 5’ end. FD: free DNA. CRecD2-

DNA: complexes formed due to the binding of RecD2 molecules to the DNA. 

Because RecD2 may participate in HR, the affinity to recombination intermediates, such 

as the 3’ or 5’-invading D-loops and the HJ, was studied. EMSA experiments were done similarly 

as described in the previous sections. The results showed that RecD2 efficiently bound the 3’ and 

the 5’-invading D-loops, with Kapp values of 3.6 ± 1.6 nM and 5.1 ± 1.8 nM, respectively (Figure 

28 A and B). However, due to the absence of ssDNA regions, the binding of the HJ was much 

reduced (Kapp = 45 ± 9.8 nM) (Figure 28 C), indicating that it is not a preferred structure 

recognised by RecD2, in addition to the fact that this protein especially binds and translocates 

along ssDNA. 
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4.3. Chapter 3: Functional interaction between B. subtilis RecD2 and SsbA 

4.3.1. RecD2 interacts with SsbA, but not with SsbB 

Previous authors had already described the interaction between B. subtilis RecD2 and 

SsbA, both in vivo and in vitro (Costes et al., 2010; Walsh et al., 2014). Particularly, these in vitro 

experiments showed that RecD2 and SsbA can directly interact and with independence to the 

presence of DNA (Walsh et al., 2014). To test if the purified RecD2-His was able to interact with 

SsbA, immuno dot-blot experiments were performed as previously described (Walsh et al., 2012; 

see section 3.2.18., Methods). The results confirmed the interaction between RecD2 and SsbA. 

Moreover, RecD2 could not interact with the competence specific SsbB protein, which lacks the 

extended C-terminal region present in SsbA-like proteins (Figure 29). 

Figure 29. Interaction between RecD2 and Ssb proteins by immuno dot-
blot. 
Increasing amounts of SsbA, SsbB and BSA (25 to 200 ng) were applied to a 
nitrocellulose membrane. RecD2-His (200 ng/ml) was added into the binding 
solution. The membrane was first treated with the primary antibody anti-6xHis 
(1:6,000) to detect bound RecD2-His protein and then with the secondary 
antibody anti-IgG mouse conjugated with peroxidase (1:5,000). The 
experiment was performed four times to validate the result. 

4.3.2. RecD2 and SsbA association with the ssDNA 

Once the interaction between RecD2 and SsbA was confirmed, EMSA experiments were 

carried out in the presence of the two proteins to determine if a ternary complex RecD2-SsbA-

ssDNA was formed. These assays were performed similarly as described in the section 4.2.4 

(Chapter 2), but increasing amounts of SsbA were added to the reactions. To allow the 

simultaneous binding of both proteins, a ssDNA containing 90 nt was used, taking into account 

previous data from other authors that showed two binding modes for E. coli SSB, 35 or 65 nt 

(depending on Mg2+ and NaCl concentrations) (Roy et al., 2007), and our previous results that 

the affinity of RecD2 substantially increases with ssDNAs longer than 30 nt (see section 4.2.4.1., 

Chapter 2). Prior to the addition of SsbA together with RecD2, EMSA assays were done only 

with SsbA to determine the optimum range of the protein concentration to obtain less than the 

50% of DNA bound. Similarly as observed by other authors with a ssDNA of 80 nt (Yadav et al., 

2012), only one SsbA-ssDNA complex was visible, suggesting a binding mode of 65 nt rather 

than 35 nt (Figure 30 A). 

A ternary complex between RecD2-SsbA-ssDNA was not visualised. The binding of 

RecD2 onto the ssDNA was observed separately from the binding of SsbA. Whereas three 

different complexes between RecD2 and the ssDNA were formed (Figure 30 B, lanes 2 to 5) only 

one was visualised between SsbA and the ssDNA (Figure 30 B, lanes 6, 11 and 16). Although 
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both proteins are capable to interact in vitro, they may not do it apparently on the ssDNA. Another 

possibility is that the ternary complex may not be stable enough over time to be observed in 

EMSA assays or perhaps the RecD2-SsbA-ssDNA complex could migrate at the same position 

than other RecD2-ssDNA complexes, obscuring the visualisation of the interaction. 

Figure 30. Binding of SsbA and RecD2 to ssDNA. 
EMSA experiments were performed incubating the proteins for 15 min at 37ºC with radiolabeled ssDNA of 90 nt (0.25 
nM in molecules) in a reaction buffer containing 50 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM DTT, 0.05 mg/ml BSA, 
2 mM MgCl2, 2 mM ATPγS and 5% (v/v) glycerol. Then, glutaraldehyde (0.05% (v/v) as final concentration) was 
added for another 15 min and the samples were separated on 8% PAGE run in 1 X TBE. (A) DNA binding of SsbA (as 
tetramer). (B) DNA binding of RecD2 (3 to 25 nM) in the absence (lanes 2 to 5) or in the presence of 0.05 nM (lanes 
7 to 10), 0.1 nM (lanes 12 to 15) and 0.2 nM SsbA (as tetramer) (lanes 17 to 19). Lanes 6, 11 and 16 show the binding 
of SsbA without RecD2. Lane 1 is the control reaction without any protein. The percentage of free DNA (FD) was 
quantified by ImageLab and a mean of three independent experiments is shown. CRecD2-ssDNA: complexes formed 
between RecD2 molecules and the ssDNA. CSsbA-ssDNA: complexes between SsbA and the ssDNA. 

4.3.3. Effect of SsbA on the biochemical activities of RecD2 

The functional interaction between RecD2 and SsbA had not been studied. A previous 

work with RecD2Dra suggested that SSBDra stimulated the helicase activity of the protein with a 

fork-like structure, however there was an excess of SSB in the reaction (ratio SSBDra:RecD2Dra of 

80:1) (Wang and Julin, 2004). The activity of B. subtilis RecD2 in the presence of SsbA has not 

been explored so far. To gain insight into the interaction between RecD2 and SsbA, the 

biochemical activities of this helicase were analysed in the presence of SsbA to determine its 

influence on the RecD2 activity. 

4.3.3.1. ATPase activity of RecD2 in the presence of SsbA and SsbB 

The ATPase activity of RecD2 was studied similarly as described in the section 4.2.2 

(Chapter 2), but with the addition of SsbA. The effect of SsbB, which did not interact with RecD2, 

was also tested. Although DNA binding domains are similar in both Ssb proteins, SsbB was found 

to bind ssDNA with more than 5-fold lower affinity than SsbA (Yadav et al., 2012). RecD2 was 

incubated with increasing concentrations of SsbA or SsbB in the presence of polydT80 or 

sspGEM-3Zf (+) as ssDNA substrates. The results for polydT80 showed that SsbA or SsbB 
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inhibited the ATPase activity of RecD2, but in a different manner. In both experimental 

conditions, the kcat lowered as the amount of SsbA or SsbB increased (Table 19). However, the 

activity of RecD2 was not substantially affected with 5 nM SsbA (ratio RecD2:SsbA of 1:1) 

(Figure 31 A, green line). A slight decrease in the ATPase rate was observed in the presence of 

10 nM SsbA (ratio RecD2:SsbA of 1:2) and 20 nM SsbA (ratio RecD2:SsbA of 1:4) (Figure 31 

A, red and brown lines). At greater concentrations of SsbA, 40 nM and 60 nM, the kcat decreased 

~1.5-2-fold respect to that obtained with 5 nM RecD2 alone (Figure 31 A, pink and cian lines). 

On the other hand, the inhibition observed with SsbB was considerably higher than the acquired 

with SsbA. 5 nM SsbB diminished the kcat ~1.4-fold (Figure 31 B, green line). Furthermore, in 

the presence of 10 nM and 20 nM SsbB, the ATPase rate was lowered ~1.9-fold and ~3.9-fold, 

respectively (Figure 31 B, red and brown lines), whereas at 40 nM SsbB, the activity of RecD2 

was strongly inhibited (~12-fold) (Figure 31 B, pink line). These data suggest that Ssb proteins 

and RecD2 might compete for the binding to polydT80. 

Figure 31. SsbA and SsbB differently reduce the ATPase activity of RecD2 with polydT80. 
Representation of the ATPase activity of RecD2 as the concentration of ADP (µM) that accumulates along the time (s). 
RecD2 (5 nM) was incubated for 5 min at 37ºC with polydT80 (3 µM in nt) in a buffer containing 50 mM Tris-HCl pH 
7.5, 10 mM MgCl2, 1 mM DTT, 50 µg/ml BSA, 50 mM NaCl, 5% (v/v) glycerol, 0.5 mM phosphoenolpyruvate, 0.3 
mM NADH, 10 U/ml pyruvate kinase and 10 U/ml lactate dehydrogenase. The reactions were started with the addition 
of 0.2 mM ATP and ATP hydrolysis was measured for 600 s at 37ºC. Reactions in the absence (dark blue lines) or in 
the presence of (A) SsbA or (B) SsbB as tetramers: 5 nM (green lines), 10 nM (red lines), 20 nM (brown lines), 40 nM 
(pink lines) or 60 nM (cian line). The graphs are plotted as the mean of at least three independent experiments for each 
condition. 

As previously described in the section 4.2.2.2 (Chapter 2), the conformation of the DNA 

is affected by the concentration of Mg2+ and great differences were observed between 2 and 10 

mM MgCl2 in the ATPase activity of RecD2 with sspGEM-3Zf (+) as effector, due to 

conformational changes in the DNA structure. For that observation, ATP hydrolysis activity of 

RecD2 was monitored at both MgCl2 concentrations in the presence of SsbA or SsbB with this 

ssDNA substrate. The results found that increasing concentrations of SsbB inhibited the activity 

of RecD2 at 2 and 10 mM MgCl2. In spite of the ATPase rate was not significantly affected at 2 
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mM MgCl2 with the addition of 5 nM, 10 nM or 20 nM SsbB, the kcat was reduced ~4-fold at 40 

nM SsbB respect to that obtained with RecD2 alone (Figure 32 A and Table 19). In contrast, 

SsbB strongly lowered the ATPase kinetics of RecD2 at 10 mM MgCl2, even at low protein 

concentrations. At 40 nM SsbB, the activity of RecD2 was practically undetected (Figure 32 B 

and Table 19). These results conclude that, regardless of the type of ssDNA or the concentration 

of MgCl2 used, SsbB and RecD2 compete for the binding to the ssDNA. 

Figure 32. SsbB reduces the ATPase activity of RecD2 with sspGEM-3Zf (+) at 2 and 10 mM MgCl2. 
Representation of the ATPase activity of RecD2 as the concentration of ADP (µM) that accumulates along the time (s). 
RecD2 (5 nM) was incubated for 5 min at 37ºC with sspGEM-3Zf (+) (3 µM in nt) in a buffer containing 50 mM Tris-
HCl pH 7.5, 1 mM DTT, 50 µg/ml BSA, 50 mM NaCl, 5% (v/v) glycerol, 0.5 mM phosphoenolpyruvate, 0.3 mM 
NADH, 10 U/ml pyruvate kinase and 10 U/ml lactate dehydrogenase. The reactions were started with the addition of 
0.2 mM ATP and ATP hydrolysis was measured for 600 s at 37ºC. Reactions in the absence (dark blue lines) or in the 
presence of SsbB are shown: 5 nM (green lines), 10 nM (red lines), 20 nM (brown lines) or 40 nM (pink lines) SsbB 
(as tetramer). (A) Reactions at 2 mM MgCl2. (B) Reactions at 10 mM MgCl2. The graphs are plotted as the mean of at 
least three independent experiments for each condition. 

Similarly as observed with SsbB, the ATPase activity of RecD2 with sspGEM-3Zf (+) at 

2 mM MgCl2 was reduced as the concentration of SsbA increased (Figure 33 A). The presence 

of 5 nM, 10 nM and 20 nM SsbA decreased the kcat ~1.2-fold, ~1.6-fold and ~1.8-fold, 

respectively, in comparison to the rate obtained with RecD2 alone, and the activity of RecD2 was 

greatly lowered at 60 nM SsbA (~3-fold) (Table 19). In contrast, ATP hydrolysis was stimulated 

with the addition of SsbA at 10 mM MgCl2 (Figure 33 B). The kcat increased ~1.2-fold at 5 nM 

SsbA, ~1.7-fold at 10 nM SsbA and ~2-fold at 20 nM SsbA. Moreover, the rate of ATP hydrolysis 

markedly increased at 40 nM SsbA (~2.5-fold) and at 60 nM SsbA (~2.7-fold) (Table 19). Due 

to the compacted conformation of the sspGEM-3Zf (+) and the stabilization of secondary 

structures at 10 mM MgCl2, the obtained results suggest that SsbA stimulates the ATPase activity 

of RecD2 by reducing the presence of secondary structures in the ssDNA. The binding of SsbA 

onto the ssDNA prevents the annealing between complementary sequences and, thus, the amount 

of dsDNA regions diminishes. This situation may facilitate the binding and the translocation of 

RecD2 along the ssDNA. In addition, the interaction between RecD2 and SsbA may be crucial in 
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the stimulation of the ATPase activity, because SsbB, which does not interact with RecD2, 

inhibited the activity of RecD2 in all the conditions tested. 

Figure 33. SsbA stimulates the ATPase activity of RecD2 with sspGEM-3Zf (+) at 10 mM MgCl2. 
Representation of the ATPase activity of RecD2 as the concentration of ADP (µM) that accumulates along the time (s). 
RecD2 (5 nM) was incubated for 5 min at 37ºC with sspGEM-3Zf (+) (3 µM in nt) in a buffer containing 50 mM Tris-
HCl pH 7.5, 1 mM DTT, 50 µg/ml BSA, 50 mM NaCl, 5% (v/v) glycerol, 0.5 mM phosphoenolpyruvate, 0.3 mM 
NADH, 10 U/ml pyruvate kinase and 10 U/ml lactate dehydrogenase. The reactions were started with the addition of 
0.2 mM ATP and ATP hydrolysis was measured for 600 s at 37ºC. Reactions in the absence (dark blue lines) or in the 
presence of SsbA are shown: 5 nM (green lines), 10 nM (red lines), 20 nM (brown lines), 40 nM (pink lines) or 60 nM 
(cian line) SsbA (as tetramer). (A) Reactions at 2 mM MgCl2. (B) Reactions at 10 mM MgCl2. The graphs are plotted 
as the mean of at least three independent experiments for each condition. 

Table 19. Kinetics of the ATP hydrolysis of RecD2 in the presence of SsbA and SsbB. 

-1)kcat (s 

polydT80 

sspGEM-3Zf (+) 

2 mM MgCl2 10 mM MgCl2 

RecD2 5 nM 174.2 ± 15.3 148.3 ± 16.2 28.6 ± 5.9 

+ SsbA 5 nM 163.2 ± 13.2 118.5 ± 3.9 43.4 ± 2.9 

+ SsbA 10 nM 149.6 ± 13.7 91.1 ± 7.7 49 ± 3 

+ SsbA 20 nM 132.5 ± 15.3 82.7 ± 6.7 57.6 ± 8.6 

+ SsbA 40 nM 111.7 ± 17.9 72 ± 4.2 71.2 ± 5 

+ SsbA 60 nM 77.6 ± 9.7 51.6 ± 10.5 76.5 ± 4.2 

+ SsbB 5 nM 113.4 ± 4.1 140.1 ± 6.8 11.9 ± 1.5 

+ SsbB 10 nM 89.5 ± 6.6 139 ± 5.9 9.7 ± 0.3 

+ SsbB 20 nM 45.7 ± 6.1 97.1 ± 4 7 ± 0.6 

+ SsbB 40 nM 14 ± 4.7 37.8 ± 8.9 2 ± 1 

Rates of the ATPase activity of RecD2, kcat (s-1), in the absence or in the presence of SsbA and SsbB when polydT80 or 
sspGEM-3Zf (+) were used as ssDNA substrates. The values are expressed as the mean ± SD for at least three 
independent experiments. 
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4.3.3.2. Helicase activity of RecD2 in the presence of SsbA 

The helicase activity of RecD2 was explored in the presence of SsbA. These experiments 

were done as previously described in the section 4.2.3 (Chapter 2), but increasing amounts of 

SsbA were added to the reactions. Because of the differences observed between 2 and 10 mM 

MgCl2 in ATP hydrolysis rates, the helicase assays were performed at both concentrations of 

MgCl2, and the fork 30-30 was used as substrate. The results showed that SsbA inhibited the 

unwinding activity at 2 mM MgCl2 (Figure 34 A). At 10 mM MgCl2, the addition of SsbA did 

not significantly altered the helicase activity of RecD2, which was very low per se (Figure 34 B). 

Additional experiments with the 5’-tailed substrate at 2 and 10 mM MgCl2 were tested, showing 

that SsbA inhibited the unwinding action of RecD2 at both MgCl2 concentrations (Figure 34 C 

and D). 

Figure 34. SsbA reduces the helicase 
activity of RecD2. 
RecD2 was incubated for 5 min at 37ºC with 
SsbA in a reaction buffer containing 50 mM 
Tris-HCl pH 7.5, 2 mM DTT, 0.05 mg/ml 
BSA and 0.25 nM of radiolabeled DNA. ATP 
(2 mM) was added and reactions were 
incubated for 10 min at 37ºC. After stopping 
the reactions (20 mM EDTA pH 8, 0.5% (v/v) 
SDS and 0.5 mg/ml proteinase K), DNA 
structures were separated on 10% PAGE run 
in 1 X TBE. (A) Activity of RecD2 (3 to 12.5 
nM) in the absence (lanes 2 to 4) or in the 
presence of SsbA (lanes 5 to 17) at 2 mM 
MgCl2 with the fork 30-30. (B) Activity of 
RecD2 (25 to 100 nM) in the absence (lanes 2 
to 4) or in the presence of SsbA (lanes 5 to 17) 
at 10 mM MgCl2 with the fork 30-30. (C) 
Activity of RecD2 (6 to 50 nM) in the absence 
(lanes 2 to 5) or in the presence of SsbA (lanes 
7 to 19) at 2 mM MgCl2 with the 5’-tailed. (D) 
Activity of RecD2 (12.5 to 50 nM) in the 
absence (lanes 2 to 4) or in the presence of 
SsbA (lanes 6 to 18) at 10 mM MgCl2 with the 
5’-tailed. B: boiled DNA at 100ºC, which 
represents the unwound product of the 
reaction. *: radiolabeled 5’ end. 

The DNA structures tested had a very short ssDNA region to allow the simultaneous 

binding of both proteins. Because SsbA stimulated the ATPase activity of RecD2 at 10 mM MgCl2 

with sspGEM-3Zf (+) (see section 4.3.3.1), helicase experiments were performed using this large 

ssDNA annealed to a very short complementary oligonucleotide of 24 nt (pGEM-Hind24 

substrate). Helicase assays were carried out with the addition of SsbA at 2 and 10 mM MgCl2 as 

described above. In this case, SsbA stimulated the unwinding action of RecD2 at both 
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Figure 35. SsbA stimulates the helicase activity of RecD2 with pGEM-Hind24 structure. 
RecD2 was incubated for 5 min at 37ºC with SsbA in a reaction buffer containing 50 mM Tris-HCl pH 7.5, 2 mM DTT, 
0.05 mg/ml BSA and 0.25 nM of radiolabeled pGEM-Hind24. ATP (2 mM) was added and reactions were incubated 
for 10 min at 37ºC. After stopping the reactions (20 mM EDTA pH 8, 0.5% (v/v) SDS and 0.5 mg/ml proteinase K), 
DNA structures were separated on 1.2% (w/v) agarose gel electrophoresis run in 1 X TAE. (A) Activity of RecD2 at 2 
mM MgCl2 in the absence (lanes 2, 7 and 12) or in the presence of SsbA: 1.5 to 12 nM, (lanes 3 to 6; lanes 8 to 11) 
and 1.5 to 24 nM (lanes 13 to 17), as tetramer. (B) Quantification of the % DNA unwound at 2 mM MgCl2 as a function 
of the concentration of SsbA (nM) at 1.5 nM (dark blue circles), 3 nM (green squares) and 6 nM (black triangles) 
RecD2. (C) Activity of RecD2 at 10 mM MgCl2 in the absence (lanes 2, 8 and 14) or in the presence of SsbA: 1.5 to 
24 nM, (lanes 3 to 7), 2 to 36 nM (lanes 9 to 13) and 6 to 24 nM (lanes 15 to 17), as tetramer. (D) Quantification of the 
% DNA unwound at 10 mM MgCl2 as a function of the concentration of SsbA (nM) at 6 nM (black triangles), 9 nM 
(red diamonds) and 12 nM (purple inverted triangles) RecD2. B: boiled DNA at 100ºC, which represents the unwound 
product of the reaction. *: radiolabeled 5’ end. (B) and (D) show a mean ± SD of three experiments. 

concentrations of MgCl2. Particularly, a constant stimulation on the helicase activity was observed 

at 2 mM MgCl2 as the amount of SsbA increased (Figure 35 A and B). For instance, at 6 nM 

RecD2, ~40% pGEM-Hind24 structure was unwound, but the presence of 6 nM SsbA (ratio 

SsbA:RecD2 of 1), increased the fraction of DNA unwound to ~60%, and this proportion 

remained constant although the ratio SsbA:RecD2 was 2 or 4 (Figure 35 A, lanes 12 to 17, and 

B, black triangles). Nevertheless, the stimulation was more appreciable at 10 mM MgCl2, in 

which the activity of RecD2 alone was lower than at 2 mM MgCl2. The results showed that SsbA 

increased the unwound fractions especially when the ratio between SsbA:RecD2 was 1 (SsbA as 

tetramer and RecD2 as monomer) and the MgCl2 concentration was 10 mM (Figure 35 C and D). 

As an example, at 6 nM RecD2 and 10 mM MgCl2, ~10% DNA was unwound and this percentage 

increased up to ~40% with the addition of 6 nM SsbA (Figure 35 C, lanes 2 to 7, and D, black 

triangles). The amount of DNA unwound slightly decreased when the ratio SsbA:RecD2 was 

higher than 2 (Figure 35 C, lanes 6, 7, 13 and 17, and D, black triangles). These data suggest 
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that SsbA may enhance helicase activity in two different ways. From one side, at a protein ratio 

1:1, there is a stimulation of the unwinding activity probably because protein:protein interaction. 

From the other side, the contribution of SsbA in the reduction of secondary structures from the 

ssDNA may facilitate the translocation and the helicase activity of RecD2. As observed in ATPase 

experiments, this effect is more visible at 10 mM MgCl2, because this concentration of MgCl2 

stabilises dsDNA regions, so the action of SsbA is more noticeable. 
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4.4. Chapter 4: B. subtilis RecD2 in the context of DNA replication 

4.4.1. RecD2 interacts with several replication proteins 

It has been postulated that RecD2 might participate as an accessory helicase in DNA 

replication due to its interaction with SsbA, normally associated to the replication fork, in the 

absence of DNA damage (Costes et al., 2010; Walsh et al., 2014). In vivo experiments also 

showed that the recD2 mutant in B. subtilis leaded to an increase in both replication fork collapse 

and unsegregated chromosomes (Walsh et al., 2014; Torres et al., 2017). However, the 

contribution of RecD2 to the DNA replication process remains unclear. 

Further interacting partners of RecD2 in the context of DNA replication had not been 

previously described. In this work, the interaction between RecD2 and the replisome proteins was 

explored by the immuno dot-blot technique, similarly as done for the detection of RecD2-SsbA 

interaction (see section 4.3.1., Chapter 3). It has been observed that human HELB interacts with 

the DNA polymerase α-primase (pol-prim) (Taneja et al., 2002), equivalent complex to DnaE and 

DnaG proteins in B. subtilis. For that reason, the interaction between RecD2 and DnaE or DnaG 

was analysed. The results showed that RecD2 was able to interact in vitro with DnaE, but not with 

DnaG. On the other hand, human HELB is known to interact with some replication initiation 

proteins, such as Cdc45 and TOPBP1 (Gerhardt et al., 2015). Likewise, RecD2 was found to 

associate with DnaD, involved in the initiation of DNA replication in B. subtilis. Moreover, the 

PolC polymerase was also detected as interactant of RecD2, although this interaction seemed to 

be weaker. On the other hand, no interactions were observed with other components of the 

replisome, as all the subunits of the tau-complex (τ, δ and δ’), the β processivity factor, the 

replicative helicase (DnaC) and the other components of the helicase loading system (DnaI and 

DnaB) or the replication restart protein PriA, which also interacts with SsbA (Lecointe et al., 

2007). A summary of the positive and negative interactions detected between RecD2 and the 

replisome components is shown in the Figure 36. 

Figure 36. Interaction between RecD2 and 
replisome proteins. 
Increasing amounts of the given replisome proteins 
(200 to 800 ng) were applied to a nitrocellulose 
membrane. RecD2-His (300 ng/ml) was added into the 
binding solution. The membrane was first treated with 
the primary antibody anti-6xHis (1:6,000) to detect the 
RecD2-His protein retained in the membrane by 
interaction, and then with the secondary antibody anti-
IgG mouse conjugated with peroxidase (1:5,000). A 
representative membrane for each interaction is shown. 
The experiments were performed three times to 
validate the results. 
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4.4.2. RecD2 is a low abundant protein 

Having observed connections between RecD2 and some replication proteins, before 

testing its putative effect in DNA replication with in vitro replication assays, the amount of RecD2 

in the cell was quantified. Global transcriptome analysis had revealed that the levels of recD2 

transcripts were similar and comparable to the levels of replisome proteins transcripts, such as 

priA, polC, dnaX, dnaC or dnaD (Nicolas et al., 2012). However, the amount of protein had not 

been determined. Previous works about the analysis of the global proteome of B. subtilis did not 

detect the presence of RecD2, whereas other replisome proteins like SsbA were quantified 

(Muntel et al., 2014; Maaβ et al., 2014), implying that RecD2 may be a low abundant protein. 

According to this observation, the protein was not initially detected in cell extracts in this work. 

For that reason, RecD2-His was concentrated using a Ni-Sepharose column for the quantification 

of protein levels. recD2his6 cells, which express RecD2 fused to a 6xHis-tag from its natural 

promoter, were collected from a 250 ml culture grown until OD560 = 0.7 (~3.5 x 1010 cells). Then, 

the cells were lysed and centrifuged to separate the cell debris, and the soluble fraction was loaded 

onto a Ni-Sepharose column to concentrate the protein. The levels of RecD2 present in the 

elutions from the Ni-Sepharose were measured by a standard curve of increasing amounts of 

purified RecD2 protein (Figure 37). The results showed that the abundancy of RecD2 in the cell 

was low (~25 monomers/CFU) (Ramos et al., 2022). 

Figure 37. Measurement of RecD2 protein levels in the cell. 
The recD2his6 cells were collected from a 250 ml culture grown until OD560 = 0.7. After the lysis, the cells were 
centrifuged and the supernatant (-col fraction, lane 5) was loaded onto a Ni-Sepharose column. The flow-through (FT, 
lane 6) represents the fraction with non-bound proteins to the Ni-Sepharose. RecD2 was eluted with two elutions of 
100 µl of a buffer containing 200 mM imidazole (E1 and E2, lanes 7 and 8). The +col fraction (lane 9) shows the 
amount of protein retained into the Ni-Sepharose after the elutions. 30 µl of each fraction were separated on a 12.5% 
SDS-PAGE and Western blot analysis was performed for the detection of RecD2. The standard curve of RecD2 
concentration was obtained loading increasing amounts of purified RecD2-His (6 to 50 ng) (lanes 1 to 4). The 
experiment was done three times to validate the result. 

4.4.3. RecD2 may regulate replication restart 

To elucidate the possible role of B. subtilis RecD2 in DNA replication, rolling circle 

assays were carried out as previously described in Sanders et al., 2010. This technique consists in 

an in vitro DNA replication reaction in which the used minicircular DNA template (409 bp) 

simulates a blocked or collapsed replication fork with a gap of 396 nt in the lagging strand (Figure 

38 A). Furthermore, this DNA template contains a strong GC strand bias, so leading strand 

synthesis is visualised separately from the lagging strand synthesis, because radiolabeled dCTP 
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is incorporated mostly into the nascent leading strand, whereas radiolabeled dGTP is incorporated 

mainly into the nascent lagging strand (Sanders et al., 2010). In the in vitro DNA replication 

reactions, the DNA template was incubated with the proteins needed to reconstitute the B. subtilis 

replisome (the essential pre-primosomal PriA-DnaD-DnaB components, DnaI loader, DnaC 

helicase, PolC and DnaE polymerases, the clamp loader complex τδδ’ (DnaX, HolA and HolB), 

the β-sliding clamp (DnaN) and DnaG primase), SsbA and increasing amounts of RecD2. 

Figure 38. RecD2 modulates replication restart. 
(A) Schematic representation of rolling circle DNA replication assay. The replisomes were assembled in the absence 
or in the presence of RecD2 onto the minicircular DNA template, which mimics a blocked replication fork with a gap 
in the lagging strand (396 nt), with the addition of 5 µM ATPS. Reactions were initiated adding dNTPs and 1 mM 
ATP at 37ºC and stopped at certain times. Leading strand synthesis was visualised by the incorporation of radiolabeled 
dCTP, whereas lagging strand synthesis was visualised by the incorporation of radiolabeled dGTP. (B) Leading and 
lagging strand synthesis in the presence of increasing amounts of RecD2 (5 to 40 nM) after 2 min of reaction. (C) 
Leading strand synthesis at 5 and 10 nM RecD2 after 0.5, 1 and 2 min of reaction. (D) Lagging strand synthesis at 5 
and 10 nM RecD2 after 0.5, 1 and 2 min of reaction. (E) Quantification of leading strand synthesis (pmol) obtained 
after 2 min of reaction in the absence or in the presence of 5 to 20 nM RecD2. (F) Quantification of lagging strand 
synthesis (pmol) obtained after 2 min of reaction in the absence or in the presence of 5 to 20 nM RecD2. Results are 
plotted as mean ± SD of five independent experiments. Ld: leading strand. Lg: lagging strand. M: radiolabeled λ-
HindIII digested as molecular weight marker (bp). 
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The results showed that the presence of 5 nM RecD2 (ratio RecD2:DNA of 1) did not 

significantly affected the DNA synthesis, whereas increasing amounts (10 to 40 nM) highly 

reduced both, leading and lagging strand synthesis at 2 min of reaction in a dose-dependent 

manner (p-values < 0.01), suggesting that the inhibitory effect was dependent on protein 

concentrations. (Figure 38 B, E and F). The inhibition in DNA replication was also appreciable 

at shorter times of reaction (0.5 min and 1 min) (Figure 38 C and D). Taking into account these 

data, RecD2 could modulate replication restart on a blocked fork, probably preventing an aberrant 

initiation of DNA replication (Ramos et al., 2022). 

As obtained in immuno dot-blot assays, RecD2 interacts with SsbA, PolC, DnaE and 

DnaD. PolC, DnaE and DnaD are essential proteins for DNA replication, because no DNA 

synthesis is obtained in the absence of any of them (Sanders et al., 2010). In contrast, SsbA is not 

essential for the in vitro DNA replication reaction, but DNA synthesis is substantially reduced 

without this protein (Seco and Ayora, 2017; Carrasco et al., 2018), as occurs in reactions lacking 

E. coli SSB (Antony et al., 2013). To test if the inhibitory effect observed in DNA replication 

assays with RecD2 was a consequence of some effect on SsbA or because of its interaction with 

other replisome proteins, in vitro DNA replication experiments were carried out without SsbA. 

According to previous works, DNA synthesis was less efficient when reactions contained all the 

replisome proteins except SsbA (Figure 39, compared to Figure 38). The results showed that in 

the absence of SsbA, RecD2 did not inhibit leading and lagging synthesis (Figure 39 A). Lagging 

strand synthesis was only reduced at 40 nM RecD2 after 2 min of reaction (Figure 39 A, lane 

10). Non-significant effect was noticed at shorter times of incubation (0.5 min and 1 min) in both 

strands at 5 and 10 nM RecD2 (Figure 39 B and C). A slight increase in DNA synthesis was 

visualised in the presence of RecD2, but the observed differences were not statistically significant 

(p-values > 0.05) (Figure 39 D and E). These data suggest that the inhibitory effect of RecD2 on 

replication restart could be over the activity of SsbA, either promoting SsbA disassembly or 

preventing it to properly interact with other binding partners (Costes et al., 2010). To test the first 

hypothesis, in vitro DNA replication was assayed in the presence of RecD2 K373A, which has 

neither helicase nor translocase activity (see Chapter 2). In contrast to that observed with RecD2, 

increasing amounts of RecD2 K373A did not inhibit DNA replication in the presence of SsbA 

(Figure 40). Whereas at 40 nM RecD2 the DNA synthesis was strongly reduced in both leading 

and lagging strand, DNA replication was not affected at the same concentration of the mutant 

protein (Figure 40, lanes 4, 7, 11 and 14). This result supports the hypothesis that RecD2 

disassembles SsbA molecules bound to the ssDNA via its translocation action along the ssDNA 

with the energy of ATP hydrolysis (Ramos et al., 2022). 
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Figure 39. Action of RecD2 on replication restart in the absence of SsbA. 
The replisomes without SsbA and in the presence of RecD2 were assembled onto the minicircular DNA template in a 
reaction buffer containing 5 µM ATPS. Reactions were initiated by the addition of dNTPs and 1 mM ATP at 37ºC 
and stopped at certain times. Leading strand synthesis was visualised by the incorporation of radiolabeled dCTP, 
whereas lagging strand synthesis was visualised by the incorporation of radiolabeled dGTP. (A) Leading and lagging 
strand synthesis in the presence of increasing amounts of RecD2 (5 to 40 nM) after 2 min of reaction. (B) Leading 
strand synthesis at 5 and 10 nM RecD2 after 0.5, 1 and 2 min of reaction. (C) Lagging strand synthesis at 5 and 10 nM 
RecD2 after 0.5, 1 and 2 min of reaction. (D) Quantification of leading strand synthesis (pmol) obtained after 2 min of 
reaction in the absence or in the presence of 5 to 20 nM RecD2. (E) Quantification of lagging strand synthesis (pmol) 
obtained after 2 min of reaction in the absence or in the presence of 5 to 20 nM RecD2. Results are plotted as mean ± 
SD of three independent experiments. Ld: leading strand. Lg: lagging strand. M: radiolabeled λ-HindIII digested as 
molecular weight marker (bp). 
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Figure 40. RecD2 K373A action on replication restart. 
The replisomes containing SsbA were assembled with or without 
RecD2 or RecD2 K373A onto the minicircular DNA template in 
the presence of 5 µM ATPS. Reactions were initiated by the 
addition of dNTPs and 1 mM ATP at 37ºC and stopped after 2 
min of reaction. DNA replication was assayed in the absence 
(lanes 1 and 8) or in the presence of 10, 20 and 40 nM RecD2 
(lanes 2 to 4 and 9 to 11) or RecD2 K373A (lanes 5 to 7 and 12 
to 14). Ld: leading strand. Lg: lagging strand. Radiolabeled λ-
HindIII digested was used as molecular weight marker (bp). The 
experiment was reproduced three times to validate the result. 

4.4.4. Ongoing DNA replication in the presence of RecD2 

Figure 41. RecD2 does not affect ongoing DNA replication. 
The replisomes were assembled onto the minicircular DNA template in the presence of 5 µM ATPS. Reactions were 
initiated by the addition of dNTPs and 1 mM ATP at 37ºC. After 1 min, RecD2 was added and the reactions were 
stopped 5 min later. (A) Leading and lagging strand synthesis after 1 min (lanes 1 and 6) and 5 min of reaction in the 
absence (lanes 2 and 7) or in the presence of 5 to 20 nM RecD2 (lanes 3 to 5 and 8 to 10). (B) Quantification of DNA 
synthesis (pmol) plotted as mean ± SD of three independent experiments. Ld: leading strand. Lg: lagging strand. M: 
radiolabeled λ-HindIII digested as molecular weight marker (bp). 

To explore the possible contribution in the course of the elongation step of DNA 

replication, the effect of RecD2 was tested during ongoing replication. Rolling circle assays were 

done as in the section above, but the complete replisome was first assembled on the DNA substrate 

and replication was allowed to start for 1 min. Then, increasing concentrations of RecD2 were 

added and DNA replication reactions continued for 5 min. The results showed that RecD2 did not 

affect the DNA synthesis, even at high protein concentrations, indicating that RecD2 might not 
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affect the progression of an unperturbed replication process (Ramos et al., 2022) (Figure 41). 

Nevertheless, increasing amounts of RecD2 promoted a slight increase in the length of the 

Okazaki fragments in the lagging strand (Figure 41 A, lanes 8 to 10). 

4.4.5. RecD2 dynamics may be influenced by perturbations in DNA replication 

In vitro replication assays showed that RecD2 might modulate replication restart on a 

blocked replication fork, preventing an aberrant initiation of DNA replication, and this inhibitory 

effect may be over SsbA (see section 4.4.3). It has been postulated that the interaction between 

RecD2 and SsbA may mediate the recruitment of RecD2 to the replication fork, also in the 

presence of DNA damage (Costes et al., 2010; Walsh et al., 2014). Similarly, human HELB 

localised in vivo to the chromatin through its interaction with RPA after the treatment of the cells 

with several DNA damaging agents (Guler et al., 2012). If RecD2 is constantly travelling with 

advancing replisomes or its dynamics is altered during perturbed DNA replication had not been 

explored. 

The first experiments with a functional PolC-GFP fusion showed that rather than tracking 

along the DNA strands, the B. subtilis replisome is relatively stationary during replication and in 

cells with one replisome it is located at the midcell. Before cell division, two new replisome 

factories form (at 1/4 and 3/4 of the cell length) (Lemon and Grossman, 1998). However, single-

molecule experiments have shown that there are movements that probably reflect the dynamics 

of a replisome in general. For example, the clamp loader protein DnaX engages in subtle motions 

confined within a small domain of ~100 nm (Liao et al., 2015). On the other hand, PolC is highly 

dynamic. This DNA polymerase is constantly recruited to and released from the centrally located 

replisome (Liao et al., 2016). 

The dynamics of the RecD2 molecules under unperturbed replication and under different 

stress conditions was analysed by single-molecule microscopy with the use of the recD2-mVenus 

strain, which expresses RecD2 fused to mVenus fluorescent protein from its natural promoter in 

the B. subtilis chromosome (Romero, 2018). In this work, single-molecule tracking of RecD2-

mVenus was performed to gain insight into its molecular diffusion pattern and its subcellular 

localisation in the absence of DNA damage and after the induction of replicative stress. The 

experimental conditions and the concentration of the drugs used were taken from previous single-

molecule tracking experiments with other proteins from B. subtilis that showed effects in the 

localisation and the dynamics of the proteins, but not major effects in viability (Romero, 2018; 

Romero et al., 2019; Hernández-Tamayo et al., 2019; Hernández-Tamayo et al., 2021). We 

focused on treatments that had been use before in fluorescence microscopy experiments to perturb 

DNA replication: two DNA damaging agents (MMC and H2O2), the inhibition of replication by 

blocking PolC with the HPUra compound, and the inhibition of DnaG by (p)ppGpp after the 
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induction of the stringent response with serine hydroxamate (SHX) (Liao et al., 2016; Li et al., 

2019; Romero et al., 2019; Hernández-Tamayo et al., 2019; Hernández-Tamayo et al., 2021). 

Table 20. Summary of the total number of cells and RecD2-mVenus tracks analysed by single-molecule 
microscopy after the induction of DNA damage or replicative stress. 

Condition 
Number of 

cells 
Number of cells with 

RecD2-mVenus tracks 
Number of RecD2-mVenus 

tracks 

No treatment 463 178 902 

50 ng/ml MMC 317 96 810 

100 ng/ml MMC 542 235 691 

0.5 mM H2O2 521 191 465 

50 µg/ml HPUra 410 148 500 

5 mg/ml SHX 298 108 396 

recD2-mVenus cells were grown until exponential phase and then treated with 50 or 100 ng/ml MMC, 0.5 mM H2O2 

or 50 µg/ml HPUra for 1 h at 30ºC or with 5 mg/ml SHX for 15 min at 30ºC. Single-molecule microscopy was carried 
out for the detection of RecD2-mVenus tracks by excitation with a 514 nm laser. A total of 2,500 images were acquired 
with an exposure time of 30 ms. 

The number of analysed cells and RecD2-mVenus tracks for each condition are shown in 

the Table 20. The number of cells presenting RecD2-mVenus tracks was around 30-40% in all 

the conditions tested. It was previously observed that ~30% of the recD2-mVenus cells showed 

fluorescence during exponential growth in epifluorescence microscopy. However, most of them 

presented a faint and diffuse pattern with no clear RecD2-mVenus foci (Romero, 2018), which is 

in concordance to the low abundancy of RecD2 (see section 4.4.2, Chapter 4) and the reduced 

number of RecD2-mVenus tracks obtained per cell (~2-8 tracks/cell) (Table 20). It should be 

noted that the number of tracks per cell is probably underestimated due to the photobleaching of 

the fluorescence during tracking acquisition. 

Single-molecule experiments were performed during the stay of three months at the Dr. 

Peter Graumann’s laboratory (Chemistry Department, University of Marburg, Germany), which 

is specialist in the study of the dynamics and the diffusion patterns of bacterial proteins at single-

molecule level. Once the tracking of a fluorescent protein is acquired by single-molecule 

microscopy, the output data are processed and finally analysed by the SMTracker software that 

allows the quantitative and qualitative study of protein trajectories (Rösch et al., 2018) (see 

section 3.2.22., Methods). Gaussian mixture model was followed to fit the probability of the 

density distribution of the protein molecules. Two major populations were normally distinguished 

depending on the apparent diffusion coefficient (D): a static population with a slow diffusion (i.e. 

protein molecules interacting with or bound to the DNA) and a mobile population with a higher 

diffusion. 
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Previous authors explored the dynamics of several replisome proteins by single-molecule 

microscopy, such as PolC, DnaE, DnaG, DnaC or DnaX. During unperturbed exponential growth, 

PolC is highly dynamic and 55% of molecules had a slow or static behaviour (Dstatic = 0.120 ± 

0.021 µm2/s), whereas 45% showed a mobile diffusion (Dmobile = 0.930 ± 0.160 µm2/s) 

(Hernández-Tamayo et al., 2019). Other authors observed similar PolC dynamics, although the 

diffusion values were different: Dstatic = 0.026 ± 0.005 µm2/s and Dmobile = 0.5 ± 0.2 µm2/s (Li et 

al., 2019). Comparable patterns were observed for the DnaE polymerase and the DnaG primase, 

although a slight reduction in the diffusion coefficients was noticed: Dstatic = 0.053 ± 0.005 µm2/s 

and Dmobile = 0.750 ± 0.014 µm2/s for DnaE, and Dstatic = 0.100 ± 0.005 µm2/s and Dmobile = 0.880 

± 0.020 µm2/s for DnaG (Hernández-Tamayo et al., 2021). In contrast, the replicative helicase 

DnaC showed a great increase in the static population (81%), indicating a more stable association 

with the replication machinery (Hernández-Tamayo et al., 2021). DnaX, which is frequently used 

as a marker of the position in the cell of the replisome, showed similar dynamics to DnaE or PolC, 

but its diffusion coefficients were substantially lower (Dmobile = 0.230 ± 0.008 µm2/s and Dstatic = 

0.029 ± 0.002 µm2/s) (Hernández-Tamayo et al., 2019; Li et al., 2019), consistent with the 

previous observation that the DnaX movement is limited to a reduced domain of ~100 nm (Liao 

et al., 2015). The results obtained for RecD2-mVenus showed that 57% of the protein molecules 

had a slow diffusion (Dstatic = 0.033 ± 0.0002 µm2/s), whereas 43% showed a mobile behaviour 

(Dmobile = 0.3 ± 0.0025 µm2/s) (Figure 42, green bubbles). It should be noted that the diffusion 

coefficients obtained for RecD2 were considerably lower than the observed for several replication 

proteins and similar to DnaX, implying that RecD2 appears to be a low diffusive protein. 

The dynamics of replication proteins had been analysed in the presence of DNA damage 

by other authors. Whereas the treatment for 1 h with 50 ng/ml MMC (crosslinks the DNA and 

leads to the production of one-ended DSBs) did not promote substantial effects in the diffusion 

pattern of the PolC and DnaE polymerases, DnaG and DnaC molecules became significantly more 

mobile (Hernández-Tamayo et al., 2019; Hernández-Tamayo et al., 2021). The interpretation of 

these data was that DNA replication is not blocked in the presence of this type of DNA damage, 

but the DNA synthesis is reduced to giving time for the DNA repair machinery. Consequently, 

DnaG and DnaC molecules may be more frequently exchanged from the replication fork than the 

polymerases (Hernández-Tamayo et al., 2021). Similar experiments were done with the recD2-

mVenus cells using the same concentration of MMC. As observed for DnaE and PolC, the addition 

of 50 ng/ml MMC did not greatly change the dynamics of RecD2-mVenus and a slight increase 

in the mobile population was observed (48.3%) (Figure 42, yellow bubbles), as previously shown 

for PolC (Hernández-Tamayo et al., 2019). At higher concentration of MMC (100 ng/ml), RecD2 

molecules were substantially more static than in the absence of DNA damage (66.3%). recD2-

mVenus cells were also treated for 1 h with H2O2, a DNA damaging agent that produces oxidant 
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Results 

radicals and induces different types of DNA damage, like DNA breaks and crosslinks. After the 

treatment with 0.5 mM H2O2, the diffusion pattern of the RecD2 molecules was not considerably 

altered, and only a marginal raise in the static population was noticed (58.6%) (Figure 42, orange 

bubbles). 

The diffusion pattern of RecD2-mVenus was studied after the treatment with chemical 

agents that induce replicative stress, like HPUra, which inhibits PolC (Brown, 1970). Previous 

authors showed that the treatment for 1 h with 50 µg/ml HPUra affected differently the dynamics 

of DnaE, DnaG and DnaC. A little increase in the mobile population of DnaE was noticed respect 

to the distribution observed during unperturbed growth, whereas the fraction of highly diffusive 

DnaC molecules strongly grew. In contrast, DnaG molecules became greatly static, suggesting 

that the blockage of PolC slows down the priming activity of DnaG or blocks it bound to the DNA 

(Hernández-Tamayo et al., 2021). Similar experiments were carried out with the recD2-mVenus 

strain at the same concentration of HPUra, showing a little increase in the mobile fraction of 

molecules (45.8%) respect to the absence of treatment, (Figure 42, dark blue bubbles), as 

previously observed with DnaE (Hernández-Tamayo et al., 2021). 

Figure 42. Diffusion patterns of RecD2-mVenus. 
RecD2-mVenus tracking was acquired by single-molecule microscopy by excitation with a 514 nm laser after the 
treatment with 0.5 mM H2O2, 50 µg/ml HPUra, 50 or 100 ng/ml MMC or 5 mg/ml SHX. RecD2 molecules were 
classified in two populations depending on the diffusion (µm2/s) after the Gaussian mixture model analysis: mobile 
population (upper circles) and static population (lower circles). Bubble plots show a comparison of the population size 
(%) between the untreated and the treated cells. 

SHX is an amino acid analogue that promotes the accumulation of uncharged tRNAs and 

induces the stringent response, leading to the (p)ppGpp production which inhibits the priming 

activity of DnaG (Wang et al., 2007). The effect of nutritional control of DNA replication by 

(p)ppGpp synthesised after the treatment for 15 min with SHX promoted severe changes in the 

dynamics of replication proteins. More than 85% of DnaE, DnaC and DnaG molecules were 

highly mobile, revealing an intense replisome disassembly (Hernández-Tamayo et al., 2021) that 
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Results 

leads to a stop in the cell growth (Wang et al., 2007). Likewise, 71.5% of RecD2-mVenus 

molecules showed a high diffusive pattern (Figure 42, clear blue bubbles). This result suggests 

that the majority of the RecD2 molecules may disengage from the DNA when the replisome 

disassembles probably because the protein may be associated to the replication fork machinery. 

Table 21. Dwell times (τ2) of RecD2-mVenus. 

Condition τ2 dwell time (s) Fraction τ2 (%) 

No treatment 0.40 ± 0.022 35 ± 3.7 

50 ng/ml MMC 0.42 ± 0.027 32 ± 6.1 

100 ng/ml MMC 0.57 ± 0.075 13.4 ± 1.9 

0.5 mM H2O2 0.46 ± 0.035 34 ± 3.9 

50 µg/ml HPUra 0.29 ± 0.016 51 ± 1.7 

5 mg/ml SHX 0.84 ± 0.47 5.4 ± 2.7 

Dwell times τ2 (s) of RecD2-mVenus during normal exponential growth or after the treatment with 50 or 100 ng/ml 
MMC, 0.5 mM H2O2, 50 µg/ml HPUra or 5 mg/ml SHX, shown as mean ± SEM for at least 400 tracks with 5 steps for 
each condition in a defined confinement radius of 100 nm. 

To further investigate the effect of perturbing DNA replication on the molecular dynamics 

of RecD2-mVenus, the dwell times, defined as the time that molecules remain in a specific area, 

were calculated for each condition by SMTracker. The dwell time of the RecD2 molecules was 

analysed within a radius of 100 nm for at least 5 steps in the tracks and estimated using a two-

population decay function that distinguished two fraction of molecules: τ1 and τ2. Fraction τ1 

normally corresponds to free-mobile molecules that remain shorter times in that defined radius, 

whereas fraction τ2 shows longer dwell times because the molecules are interacting with a 

particular subcellular structure or a molecular partner. Previous authors observed that the τ2 dwell 

time of several replication proteins, like PolC, DnaE, DnaX or DnaC, decreased after the 

treatment with DNA damaging agents or the induction of replicative stress, implying a higher 

turnover or the disengagement of these proteins from the replication fork (Liao et al., 2016; 

Hernández-Tamayo et al., 2019; Hernández-Tamayo et al., 2021). The results for RecD2 showed 

the contrary effect. During unperturbed growth, ~35% of RecD2 tracks were included in the 

fraction τ2, with a dwell time of 0.4 ± 0.022 s (Table 21). A slight increase in τ2 dwell time was 

observed after the treatment for 1 h with 50 ng/ml MMC (~32% of tracks) or 0.5 mM H2O2 

(~34%). The addition of 100 ng/ml MMC raised the dwell time ~1.4-fold respect to that obtained 

during normal growth (Table 21), consistent with the more static pattern visualised in the Figure 

42. However, the treatment for 15 min with SHX produced a great increment in the τ2 dwell time 

(~2-fold) (Table 21), but only ~5% of tracks showed a confined motion, in accordance to the high 

diffusive pattern observed in the Figure 42. In contrast, similar as observed in PolC, DnaE or 
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Results 

DnaC, the treatment with HPUra reduced the τ2 dwell time (~1.4-fold) (Table 21), but the fraction 

of confined RecD2 tracks inside the 100 nm radius was higher than in the absence of any treatment 

(~51% of tracks). These data suggest that at 100 ng/ml MMC, RecD2 molecules became more 

static maybe due to their association with the DNA, as observed with the raised of the τ2 dwell 

time. On the other hand, after the SHX treatment, the majority of the molecules were non-

confined, in agreement with the high level of replisome disassembly after the induction of 

stringent response, and a few population of molecules showed a confined behaviour, probably 

because these confined molecules could be engaged in a process of replication restart. 

4.4.6. Analysis of the subcellular localisation of RecD2 

Due to the similarities in the diffusion pattern observed between RecD2 and some 

replication proteins, in addition to the dwell times obtained in the presence of perturbed DNA 

replication, the subcellular localisation of RecD2-mVenus was analysed during normal 

exponential growth or after the treatment with the drugs with the aim to elucidate if the protein 

remains close to replication forks or it is recruited during stress conditions. Epifluorescence 

microscopy determined that PolC-GFP foci localised in discrete intracellular positions, 

predominantly at the midcell, instead of their random distribution along the nucleoid region 

(Lemon and Grossman, 1998). On the other hand, single-molecule microscopy revealed some 

accumulation of PolC, DnaE, DnaG and DnaC molecules in the entire nucleoid, implying that 

these replication proteins are in fact very dynamic and are mainly distributed in this region 

(Hernández-Tamayo et al., 2019; Hernández-Tamayo et al., 2021). After the addition of MMC 

or HPUra, the subcellular distribution of these proteins did not substantially change. However, 

the treatment with SHX promoted a more peripheral position of DnaE, DnaG and DnaC 

molecules, maybe due to replisome disassembly. In addition, nucleoids appeared more 

decondensed after the induction of the stringent response (Hernández-Tamayo et al., 2021). 

Figure 43. Spatial distribution 
of RecD2-mVenus in the B. 
subtilis cell. 
2D heat maps summarising the 
localisation of the total number 
of RecD2-mVenus trajectories 
during (A) normal growth, or 
after the treatment with (B) 0.5 
mM H2O2, (C) 50 ng/ml MMC, 
(D) 100 ng/ml MMC, (E) 50 
µg/ml HPUra or (F) 5 mg/ml 
SHX. 
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Results 

The heat maps showed that during unperturbed growth, RecD2-mVenus was mainly 

localised in the nucleoid region, but with a diffuse distribution (Figure 43 A). After the treatment 

with the DNA damaging agents MMC or H2O2, the position of the molecules was not considerably 

altered, although a more disperse localisation was observed at 100 ng/ml MMC, maybe because 

RecD2 could contribute to DNA repair in regions outside the replication fork (Figure 43 B-D). 

On the other hand, the induction of replicative stress after the addition of HPUra or SHX resulted 

in a distribution closer to the centre, whereas lesser accumulation of RecD2 was visible in the 

periphery (Figure 43 E and F). 

Figure 44. Subcellular localisation of confined RecD2-mVenus tracks. 
Confinement maps showing the intracellular location of confined motion (tracks stayed inside a radius of 100 nm) of 
the RecD2-mVenus projected into a standard B. subtilis cell size (3 x 1 µm) during (A) normal growth, or after the 
treatment with (B) 0.5 mM H2O2, (C) 50 ng/ml MMC, (D) 100 ng/ml MMC, (E) 50 µg/ml HPUra or (F) 5 mg/ml SHX. 

To obtain more information about the molecular distribution of the RecD2-mVenus 

molecules, RecD2 tracks were classified based on their dwell times within a radius of 100 nm. 

Confined motion was considered as molecules staying inside this radius and may occur when a 

protein has a restricted movement for an extended amount of time, which may be due to its 

interaction with the DNA or other proteins. Tracks that move outside this defined area were 

interpreted as free diffusive (non-confined) (Hernández-Tamayo et al., 2021). The confined 

RecD2-mVenus tracks obtained are shown in Figure 44. During unperturbed growth, 45% of the 

RecD2-mVenus trajectories showed a confined pattern with non-specific localisation in the cell, 

although some accumulations were observed in the centre and at 1/4 and 3/4, where the replisome 

machinery is supposed to be located (Figure 44 A). The treatment with 50 ng/ml MMC and 0.5 

mM H2O2 reduced the confined fraction to 40% and 42%, respectively, whereas a slight increase 
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Results 

was noticed with 100 ng/ml MMC (47%). Similar proportion was acquired after the treatment 

with HPUra (46%), but SHX leaded to a great decrease in the confined tracks (25%), which is in 

agreement with the high dynamics observed with this chemical as shown in the Figure 42. In 

addition, the distribution of the confined tracks did not considerably change in the presence of 

DNA damage (Figure 44 B-D). In contrast, the induction of replicative stress with HPUra or SHX 

produced an accumulation of confined RecD2-mVenus tracks in the central region, more 

estimable after the treatment with SHX (Figure 44 E and F). These data support the hypothesis 

that RecD2 may accumulate in the nucleoid region probably associated to a stalled replication 

fork after the induction of a replicative stress by indirect inhibition of the replisome. 

4.4.7. Study of the distance between RecD2 and the replisome 

The results described in the section above suggested that RecD2-mVenus molecules were 

distributed mostly in the nucleoid with a non-specific position and accumulated in discrete 

subcellular regions when the replication process is compromised. To determine if RecD2 is 

associated to the replication fork or if there is a recruitment after the induction of replicative stress, 

the distance between the RecD2-mVenus tracks and the replisome was measured by using single-

molecule microscopy. For that purpose, the dnaX-cfp recD2-mVenus strain was constructed. 

DnaX is part of the clamp loader complex (τ3δδ’) and the DnaX-CFP fusion had been used in 

previous works as a marker of the replisome (Hernández-Tamayo et al., 2019; Hernández-

Tamayo et al., 2021). In this work, the DnaX-CFP fusion was expressed ectopically from the 

amyE site of the B. subtilis chromosome and regulated with a xylose promoter. The ectopic 

expression of the fusion protein did not affect the viability (Hernández-Tamayo et al., 2019; 

Hernández-Tamayo et al., 2021). 

Single-molecule microscopy was carried out as described in sections above during 

unperturbed growth or after the treatment with DNA damaging agents (MMC and H2O2) or the 

induction of replicative stress (HPUra and SHX). The position of the DnaX-CFP foci was first 

acquired by excitation with a 418 nm laser, which revealed the localisation of the replisomes. 

Then, RecD2-mVenus molecules were tracked by exciting with a 514 nm laser. The distances 

between the RecD2 trajectories and the DnaX-CFP foci were measured with SMTracker, which 

allows visualising the tracks of a protein molecule relative to a defined position in the cell, in this 

case the replisome. The number of analysed cells is shown in the Table 20 (see section 4.4.5). 

82.5% of the non-treated cells showed DnaX-CFP foci, but this percentage decreased after the 

treatments: 73.9% (50 ng/ml MMC), 51.8% (0.5 mM H2O2), 37.1% (100 ng/ml MMC) and 26.4% 

(50 µg/ml HPUra). After the incubation with SHX, less than 5% of cells showed DnaX-CFP foci, 

which indicated that the replisomes were mostly disassembled. For that reason, the distances 

could not be measured in that condition. 
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Figure 45. Localisation of RecD2 relative to the DnaX-CFP focus. 
B. subtilis cells expressing DnaX-CFP, as a marker of the replisome, and RecD2-mVenus were grown at 30ºC until 
exponential phase. Then, MMC (50 or 100 ng/ml), H2O2 (0.5 mM) or HPUra (50 µg/ml) were added for 1 h. The DnaX-
CFP foci were first detected exciting with a 418 nm laser and, then, the tracking of RecD2-mVenus molecules was 
acquired with a 514 nm laser. The histograms show the probability (%) respect to the distances from the RecD2-mVenus 
trajectories to the DnaX-CFP focus (µm) in a range between 0-1 µm. 

The Figure 45 shows the histograms that represent the probability of the distances of 

RecD2-mVenus trajectories to the location of DnaX-CFP in a range of 1 µm. The first bar, which 

represents the percentage of tracks that are in a distance between 0-0.2 µm, was assumed as the 

ones in which RecD2 and DnaX colocalised. In non-treated cells, ~9% of RecD2-mVenus 

trajectories colocalised with the DnaX-CFP foci, suggesting that RecD2 is not normally 

associated to the replication or its association occurs during short intervals of time. Similar 

distances were visualised after the treatment for 1 h with 50 ng/ml MMC and 100 ng/ml MMC, 

in which ~8% and ~7.5% of RecD2-mVenus colocalised with the replisome, respectively. 

However, at 100 ng/ml MMC, the tracks may get closer to the replication fork machinery than 

in the absence of DNA damage, because ~17% of the trajectories were distributed in a distance 

between 0.2-0.4 µm from DnaX-CFP compared to the ~10% observed in the absence of DNA 

damage. Interestingly, a recruitment of RecD2 was noticed after the treatment for 1 h with H2O2 

and ~14% of the trajectories colocalised with DnaX-CFP. Moreover, more than 20% of RecD2 

tracks localised closer to the DnaX-CFP foci (between 0.2-0.4 µm). In contrast, less colocalisation 

was observed with HPUra (~4%), although, similar as observed with 100 ng/ml MMC and H2O2, 

an approach to the replication machinery or to the site where forks had stalled was visualised 

(~16%). Taking into account all these data, most of the RecD2 molecules did not colocalise with 

the replisome, suggesting that its association with the replication machinery is very dynamic and 

transitory. The presence of certain types of DNA damage could promote a recruitment of this 

helicase or its approach to regions around stalled replication forks, maybe because RecD2 could 

participate in the repair of DNA lesions in these zones. 
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Results 

4.4.8. RecD2 dynamics is affected by defects in the replisome assembly 

The dynamics of the RecD2 molecules was also analysed by single-molecule microscopy 

when the replisome assembly was defective. For that purpose, the RecD2-mVenus fusion was 

introduced in dnaB37 or dnaD23 thermosensitive backgrounds. DnaB and DnaD are involved in 

the initiation of DNA replication in B. subtilis at oriC, promoting the activation of DnaA and 

mediating the assembly of the replicative helicase DnaC to the origin of replication. DnaB and 

DnaD are also essential for PriA-dependent replication restart. Together with DnaI, DnaB and 

DnaD form the DnaC helicase loading system (Sanders et al., 2010; Jameson and Wilkinson, 

2017; Beattie and Reyes-Lamothe, 2015). Because both proteins are essential, temperature 

sensitive mutants were used, as described in Alonso et al., 1988. The experiments at non-

permissive temperature (42ºC) showed that the dnaB37 ∆recD2 and dnaD23 ∆recD2 double 

mutant strains were as sensitive as dnaB37 rec+ and dnaD23 rec+, suggesting that RecD2 cannot 

bypass the helicase activity of DnaC, probably because it is not processive enough. To gain insight 

into the contribution of RecD2 in this context, single-molecule microscopy was carried out with 

the recD2-mVenus dnaB37 and recD2-mVenus dnaD23 strains. The cells were grown at 30ºC 

(permissive temperature) until reach exponential phase. Then, the cells were grown for 1 h at 

30ºC or at 42ºC (non-permissive temperature). The tracking of RecD2-mVenus molecules was 

acquired by a 514 nm laser using a temperature controller in the microscope to guarantee a stable 

temperature, 30 or 42ºC, during track acquisition. The total number of analysed cells and RecD2-

mVenus tracks for each condition is shown in the Table 22. 

Table 22. Summary of the total number of cells and RecD2-mVenus tracks analysed by single-molecule 
microscopy in thermosensitive backgrounds. 

Background 
Number of 

cells 
Number of cells with 

RecD2-mVenus tracks 

Number of 
RecD2-mVenus 

tracks 

30ºC 

wt 230 94 419 

dnaB37 423 151 485 

dnaD23 277 129 559 

wt 264 73 321 

42 ºC dnaB37 181 67 343 

dnaD23 280 91 447 

recD2-mVenus cells with no thermosensitive (wt) or with thermosensitive backgrounds (dnaB37 or dnaD23) were 
grown until reach exponential phase and then incubated for 1 h at permissive (30ºC) and non-permissive (42ºC) 
temperatures. Single-molecule microscopy was carried out for the detection of RecD2-mVenus tracks by excitation 
with a 514 nm laser. A total of 2,500 images were acquired with an exposure time of 30 ms. 
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Similar as observed in the section 4.4.5, two populations of molecules were distinguished 

in terms of the diffusion: a static fraction (Dstatic = 0.031 ± 0.0004 µm2/s) or a mobile population 

(Dmobile = 0.33 ± 0.0003 µm2/s). As expected, the distribution of the RecD2 molecules in the two 

populations did not substantially change in dnaB37 or dnaD23 at permissive temperature respect 

to the wt background, and ~50% of molecules showed a static or a mobile behaviour (Figure 46 

A). In contrast, the pattern changed at non-permissive temperature, in which ~60-70% of RecD2 

molecules became mobile in the thermosensitive strains, whereas the mobile fraction remained 

essentially constant in the wt background, with only a slight decrease compared to 30ºC (Figure 

46 B). At non-permissive temperature, the process of DNA replication restart was impaired. 

Similar as observed after the treatment with SHX (see section 4.4.5), RecD2 molecules were more 

mobile when the replisome assembly was compromised, suggesting a dissociation of RecD2 from 

the DNA or a rapid exchange or turnover of the molecules. 

Figure 46. Diffusion patterns of RecD2-mVenus in dnaB37 or dnaD23 thermosensitive backgrounds. 
The dynamics of RecD2-mVenus without (wt) or with a thermosensitive background (dnaB37 or dnaD23) was analysed 
by single-molecule microscopy after the growth at (A) permissive or at (B) non-permissive temperatures. The 
molecules were distributed in two populations depending on their diffusion (µm2/s) after a Gaussian mixture model 
analysis: mobile population (upper circles) and static population (lower circles). Bubble plots show the population size 
(%) for each condition. 

The dwell times of the fraction τ2 (confined fraction) for RecD2-mVenus were also 

calculated in the dnaB37 and dnaD23 mutations at permissive and non-permissive temperatures 

setting a confinement radius of 100 nm and at least 5 steps in the RecD2 trajectories (Table 23). 

As expected, no significant differences in the dwell times were observed between wt, dnaB37 and 

dnaD23 backgrounds at permissive temperature. In contrast, the dwell times considerably 

increased with the inactivation of DnaB or DnaD at 42ºC, similarly as obtained with SHX, 

implying that RecD2 molecules could remain more time associated to the DNA, probably because 

RecD2 could be engaged in some event of replication restart either at oriC or other chromosomal 

regions. 
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Table 23. Dwell times (τ2) of RecD2-mVenus in dnaB37 and dnaD23 backgrounds. 

Background τ2 dwell time (s) 

30ºC 

wt 0.36 ± 0.012 

dnaB37 0.33 ± 0.009 

dnaD23 0.35 ± 0.022 

wt 0.38 ± 0.013 

42 ºC dnaB37 0.47 ± 0.039 

dnaD23 0.56 ± 0.055 

Dwell times τ2 (s) of RecD2-mVenus in wt, dnaB37 or dnaD23 backgrounds after the growth at permissive (30ºC) or 
non-permissive (42ºC) temperatures. The data are shown as mean ± SEM for at least 300 tracks with 5 steps for each 
condition in a defined confinement radius of 100 nm. 

Due to the similarities observed between the treatment with SHX, which indirectly 

inhibits DnaG, and when there are defects in the replisome assembly, the subcellular localisation 

of RecD2-mVenus was explored in dnaB37 and dnaD23 backgrounds after the growth at 42ºC to 

see if the RecD2 molecules distributed similarly as after the induction of stringent response. In 

the wt background, some accumulation of RecD2 appeared in the midcell region, maybe because 

of more replication events at 42ºC than at 30ºC (Figure 47 A). After the inactivation of DnaB or 

DnaD, mainly a hotspot of RecD2 was visualised. In dnaB37 background, this hotspot of RecD2 

was close to the centre of the cell, whereas in dnaD23 background, it was a bit displaced from the 

centre (Figure 47 B and C). This indicated that the helicase might accumulate in the nucleoid 

region close to the collapsed replication forks when DNA replication restart is needed. 

Figure 47. Spatial distribution of RecD2-mVenus after the inactivation of DnaB or DnaD. 
2D heat maps summarising the localisation of the total number of RecD2-mVenus trajectories in (A) wt, (B) dnaB37 
or (C) dnaD23 backgrounds after 1 h of incubation at 42ºC as non-permissive temperature. 
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Results 

4.5. Chapter 5: B. subtilis RecD2 balances RecA activities 

4.5.1. RecD2 interacts with RecA 

Because the deletion of the recD2 gene in B. subtilis was lethal in combination with the 

absence of the branch migration translocases RuvAB or RecG, a function of RecD2 during the 

postsynaptic step of HR was suggested (Torres et al., 2017). Moreover, this work has revealed a 

crucial role of RecD2 in natural transformation processes, which are dependent on the HR 

machinery, in particular during interspecies chromosomal transformation and viral transfection 

(Serrano et al., 2020; Serrano et al., 2021; see Chapter 1). To gain insight into the possible 

contribution of RecD2 in HR, first, the interaction between this helicase and the RecA 

recombinase, which is the central player in this process, was explored by immuno dot-blot. 

Previous work had shown that the human HELB colocalised in vivo with Rad51 (the eukaryotic 

RecA), suggesting that both proteins might interact (Liu et al., 2015). The results showed that 

RecD2 interacts with RecA and, as observed with SsbA, this interaction may be independent of 

the presence of DNA (Figure 48) (Ramos et al., 2022). 

Figure 48. Interaction between RecD2 and RecA by immuno dot-
blot. 
Increasing amounts of BSA, SsbA and RecA (100 to 400 ng) were 
applied to a nitrocellulose membrane. RecD2-His (200 ng/ml) was 
added into the binding solution. The membrane was first treated with 
the primary antibody anti-6xHis (1:6,000) to detect bound RecD2-His 
protein and then with the second antibody anti-IgG mouse conjugated 
with peroxidase (1:5,000). The experiment was performed three times 
to validate the result. 

4.5.2. RecD2 modulates DNA strand exchange 

During HR, the RecA nucleoprotein filament formed on the ssDNA catalyses the DNA 

strand exchange reaction between two homologous sequences for the repair of a DSB or the 

integration of a homologous or homeologous sequence during chromosomal transformation. This 

process needs RecO and SsbA proteins for the proper polymerization of RecA onto the ssDNA, 

and is dependent of ATP hydrolysis (Carrasco et al., 2015). The putative effect of RecD2 in DNA 

strand exchange was analysed performing in vitro three-stranded exchange reactions in the 

presence of RecA, RecO, SsbA and an ATP regeneration system. The KpnI-linearised pGEM-

3Zf (+) dsDNA (lds) and its homologous circular pGEM-3Zf (+) ssDNA (css) were used as DNA 

substrates for the strand exchange reactions. RecA, in the presence of RecO and SsbA, binds and 

filaments onto the circular ssDNA, and catalyses first the formation of three-stranded DNA 

structures (joint molecules, jm), which are DNA molecules with different degree of strand 

displacement. As final products of the strand exchange, the nicked circular DNA (nc) and the 

linear ssDNA (lss) are obtained. The effect of RecD2 in strand exchange reactions was tested at 

137 



 
 

 
 

       

         

         

        

  

 

         
        

             
              

             
                

 
     

          

         

           

       

          

         

      

     

     

           

      

    

        

 

       

       

     

         

         

    

pnl-digested 
Ids~==~ lss ________..0 Gss -R----,,-ecA - G - R----,,-ecD2- Ge 

Reco 
SsbA 
RecD2 

Results 

two different moments: (i) at the beginning (added together with RecA, RecO and SsbA proteins), 

to analyse if RecD2 could modulate the formation of the RecA nucleoprotein filament on the 

ssDNA; (ii) after 20 min of reaction, to examine if RecD2 could branch migrate recombination 

intermediates and/or affect the nucleoprotein filament of RecA once is formed and strand invasion 

is catalysed (Figure 49). 

Figure 49. Schematic representation of the in vitro DNA strand exchange reaction. 
The KpnI-linearised pGEM-3Zf (+) dsDNA (lds) and its homologous circular pGEM-3Zf (+) ssDNA (css) are 
incubated at 37ºC with RecA, RecO and SsbA. After the addition of ATP, joint molecules intermediates (jm) are 
initially formed. At longer times of incubation, the final products, which are the nicked circular (nc) and the linear 
pGEM-3Zf (+) ssDNA (lss), are obtained. RecD2 was added at two conditions: at the same time than RecA, RecO and 
SsbA (before starting the reaction with ATP) or after 20 min of reaction, in which the amount of jm accumulated. 

Strand exchange reactions were started by the addition of ATP and incubated for 20 or 

40 min at 37ºC. After 20 min of reaction, RecA catalysed the DNA strand exchange invasion and 

promoted mostly the accumulation of jm (~30%), which do not run as unique band, but at different 

positions in the agarose gel because they may have different degree of strand invasion and 

displacement. At this time of the reaction, nc and lss products were also obtained, but in a lesser 

extent (~15% of nc), (Figure 50 A, lane 3, and B). When increasing concentrations of RecD2 

(1.5 to 50 nM) were added at time = 0 (at the same time than RecA, RecO and SsbA) and the 

reactions were incubated for 20 min, the fraction of jm decreased as the amount of RecD2 was 

higher. Moreover, a slight increase in the nc product formation was observed in the presence of 

1.5 nM (~1.3-fold), 3 nM (~2-fold), 6 nM (~1.4-fold) and 12.5 nM (~1.3-fold) RecD2 (Figure 50 

A, lanes 7, 9, 11 and 13, and B). Particularly, the amount of nc product was significantly higher 

at 3 nM (ratio RecD2:DNA of 1) (p-value = 0.023). At 25 nM RecD2 (ratio RecD2:DNA of 8.3), 

the production of both jm and nc products was reduced, (~20-fold and ~1.5-fold, respectively) 

and practically undetectable at 50 nM RecD2 (ratio RecD2:DNA of 16.7) (Figure 50 A, lanes 15 

and 17, and B). 

On the other hand, after 40 min of reaction, in reactions where only RecA, RecO and 

SsbA were present, the fraction of nc product increased ~2.7-fold respect to that observed after 

20 min of reaction, whereas the amount of jm was reduced ~2-fold (Figure 50 A, lane 4, and C), 

implying that most of the substrate present was converted to final products of the strand exchange 

reaction after this time of incubation. When RecD2 was added together with RecA, RecO and 

SsbA at time = 0, no significant differences were observed after 40 min at 1.5 to 12.5 nM RecD2 
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Figure 50. RecD2 modulates DNA strand exchange. 
The KpnI-linearised pGEM-3Zf (+) dsDNA (lds) and its homologous circular pGEM-3Zf (+) ssDNA (css) (3 nM in 
molecules) were incubated at 37ºC in the presence of RecA (1.5 M), RecO (200 nM as dimer) and SsbA (300 nM as 
tetramer). Reactions were started by the addition of 2 mM ATP and stopped after 20 or 40 min. (A) Strand exchange 
reactions in the absence (lanes 3 and 4) or in the presence of RecD2 at time = 0: 1.5 nM (lanes 7 and 8), 3 nM (lanes 
9 and 10), 6 nM (lanes 11 and 12), 12.5 nM (lanes 13 and 14), 25 nM (lanes 15 and 16) and 50 nM (lanes 17 and 18). 
Lane 1 shows a control with the running position of supercoiled and nicked DNA. Lane 2 shows a control reaction with 
RecO and SsbA, but without RecA. Lane 5 represents a control reaction with RecO, SsbA and RecD2, but without 
RecA. Lane 6 is a control reaction with only 6 nM RecD2 added. (B) Quantification of the percentage of joint molecules 
intermediates (jm, grey bars) and nicked circular products (nc, white bars) after 20 min of reaction when RecD2 was 
added at time = 0. Results are plotted as the mean ± SD of three independent experiments. (C) Quantification of the 
percentage of jm and nc after 40 min of reaction when RecD2 was added at time = 0. Results are plotted as the mean ± 

SD of three independent experiments. (D) Strand exchange reactions in the absence (lanes 4 and 5) or in the presence 
of RecD2 added after 20 min of reaction (time = 20 min): 3 nM (lane 7), 6 nM (lane 8), 12.5 nM (lane 9), 25 nM (lane 
10) and 50 nM (lane 11). ). Lane 1 shows a control with the running position of supercoiled and nicked DNA. Lane 2 
represents a control reaction with RecO and SsbA, but without RecA. Lane 3 shows a strand exchange reaction after 
20 min of incubation, time in which RecD2 was added. Lane 6 represents a control reaction with RecO, SsbA and 
RecD2, but without RecA. Lane 12 is a control reaction with only 6 nM RecD2 added. (E) Quantification of the 
percentage of jm and nc after 40 min of reaction when RecD2 was added at time = 20 min. Results are plotted as the 

mean ± SD of three independent experiments. 
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in the formation of nc products (p-values > 0.05), but the fraction of nc decreased ~2-fold at 25 

nM RecD2 (p-value = 0.029) (Figure 50 A, lanes 8, 10, 12, 14 and 16, and C). Similarly as 

observed after 20 min of incubation, after 40 min of reaction, the RecA activity was strongly 

inhibited at 50 nM RecD2 and the fraction of jm was reduced and practically undetectable (p-

value = 0.017) (Figure 50 A, lane 18, and C). 

To examine a possible role in the late steps of the strand exchange reaction, the effect of 

RecD2 was analysed 20 min after the reactions had started and jm had been formed. In these 

experiments, RecA, RecO and SsbA were incubated with the DNA substrates (lds and css) and 

the strand exchange reaction was started by the addition of ATP. After 20 min, increasing amounts 

of RecD2 were added and the reactions continued for another 20 min, so the total reaction time 

was 40 min. In this case, the amount of jm intermediates was practically undetectable in the 

presence of RecD2, especially at 50 nM RecD2 (p-values < 0.05) (Figure 50 D, lanes 7 to 11, 

and E). Moreover, an increase in nc products was obtained at 3 nM RecD2 (p-value = 0.033), 

whereas no significant differences were observed at higher concentrations respect to the absence 

of RecD2 (p-values > 0.05) (Figure 50 D, lanes 4, 5, 7 to 11, and E). In contrast to when RecD2 

was added at time = 0, the strand exchange reactions were not blocked at 50 nM RecD2, because 

nc products were produced with a similar yield than in the absence of RecD2. 

In summary, the results showed that the effect of RecD2 in RecA-mediated strand 

exchange reaction was different depending on the moment in which the helicase was added and 

the protein concentration used. At the early step of the strand exchange reaction, low 

concentrations of RecD2 (RecD2:DNA ratios lower than 4) slightly facilitated the RecA activity, 

as observed in the amount of nc product formed, probably via branch migrating some 

recombination intermediates. In contrast, higher RecD2 concentrations inhibited the reaction, 

suggesting that RecD2 may negatively modulate the formation of the RecA nucleoprotein 

filament on the ssDNA. At a later step of the strand exchange reaction, the presence of RecD2 

reduced the amount of the jm intermediates, so this helicase might branch migrate these structures 

facilitating their resolution. Furthermore, the reaction was not blocked even at high protein 

concentrations, implying that once RecA is engaged onto the strand exchange reaction, RecD2 

cannot displace RecA and the strand exchange reaction is not inhibited (Ramos et al., 2022). 

4.5.3. RecD2 reverses the inhibition of RecA on replication restart 

Previous work showed that RecA, in concert with RecO, inhibits replication restart in an 

in vitro model of a blocked replication fork. The presence of RecA and RecO reduce both leading 

and lagging strand synthesis. Moreover, when in vitro replication reactions are performed without 

SsbA, RecA alone was sufficient to block DNA replication (Vlašić et al., 2013). Due to the 

observation of the physical interaction between RecD2 and RecA by immuno dot-blot, and the 
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modulatory action of RecD2 on the RecA nucleoprotein filament in the strand exchange reaction, 

the effect of RecD2 was tested on replication restart in the presence of RecA, to examine if this 

helicase was able to modulate the inhibitory effect of RecA. 

Figure 51. RecD2 overcomes the inhibitory effect of RecA on replication restart. 
The minicircular DNA template (5 nM) was incubated with SsbA (90 nM as tetramer) in the absence or in the presence 
of RecD2 (5 nM), RecA (500 nM) and RecO (50 nM as dimer). Then, the replisome proteins were added and reactions 
were initiated by the addition of dNTPs and 1 mM ATP at 37ºC and stopped after 2 min. (A) and (C) Leading and 
lagging strand synthesis without (lanes 1) or with RecD2 (lanes 2 and 4) or with RecA and RecO (lanes 3 and 4). (B) 
and (D) Quantification of the leading and lagging strand synthesis (pmol) for each condition. Results are plotted as a 
mean ± SD of three independent experiments. Ld: leading strand. Lg: lagging strand. M: radiolabeled λ-HindIII digested 
as molecular weight marker (bp). 

In vitro replication assays were carried out as previously described in section 4.4.3, but 

in the presence of RecA and RecO. The minicircular DNA template was first incubated 5 min 

with SsbA, RecD2, RecA and RecO and, then, the replisome was preassembled in the presence 

of ATPγS. Then, reactions started with the addition of dNTPs and ATP. After 2 min, the reactions 

were stopped and leading and lagging strand synthesis was analysed. As reported previously, the 
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presence of RecA and RecO significantly reduced DNA synthesis in both leading (p-value = 

0.028) and lagging strands (p-value = 0.016) (Figure 51 A and C, lanes 3, B and D). 5 nM RecD2 

(ratios RecA:RecD2 of 100 and RecD2:DNA of 1) was sufficient to bypass the inhibitory effect 

observed on DNA replication, with no significant differences respect to the reactions without 

RecA and RecO (p-values > 0.05) (Figure 51 A and C, lanes 4, B and D). This result suggested 

that RecD2 could promote the disassembly of RecA molecules from the ssDNA and thus, RecD2 

may act as a negative modulator of the RecA nucleoprotein filament (Ramos et al., 2022). When 

similar experiments where done in the presence of the Walker A motif mutant, RecD2 K373A, 

the inhibition on replication restart by RecA and RecO was still observed (Figure 52, lanes 6 and 

12). Hence, the ATP hydrolysis activity of RecD2 seems to be crucial for the clearance of RecA 

molecules bound to the ssDNA (Ramos et al., 2022). 

Figure 52. RecD2 K373A does not bypass the inhibitory effect of RecA on replication restart. 
The minicircular DNA template (5 nM) was incubated with SsbA (90 nM as tetramer) in the absence (lanes 1 and 7) 
or in the presence of RecD2 (5 nM) (lanes 3, 4, 9 and 10), RecD2 K373A (5 nM) (lanes 5, 6, 11 and 12), RecA (500 
nM) and RecO (50 nM as dimer) (lanes 2, 4, 6, 8, 10 and 12). Then, the replisome proteins were added and reactions 
were initiated by the addition of dNTPs and 1 mM ATP at 37ºC and stopped after 2 min. Ld: leading strand. Lg: lagging 
strand. M: radiolabeled λ-HindIII digested as molecular weight marker (bp). 

In vitro replication reactions were also performed with RecA and RecD2, but in the 

absence of SsbA. In this context, RecA does not need RecO for the efficient loading onto the 

ssDNA (Carrasco et al., 2015). Without SsbA, RecA efficiently blocked the replication restart 

(Figure 53 A and C, lanes 3, B and D), as previously described in Vlašić et al., 2013. In this case, 

the presence of 5 nM RecD2 reversed the inhibitory effect of RecA in lagging strand synthesis. 

However, this recovery was lower in the leading strand synthesis when reactions contained RecD2 

respect to the results obtained with RecA alone (Figure 53 A and C, lanes 4, B and D). This 

observation could be consistent with the fact that, due its translocation polarity (5’ to 3’), RecD2, 
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as the replicative helicase DnaC, may translocate naturally along the lagging strand. For that 

reason, the clearance of RecA molecules by RecD2 might be more efficient during its 

translocation along the lagging strand (Ramos et al., 2022). 

Figure 53. RecD2 still counteracts the inhibition of RecA on replication restart without SsbA at the lagging 
strand. 
The minicircular DNA template (5 nM) was incubated without SsbA in the absence or in the presence of RecD2 (5 
nM), RecA (500 nM) and RecO (50 nM as dimer). Then, the replisome proteins were added and reactions were initiated 
by the addition of dNTPs and 1 mM ATP at 37ºC and stopped after 2 min. (A) and (C) Leading and lagging strand 
synthesis without (lanes 1) or with RecD2 (lanes 2 and 4) or with RecA (lanes 3 and 4). (B) and (D) Quantification of 
the leading and lagging strand synthesis (pmol) for each condition. Results are plotted as a mean ± SD of three 
independent experiments. Ld: leading strand. Lg: lagging strand. M: radiolabeled λ-HindIII digested as molecular 
weight marker (bp). 

4.5.4. RecD2 slightly displaces streptavidin blocks from the ssDNA 

The results that are shown in the section above suggest that RecD2 might act displacing 

RecA molecules from the ssDNA, reverting the inhibition on DNA replication and, thus, 

promoting the replication fork progression. The ATP hydrolysis activity of RecD2 may be 

required, because the ATPase defective mutant, RecD2 K373A, did not revert the inhibitory effect 

of RecA. These observations are consistent with the results obtained in strand exchange reactions, 
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where RecD2, added at the same time than RecA, inhibited the reactions probably negatively 

modulating the RecA nucleoprotein filament formation. Similar hypothesis has been postulated 

in this work for the action of RecD2 on SsbA during replication restart, because, as observed in 

the section 4.4.3, increasing amounts of RecD2 reduced DNA replication when SsbA was present, 

but this inhibitory effect was not observed in reactions performed with the full replisome and 

SsbA. Therefore, RecD2 could promote the clearance of SsbA molecules from the ssDNA in an 

ATP hydrolysis-dependent manner, because the presence of RecD2 K373A had no effect on DNA 

replication. Taking into account all these data, RecD2 would translocate along the ssDNA and 

may displace proteins that are bound. 

Figure 54. Streptavidin displacement from the 
ssDNA in the presence of RecD2. 
(A) The biotinylated BioT-45 (0.25 nM) was 
radiolabeled and incubated with streptavidin (2.5 nM) 
for 5 min at room temperature. Then, increasing 
amounts of RecD2 were added: 3 nM (lane 3), 6 nM 
(lane 4), 12.5 nM (lane 5), 25 nM (lane 6), 50 nM 
(lane 7), 100 nM (lane 8) and 200 nM (lane 9). Biotin 
(50 nM) was also applied as a trap for the displaced 
streptavidin molecules. Reactions were incubated for 
20 min at 37ºC and separated on 10% PAGE run in 1 
X TBE. Lane 1 represents the free biotinylated DNA 
without streptavidin bound. Lane 2 shows the control 
reaction without RecD2. (B) Quantification of the 
percentage of free biotinylated DNA as a function of 
the concentration of RecD2 (nM). Results are plotted 
as the mean ± SD of three independent experiments. 

The ability of RecD2 to displace protein blocks from the ssDNA was measured by biotin-

streptavidin assays. The BioT-45 DNA, biotinylated at 3’ end was used in the reaction due to the 

5’ to 3’ translocation polarity of RecD2. The results showed that the amount of free biotinylated 

DNA (not bound to streptavidin) was practically undetectable at 3 to 12.5 nM RecD2 (Figure 54 

A, lanes 3, 4 and 5, and B). Less than the 10% and 15% free biotinylated DNA was obtained at 

25 nM and 50 nM RecD2, respectively (Figure 54 A, lanes 6 and 7, and B). At 100 and 200 nM 

RecD2 (ratios RecD2:streptavidin of 40 and 80, respectively), a marginal increase in the 

displacement of streptavidin molecules was observed, although the maximum percentage of free 

DNA obtained was only ~25% (Figure 54 A, lanes 8 and 9, and B). Given these data, RecD2 

appears to have a reduced activity removing proteins that are bound to the ssDNA. Perhaps, the 

interaction between RecD2 and the bound proteins is crucial for an efficient displacement (Ramos 

et al., 2022). 
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4.5.5. RecA does not affect the helicase activity of RecD2 

In both in vitro DNA replication and strand exchange assays, the effect of RecD2 on the 

activity of RecA was explored. To analyse the action of RecA on the activity of RecD2, helicase 

assays were carried out in the presence of RecA. RecA had not any effect on the unwinding 

activity of RecD2 with the fork 30-30 (not shown). Therefore, the pGEM-Hind24 structure was 

used as DNA substrate to allow the simultaneous binding of both proteins, as performed in 

helicase experiments with SsbA (section 4.3.3.2). RecA was added at non-saturating 

concentrations to avoid the competition of both proteins to the ssDNA, as done in strand exchange 

reactions and in vitro replication assays, being 200 nM the maximum concentration used in 

helicase assays. One molecule of RecA binds 3 nt, and the pGEM-Hind24 substrate contains 3,173 

nt, so the amount of RecA required to saturate the ssDNA would be ~1 µM. Helicase experiments 

were performed at 2 and 10 mM MgCl2 to test if the conformation of the ssDNA could have any 

effect. At 2 mM MgCl2, helicase activity of RecD2 alone (6 and 12 nM) was more than 2-fold 

higher respect to the unwinding observed at 10 mM MgCl2, similar to previous observations (see 

section 4.3.3.2) (Figure 55, lanes 2 and 6, compared to lanes 11 and 15). The addition of 

increasing concentrations of RecA (50 to 200 nM) did not significantly affect the helicase activity 

of RecD2, neither at 2 or 10 mM MgCl2 (Figure 55, lanes 3 to 5, 7 to 9, 12 to 14 and 16 to 18). 

These results suggest that RecA might not affect the helicase activity of RecD2. 

Figure 55. RecA does not alter the helicase activity of RecD2. 
RecD2 was incubated for 5 min at 37ºC with RecA in a reaction buffer containing 50 mM Tris-HCl pH 7.5, 2 mM 
DTT, 0.05 mg/ml BSA and 0.25 nM of radiolabeled pGEM-Hind24. ATP (2 mM) was added and reactions were 
incubated for 10 min at 37ºC. After stopping the reactions (20 mM EDTA pH 8, 0.5% (v/v) SDS and 0.5 mg/ml 
proteinase K), DNA structures were separated on 1.2% (w/v) agarose gel electrophoresis run in 1 X TAE. Helicase 
activity of RecD2 at 6 nM (lanes 2 to 5, and 11 to 14) or 12 nM (lanes 6 to 9, and 15 to 18) in the presence of increasing 
concentrations of RecA: 50 nM (lanes 3, 7, 12 and 16), 100 nM (lanes 4, 8, 13 and 17) and 200 nM RecA (lanes 5, 9, 
14 and 18). Lanes 2 to 9: activity at 2 mM MgCl2. Lanes 11 to 18: activity at 10 mM MgCl2. Lane 1 is the control 
reaction without RecD2. The percentage (%) of DNA unwound in each reaction was shown as a mean of three 
independent experiments. B: boiled DNA at 100ºC, which represents the unwound product of the reaction. *: 
radiolabeled 5’ end. 
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Because RecD2 interacts with SsbA and RecA, helicase experiments were performed in 

the presence of the three proteins to gain insight into the interplay of SsbA and RecA in the 

unwinding activity of RecD2. In these assays, two conditions were assayed: (i) the simultaneous 

incubation of the RecD2, SsbA and RecA with the radiolabeled pGEM-Hind24 for 5 min at 37ºC 

prior to start the reactions with ATP; (ii) the incubation of RecD2 and SsbA, together with the 

DNA, for 5 min at 37ºC before the addition of RecA and the initiation of the reactions. The 

experiments were also carried out at 2 and 10 mM MgCl2 to examine the influence of the DNA 

conformation in the reactions. 

Figure 56. Helicase activity of RecD2 in the presence of RecA and SsbA. 
RecD2 (12 nM) was incubated in the absence (lanes 2) or in the presence of 6 nM SsbA (lanes 4 to 13) or increasing 
concentrations of RecA: 25 nM (lanes 5 and 10), 50 nM (lanes 6 and 11), 100 nM (lanes 7 and 12) and 200 nM (lanes 
8 and 13), in a reaction buffer containing 50 mM Tris-HCl pH 7.5, 2 mM DTT, 0.05 mg/ml BSA and 0.25 nM of 
radiolabeled pGEM-Hind24. ATP (2 mM) was added and reactions were incubated for 10 min at 37ºC. After stopping 
the reactions (20 mM EDTA pH 8, 0.5% (v/v) SDS and 0.5 mg/ml proteinase K), DNA structures were separated on 
1.2% (w/v) agarose gel electrophoresis run in 1 X TAE. Two conditions were tested: incubation of RecD2, SsbA, RecA 
and the DNA for 5 min at 37ºC prior to initiate the reactions with ATP (lanes 5 to 8), or incubation of RecD2, SsbA 
and the DNA for 5 min at 37ºC before adding RecA and starting the reactions (lanes 10 to 13). Lanes 1 are the control 
reaction without proteins. Reactions at (A) 2 mM and (B) 10 mM MgCl2. The percentage (%) of DNA unwound in 
each reaction was shown as a mean of three independent experiments. B: boiled DNA at 100ºC, which represents the 
unwound product of the reaction. *: radiolabeled 5’ end. 

As reported in the section 4.3.3.2, SsbA enhanced the helicase activity of RecD2 with the 

pGEM-Hind24 substrate, especially at 10 mM MgCl2, probably because SsbA may contribute in 
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Results 

the removal of secondary structures (Figure 56 A and B, lanes 4 to 13, compared to lanes 2). 

However, the presence of RecA did not significantly affect the unwinding action of RecD2, 

neither with or without SsbA at both MgCl2 concentrations. In addition, no differences were 

observed between the two conditions of incubation (RecD2, SsbA and RecA together with the 

pGEM-Hind24 DNA, lanes 5 to 8; or RecD2 with SsbA and the DNA before adding RecA, lanes 

10 to 13). A slight decrease in the unwound product was noticed at 10 mM MgCl2 in the presence 

of 200 nM RecA, but the differences were not significant (Figure 56 B, lanes 8 and 13). These 

results conclude that RecA may not alter the unwinding activity of RecD2, suggesting that RecD2 

might efficiently remove RecA molecules bound to ssDNA regions. 

4.5.6. RecD2 interacts with RarA 

As demonstrated in this work, RecD2 may act as an accessory helicase that modulates 

replication restart and regulates the RecA nucleoprotein formation. Another protein that has been 

reported as an accessory factor in these processes in B. subtilis is RarA, which, as RecD2, was 

identified as part of the SsbA interactome (Costes et al., 2010). RarA is an ATPase protein that 

may modulate replication restart in B. subtilis by preventing the initiation of DNA replication on 

blocked forks. Similar as observed with RecD2, increasing amounts of RarA inhibited DNA 

replication in vitro and this effect was not detected in the absence of SsbA (Carrasco et al., 2018). 

Moreover, RarA and RecD2 may regulate the filamentation of RecA onto the ssDNA, but with 

opposite functions. Whereas RarA acts as a positive modulator of RecA, promoting the formation 

of the nucleoprotein filament (Romero et al., 2020), RecD2 may contribute to the disassembly of 

the RecA molecules bound to the ssDNA (Ramos et al., 2020). For that reason, the interplay 

between RecD2 and RarA in the context of DNA replication and RecA regulation would be of 

interest. The interaction between both proteins was tested by immuno dot-blot, showing that 

RecD2 and RarA interact (Figure 57). Future experiments are needed to elucidate the possible 

joint of these two proteins in the context of DNA replication and HR. 

Figure 57. Interaction between RecD2 and RarA. 
Increasing amounts of RarA (25 to 400 ng) were applied to a 
nitrocellulose membrane. The same amounts of BSA and SsbA 
were added as negative and positive controls. RecD2-His (200 
ng/ml) was included into the binding solution. The membrane was 
first treated with the primary antibody anti-6xHis (1:6,000) to 
detect the RecD2-His protein retained in the membrane and then 
with the second antibody anti-IgG mouse conjugated with 
peroxidase (1:5,000). The experiments were performed three times 
to validate the results. 
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secondary structures (Figure 14). At 2 mM MgCl2, sspGEM-3Zf (+) has a less condensed 

conformation and dsDNA regions diminish. This situation may favour the translocation of RecD2 

along the ssDNA. Similar conclusion was obtained from helicase assays with the pGEM-Hind24 

substrate, in which the unwinding activity at 6 nM RecD2 was ~3-fold higher at 2 mM than at 10 

mM MgCl2 (Figure 35). Furthermore, RecD2 binding to ssDNAs with random sequence showed 

also differences between 2 and 10 mM MgCl2, obtaining ~3-fold greater affinities at lower 

magnesium concentration with ssDNAs of 60 and 80 nt (Table 17). The influence of Mg2+ on the 

activity of RecD2 helicases had not been examined in previous works, so these results contribute 

to understanding the optimal conditions for DNA binding, translocation and helicase activities of 

this protein. 

The affinity of RecD2 to ATP was also characterised in this work. ATP hydrolysis 

experiments showed that RecD2 preferentially hydrolyses ATP rather than dATP (Figure 13 A). 

The affinity to ATP was not substantially dependent to the presence of ssDNA secondary 

structures and the Mg2+ concentration used. The assays carried out with polydT80 and sspGEM-

3Zf (+) at 2 and 10 mM MgCl2 revealed comparable affinities to ATP (Km between 100-120 µM 

ATP), although a marginal reduction in the affinity was obtained in the presence of sspGEM-3Zf 

(+) at 10 mM MgCl2 (Figure 15). These results were different to previous data from the N-

terminal truncated ∆150-RecD2Dra that found a Km = 30.3 ± 1.5 µM ATP with a polydT20 

(Toseland and Webb, 2013). The discrepancies observed can be explained because of the 

experimental conditions, such as the temperature or the concentration of NaCl or the DNA used 

as effector in the reactions, or biological differences between both proteins. On the other hand, as 

visualised in EMSA assays, ATP binding was found to be important for DNA binding, because 

the presence of the non-hydrolysable ATP analogue, ATPγS, improved the RecD2-ssDNA 

interaction (Figure 23). Similar conclusion was obtained from the EMSA assays with the RecD2 

K373A variant, whose ATP binding activity was defective (Figure 26 B). 

Interestingly, this work found that RecD2 has a high preference for a non-replicated fork 

structure (fork 30-30), as determined in EMSA experiments, with a Kapp = 2.1 ± 0.7 nM RecD2 

(Figure 26 and Table 18), close to the affinity values obtained for polydT60, polydT70 and 

polydT80 (Table 17). On the other hand, the affinity to partially replicated forks (5’ and 3’-forked 

substrates) decreased more than 5-fold compared to the non-replicated fork (Figure 27 and Table 

18), probably because these structures contain only one ssDNA region of 30 nt, whereas the fork 

30-30 harbours two. Nevertheless, the helicase activity of RecD2 appears to be increased with the 

5’-forked structure, in which the parental leading and lagging strands were entirely unwound at 

very low protein concentration, below 3 nM (Figure 20). In contrast, only ~40% of the fork 30-

30 was unwound at 3 nM RecD2 (Figures 18 and 19). Furthermore, 3 nM RecD2 was sufficient 

to completely unwind the parental strands in the 5’-regressed fork, which contains a ssDNA gap 

153 



eño



eño



 
 

 
 

      

     

       

     

          

      

          

         

      

      

           

     

        

     

  

      

         

         

  

           

     

       

       

        

     

        

       

    

 

      

             

   

       

       

      

   

Discussion 

It has been previously reported that the replisome stalls when a lesion is encountered, but 

it could remain engaged to the replication fork. This situation allows the continuity of DNA 

replication beyond the lesion in both leading and lagging strand templates, a mechanism known 

as lesion skipping, due to the action of the replicative helicase DnaC or another helicase in the 5’ 

to 3’ unwinding of the parental duplex, promoting the cycling of the polymerases (Yeeles and 

Marians, 2011; Marians, 2018). First observations in helicase assays determined that RecD2 

might contribute in the processing of some stalled forks (see Chapter 2). The activity of RecD2 

observed with the 5’-forked, that contains a gap in the parental lagging strand, showed that RecD2 

may bind to the ssDNA gap present in the lagging strand template and translocate in a 5’ to 3’ 

direction unwinding the parental strands and thus, extending the ssDNA gap (Figure 20). 

Therefore, RecD2 may be acting as an accessory helicase supporting the unwinding activity of 

the replicative helicase. A gap in the lagging strand can be repaired with the annealing of the 

nascent leading and lagging strands by RecA-mediated template switching or with the remodeling 

of the stalled fork by fork reversal or regression, leading to replication restart (Marians, 2018). 

A stalled replication fork can be remodeled to a HJ-like structure by the action of branch 

migration translocases as RecG and RuvAB (Atkinson and McGlynn, 2009; Gupta et al., 2014; 

Torres et al., 2021). Depending on the length of the nascent strands, several intermediates could 

be formed. If a gap is present in the lagging strand template and a longer nascent leading strand 

is produced, regression yields a partially 5’-regressed fork. In this structure, RecD2 could unwind 

the parental duplex, similarly as observed with the 5’-forked substrate (Figure 21 A and D). As 

concluded with the 5’-forked, the action of RecD2 here may be to support the unwinding action 

of the DnaC helicase and thus promote the re-initiation of DNA replication surpassing the lesion. 

On the other hand, if a gap is located in the leading strand template and a longer nascent lagging 

strand is formed, a partially 3’-regressed fork structure is created. In this situation, depending on 

the length of the ssDNA formed, RecD2 could bind to this 5’-ssDNA flap and unwind it, 

facilitating the processing of the regressed fork (Figure 21 A and D). Likewise, when a regressed 

fork contains an extended nascent lagging strand with a tail of 30 nt, RecD2 unwound the 

structure, although increased amounts of protein were needed, probably due to the length of the 

dsDNA regions (80 bp instead of 42 or 18 bp present in the partially regressed forks) (Figure 21 

C and D). In contrast, RecD2 was not able to process HJ-like structures containing blunt ends, as 

expected because of the requirement of a 5’ ssDNA for the binding to initiate unwinding (Figure 

21 B). All these results provide different possible roles of RecD2 in replication restart. From one 

side, RecD2 may support the DnaC unwinding contributing to the initiation of DNA replication 

by lesion skipping when a gap in the lagging strand is present. From other side, RecD2 may 

contribute in the processing of regressed forks. Like RecD2, B. subtilis RadA/Sms unwinds 

regressed forks through its binding to the 5’-ssDNA flap of the longer nascent lagging strand 

156 



eño



 
 

 
 

   

     

     

     

      

  

  

             

           

         

     

    

            

    

        

      

        

        

     

       

 

      

        

         

   

   

     

       

 

      

       

       

     

       

       

     

Discussion 

of RecD2 on these replisome proteins could not be discarded, because RecD2 promoted a slight 

increase in the length of Okazaki fragments during replication elongation (Ramos et al., 2022) 

(Figure 41), a process that needs DnaG, PolC, DnaE and the replicative helicase activities. This 

effect had been observed before in reconstituted replisomes lowering the concentration of the 

DnaG primase (Sanders et al., 2010; Seco and Ayora, 2017). The importance of the interactions 

between RecD2 and PolC, DnaE and DnaD should be explored in future works to elucidate the 

interplay of these proteins during DNA replication.  

Single-molecule analysis was used in this work to explore the dynamics of RecD2 

molecules at real-time in the context of DNA replication and DNA repair in vivo (see Chapter 4). 

DnaX shows a slow diffusion, implying that it stays in a confined area and is used as a marker of 

the replication fork (Liao et al., 2015; Hernández-Tamayo et al., 2019). PolC, DnaE and DnaG 

are very diffusive proteins whose association to the replisome may be dynamic (Hernández-

Tamayo et al., 2019; Li et al., 2019; Hernández-Tamayo et al., 2021). On the other hand, the 

replicative helicase DnaC appears to be a very static protein, maybe due to its stable binding to 

the replication fork structure (Hernández-Tamayo et al., 2021). PolA and ExoR, which are 

involved in the Okazaki fragment maturation (Duigou et al., 2005; Randall et al., 2019), are 

highly dynamic proteins, because more than 80% of the molecules show a mobile pattern 

(Hernández-Tamayo et al., 2019). This work found that, under unperturbed replication, RecD2 is 

a dynamic protein with a similar diffusion pattern to PolC, DnaE, DnaG, DnaX and RarA 

(Hernández-Tamayo et al., 2019; Hernández-Tamayo et al., 2021; Romero et al., 2019) (Figure 

42), suggesting that it is recruited to and released from the replisome. Consistent with this result, 

less than 10% of RecD2 molecules trajectories were assumed to colocalise with DnaX-CFP foci 

(distance below 0.2 µm) (Figure 45). This was also observed for PolA and ExoR (Hernández-

Tamayo et al., 2019). The analysis of the subcellular localisation of RecD2 showed that it was 

distributed in non-specific positions of the nucleoid region (Figure 43 A), as also occurs with 

PolA and ExoR (Hernández-Tamayo et al., 2019). However, some confined RecD2 molecules 

seemed to accumulate mostly in the centre of the cell and in the quarters (Figure 43 A), which 

represent the regions where the replication fork machinery is mainly positioned, as previously 

observed with PolC-GFP (Lemon and Grossman, 1998). 

Single-molecule fluorescence microscopy analysis was performed also after DNA 

damage induction by the treatment with MMC and H2O2. The dynamics of RecD2 molecules only 

appears to be affected depending on the type of DNA damage that is produced, because just a 

noticeable increase in the static fraction was observed with 100 ng/ml MMC (Figure 42). In 

addition, the τ2 dwell time was higher after the treatment with this chemical (Table 21), indicating 

that in the presence of 100 ng/ml MMC, RecD2 molecules could be mostly bound to the DNA 

contributing in the repair of the damage. In agreement with this, previous authors have shown that 
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recD2 mutants are more sensitive to MMC than to H2O2 (Walsh et al., 2014; Torres et al., 2017). 

Moreover, the subcellular localisation of the RecD2 molecules after the treatment with 100 ng/ml 

MMC appeared more diffuse than in the absence of DNA damage (Figure 43 D), suggesting that 

RecD2 could be in charge of some DNA repair events outside the replication fork machinery. The 

analysis of the distance between RecD2 and DnaX-CFP foci after the treatment with 100 ng/ml 

MMC showed that RecD2 trajectories significantly accumulated in vicinity regions of the 

replisome, probably contributing in the repair of lesions produced in these areas (Figure 45). 

Interestingly, the single-molecule analysis of the RarA dynamics also revealed changes after the 

induction of DNA damage. RarA molecules appear to be further from the replication fork 

machinery upon the treatment with MMC or H2O2, suggesting that, although RarA might be 

normally associated to the replisomes, also is recruited to other damaged regions (Romero et al., 

2019). 

The blockage of the PolC polymerase with HPUra may limit the formation of new 

replisome complexes (Liao et al., 2016). This work showed that the inhibition of PolC by the 

treatment with HPUra did not greatly affect the diffusion pattern of RecD2 compared to the 

absence of any treatment, and just a slight increase in the mobile fraction was noticed (Figure 

42), similar as occurs with DnaE after HPUra addition (Hernández-Tamayo et al., 2021). 

However, a substantial decrease in the τ2 dwell time was noticed (Table 21). This could be 

consequence of the interaction between PolC and RecD2, so the blockage of PolC could be related 

to less association of RecD2 to the replication fork. This observation could be in agreement with 

the ~2-fold reduction in the number of RecD2 trajectories that colocalised with the DnaX-CFP 

after the treatment with HPUra (Figure 45). 

The most notable changes in the dynamics of RecD2 molecules were obtained after the 

induction of the stringent response by SHX, which promotes the production of (p)ppGpp that 

inhibits the DnaG primase (Wang et al., 2007). Replisome disassembly by SHX treatment is in 

accordance to the high fraction of DnaG, DnaE and DnaC molecules that became fast mobile 

(Hernández-Tamayo et al., 2021). In agreement with that, less than 5% of DnaX-CFP foci were 

observed in this work after the treatment with SHX, indicating that the replisome was mostly 

disassembled. This work observed similar behaviour of the RecD2 molecules to DnaG, DnaE and 

DnaC after the induction of stringent response (Figure 42), implying that this protein might be 

associated to the DNA, probably the replication fork machinery, despite its transitory interaction 

or its rapid exchange. However, whereas the confined DnaE, DnaG and DnaC molecules localise 

mostly in the periphery of the nucleoid region after SHX treatment (Hernández-Tamayo et al., 

2021), the confined molecules of RecD2 appeared to stay closer to the midcell and 1/4 and 3/4 of 

the cell length (Figures 43 F and 44 F), suggesting that they may be associated to certain nucleoid 

regions. In spite of the τ2 fraction was much reduced (only ~5% of the RecD2 tracks), the τ2 dwell 
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time was greatly elevated, even higher than after the treatment with 100 ng/ml MMC (Table 21). 

These results suggest that RecD2 molecules could be involved in some replication restart events 

after the induction of stringent response. 

Because a role of RecD2 was thought in replication initiation and replication restart, 

single-molecule dynamics of this helicase was examined in dnaB37 and dnaD23 thermosensitive 

backgrounds. Both DnaB and DnaD are essential proteins in B. subtilis that mediate the initiation 

of DNA replication at oriC together with DnaA (Smits et al., 2011), or replication restart in 

concert with the PriA helicase (Polard et al., 2002; Gabbai and Marians, 2010). The pre-

primosomal DnaA-DnaB-DnaD or PriA-DnaB-DnaD complexes, together with DnaI, promote 

the binding of the replicative helicase DnaC to a ssDNA region and this allows the recruitment of 

the rest of replisome components to constitute the replisome (Sanders et al., 2010; Jameson and 

Wilkinson, 2017; Beattie and Reyes-Lamothe, 2015). The switch to non-permissive temperature 

(42ºC) leads to the inactivation of DnaB and DnaD. Consequently, replication initiation at oriC 

and outside oriC are impaired because of the defect in DnaC loading. Interestingly, after the 

incubation for 1 h at non-permissive temperature (42ºC), RecD2 molecules were considerably 

more mobile especially in the dnaD23 background (Figure 46 B), similarly as occurred after the 

treatment with SHX. This suggest that RecD2 could be disassembled from the replication fork 

machinery or that there could be a rapid protein turnover. Furthermore, the τ2 dwell time at non-

permissive temperature was almost 2-fold higher in dnaD23 background (Table 23). These 

results suggest that RecD2 could remain associated to a stalled replication fork, maybe 

contributing to attempt replication restart. However, RecD2 appears to not be able to bypass the 

helicase action of DnaC when the loading of the replicative helicase is impaired, because ∆recD2 

dnaD23 mutants are as sensitive as rec+ dnaD23 at non-permissive temperature. These results 

reveal that RecD2 may act as an accessory helicase in DNA replication rather than as a potential 

replicative helicase. 

In summary, the in vitro experiments suggested that RecD2 may contribute to DNA 

replication via modulating replication restart. As determined by single-molecule microscopy, the 

association of RecD2 to the replisome is transitory. Moreover, this helicase might contribute in 

the repair of DNA damages outside the region where the replisome is located. The recruitment of 

RecD2 to the replication fork should not be only attributed to its interaction with SsbA, because 

other interacting partners were discovered in this work, PolC, DnaE and DnaD, which could also 

mediate the association of RecD2 to the replisome machinery. The results from the biochemical 

data infer that once RecD2 is associated to the replication fork structure, this helicase might 

participate in the unwinding of stalled and regressed forks facilitating the processing of these 

structures and contributing to the replisome assembly. Finally, because RecD2 can displace SsbA 

molecules that are bound to the ssDNA, protein blocks that hinder the advance of a normal 
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replisome or impede the replication restart could be removed by the translocation activity of 

RecD2. The last hypothesis was tested in in vitro DNA replication assays in the presence of RecA 

and it will be discussed in the next section. 

5.4. The potential role of RecD2 in homologous recombination 

A function of RecD2 as a recombination protein has been proposed because the absence 

of recD2 confers sensitivity to a wide variety of DNA damaging agents that arrest or collapse 

replication forks. The combination of ∆recD2 with the absence of several recombination enzymes 

(i.e. AddAB, RecQ, RecS) showed a non-epistatic phenotype after the induction of DNA damage 

(Torres et al., 2017). Due to the absence of viability of the ∆recD2 ∆recG and ∆recD2 ∆ruvAB 

double mutants, a role as a branch migration helicase has been suggested (Torres et al., 2017). In 

this work, the possible function of RecD2 in the context of HR was approached by different 

strategies: (i) natural transformation frequencies in the absence of RecD2; (ii) helicase activity 

with D-loops structures; (iii) and the analysis of the possible interplay between RecD2 and the 

RecA recombinase in strand exchange reactions and in vitro DNA replication assays. 

Natural transformation mechanisms are dependent on the HR machinery. The central 

protein is RecA, which filaments on the incorporated ssDNA, searches for homology and 

catalyses the integration of this exogenous ssDNA into the B. subtilis chromosome if there is 

homology (chromosomal transformation). However, if no homology to the chromosome is 

detected, the RecA nucleoprotein filament disassembles and the DNA can remain as an 

extrachromosomal element if it contains an independent origin of replication (plasmid 

transformation). RecA needs the presence of RecO and DprA-SsbA mediators that contribute to 

the loading and polymerisation of the recombinase on the incoming ssDNA. Whereas RecA is not 

needed for plasmid transformation, DprA and RecO are required, because both participate in the 

intramolecular recombination for the circularisation of the plasmid DNA (Yadav et al., 2012; 

Serrano et al., 2018; Serrano et al., 2021). RecX and RecU proteins are negative RecA modulators 

that promote the disassembly of the recombinase from the ssDNA. Hence, both proteins are 

required in plasmid transformation, although RecX and RecU (in the absence of RecX) become 

also needed in chromosomal transformation (Le et al., 2017; Serrano et al., 2018). On the other 

hand, the activity of branch migration translocases is important for the displacement of the three-

stranded recombination intermediate (D-loop) formed during the RecA-mediated strand exchange 

reaction. In the context of natural transformation processes, RecG and RuvAB are not crucial, 

because only a marginal decrease in chromosomal and plasmid transformation is noticed in the 

absence of any of both translocases (Torres et al., 2019). RadA/Sms plays a central role during 

chromosomal transformation, implying that this helicase contributes to the integration of genetic 

material to the B. subtilis chromosome (Torres et al., 2019b). 
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In this work, the possible role of RecD2 in natural transformation was examined (see 

Chapter 1). The results showed that the absence of recD2 did not considerably affect the 

chromosomal transformation efficiency, and just a marginal decrease was obtained in plasmid 

transformation (Table 10) (Serrano et al., 2020). This phenotype was similar to the obtained in 

the absence of RecG or RuvAB activities (Torres et al., 2019). Furthermore, the combination of 

recD2 and radA/sms mutations leaded to a defect in chromosomal transformation, similar than in 

the absence of radA/sms alone (Table 11) (Serrano et al., 2020). Likewise, ∆radA/sms ∆recG and 

∆radA/sms ∆ruvAB double mutants, which are viable in contrast to ∆recD2 ∆recG, ∆recD2 

∆ruvAB and ∆recG ∆ruvAB, show similar defects in chromosomal transformation than 

∆radA/sms (Torres et al., 2017; Sanchez et al., 2007). These results confirm that RadA/Sms is the 

prominent translocase in chromosomal transformation (Torres et al., 2019; Serrano et al., 2020), 

but could be added by other helicases since chromosomal transformation is blocked in the absence 

of RadA/Sms and RecG activities (Torres et al., 2019). Remarkably, a markedly reduction in the 

plasmid transformation efficiency was obtained in ∆radA/sms ∆recD2 mutant (Table 11) 

(Serrano et al., 2020), similar as occurred in ∆radA/sms ∆recG (Torres et al., 2019). It suggests 

an interplay between RadA/Sms and RecD2 or RecG during plasmid transformation, but the 

precise action of these helicase remains unclear. 

The acquisition of external ssDNA harbouring partially homeologous sequences 

contributes to bacterial adaptation and evolution. Interspecies chromosomal transformation was 

assayed in this work using donors DNAs containing the rpoB482 variant gene (C482T that confers 

RifR) from other Bacilli species, so with different degree of sequence divergence respect to the 

rpoB482 variant from B. subtilis 168 (wt strain). It was previously observed that two different 

recombination mechanisms may occur: (i) up to 15% sequence divergence, homology-directed 

HR participates in the integration of divergent sequences (longer than 130 nt); (ii) beyond 15% 

sequence divergence, integration of just few nucleotides (3-10 nt) at micro-homologous regions 

is observed probably by homology-facilitated recombination (Carrasco et al., 2019). Because the 

acquisition of highly divergent sequences supposes a markedly reduction in the efficiency of 

chromosomal transformation, the rok gene was inactivated to increase the number of cells with 

induced competence and bypass the barrier for the detection of transformants (Carrasco et al., 

2016). Interestingly, ΔrecD2 Δrok mutants showed a substantial reduction in the chromosomal 

transformation efficiency in comparison to ΔrecD2 rok+ when the homologous donor DNA was 

used (Table 12). This has been also observed when Δrok is combined with the mutation of recJ, 

∆recX, ∆dprA or ∆radA/sms, but was not observed in other backgrounds (Serrano et al., 2021). 

In the absence of Rok, the macro-domain structure of the nucleoid is predicted to be altered and 

this change in the nucleoid conformation may affect the action of some recombination factors 

during chromosomal transformation (Serrano et al., 2021b). As with other recombination 
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mutants, a decrease in chromosomal transformation frequencies were observed as the percentage 

of sequence divergence increased, reaching a plateau over 8% sequence divergence in ΔrecD2 

rok+ and ΔrecD2 Δrok (Figures 9 and 11). In terms of the integration length, no significant 

differences to the rec+ were observed below 15% sequence divergence in ΔrecD2. However, the 

absence of RecD2 limited the integration of sequences beyond ~15% sequence divergence in Δrok 

background, and beyond ~10% in rok+ , revealing a crucial role of RecD2 in the acquisition of 

homeologous sequences (Figure 10 and Table 13). 

Although the contribution of RecD2 during interspecies chromosomal transformation is 

not still well understood, the results suggest a role during homology-facilitated micro-

homologous recombination (Serrano et al., 2021). During homology-directed HR (up to 15% 

sequence divergence), RecA forms the nucleoprotein filament on the incoming ssDNA. In the 

search for homology, RecA identifies in the recipient genome an identical or almost identical 

sequence (MEPS, ~25-30 nt, or a MEPS with 1 mismatch). RecA, in concert with SsbA, DprA 

and RecX promotes DNA strand invasion and pairing to produce a metastable heteroduplex DNA 

(Yadav et al., 2014; Le et al., 2017). Then, RecA interacts with and loads the branch migration 

translocase RadA/Sms to stabilise the heteroduplex (Marie et al., 2017; Torres et al., 2019b). At 

the heteroduplex, RecA, in concert with RadA/Sms, promotes the expansion of the D-loop until 

a region with higher local sequence divergence (≥ 20%) is encountered. This is consistent with 

the in vitro observation that RecA-mediated strand exchange is halted at more than 16% sequence 

divergence (Carrasco et al., 2019). Then, the heteroduplex is resolved by an unknown enzyme. 

Finally, the ends are sealed, leading to the acquisition of homeologous DNA longer than 130 nt 

(Serrano et al., 2021). On the other hand, it has been proposed that during homology-facilitated 

micro-homologous recombination, RecA, with the help of the mediators/modulators DprA, RecX, 

RadA/Sms (and perhaps RecD2), forms the nucleoprotein filament and identifies a MEPS on the 

rpoB482 sequence, which is used as an anchor region in this case. Once the chromosomal DNA 

is anchored at MEPS, DprA could mediate the annealing of short stretches of homeologous DNA 

(~3-8 nt) (Yadav et al., 2014). Then, the donor ssDNA loop between the anchored region and the 

micro-homologous paired segment has to be removed perhaps by the action of RecJ in concert 

with RecD2 (Serrano et al., 2020). RecD2 could also act as a branch migration helicase on three-

stranded recombination intermediates helping to bypass short heterologous regions that become 

integrated. Finally, the ends of the integrated segment are sealed and rapidly expressed (Dalia and 

Dalia, 2019; Serrano et al., 2021). 

Host-encoded recombination proteins are also required to reconstitute a complete viral 

genome from fragmented linear viral ssDNA acquired by natutal transformation (viral 

transfection). In the absence of recD2, great reduction in the SPP1 transfection efficiency was 

observed (Table 14), implying a crucial role of this helicase in the intermolecular recombination 
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required between the exogenous ssDNA fragments for the reconstitution of the SPP1 genome 

(Serrano et al., 2020). Other recombination factors that were found to be required in viral 

transfection are RecA, DprA and RecO (RecA mediators), and RecX and RecU (negative RecA 

modulators) (Serrano et al., 2020). The action of the branch migration translocases RecG, RuvAB 

or RadA/Sms is not crucial, because the SPP1 transfection efficiency is not significantly altered 

in the absence of any of them. In addition, the combination with the ΔrecD2 mutant with the 

absence of radA/sms showed a similar decrease in the viral transfection efficiency than in the 

absence of RecD2 alone (Table 15), suggesting that RecD2 performs a central function in the 

branch migration of the recombination intermediates resulted during the reformation of the SPP1 

genome (Serrano et al., 2020). In viral transfection processes, RecA nucleates onto SPP1 ssDNA 

in concert with RecO and DprA-SsbA. Because no homology on the chromosome is found, RecX, 

RecU and/or RecD2 may promote RecA filament disassembly. Once RecA releases from the 

ssDNA, it is rapidly coated by SsbA/SsbB that recruit DprA or RecO. DprA or RecO bound to 

the ssDNA perform the single strand annealing between complementary strands from the 

fragmented SPP1 ssDNA. As a result, several tailed dsDNA fragments are formed. Then, RecA 

nucleates onto the ssDNA ends of the tailed dsDNAs and performs the strand exchange invasion 

between complementary strands with the help of the branch migration activity of RecD2 to 

regenerate a complete linear viral genome. Finally, the genome is circularised after intramolecular 

annealing by DprA and RecO in concert with SsbA/SsbB. A summary of the different RecD2 

activities required in viral transfection, plasmid transformation and chromosomal transformation 

is shown in the Figure 58. 

Figure 58. Model depicting the role of RecD2 during natural transformation in B. subtilis. 
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Figure 58. Model depicting the role of RecD2 during natural transformation in B. subtilis (continued). 
During natural transformation, the uptake apparatus, localised at the B. subtilis cell pole, internalises ssDNA fragments 
that rapidly are coated by SsbA (and SsbB). RecA with the help of the RecO and DprA-SsbA mediators forms the 
nucleoprotein filament onto the ssDNAs and searches for homology on the bacterial chromosome. (A) In viral 
transfection, RecA is disassembled from the viral ssDNA fragments by the RecX, RecU and RecD2 negative 
modulators. (1) Then, the SsbA/SsbB-coated ssDNA recruits DprA or RecO to perform the intermolecular single strand 
annealing between complementary fragments. As a result of ssDNA annealing, tailed dsDNAs are formed and coated 
by SsbA/SsbB/DprA. (2) RecA is consequently recruited and nucleates onto the tails. In the presence of ATP, RecA 
catalyses the strand exchange reaction between complementary sequences in concert with the branch migration activity 
of RecD2. (3) Finally, the complete linear SPP1 genome is reconstituted and then circularised by DprA or RecO through 
intramolecular single strand annealing activity. (B) In plasmid transformation, an oligomeric ssDNA plasmid is 
incorporated. (1) RecA disassembles from the ssDNA with the help of RecX, RecU and perhaps RecD2, and this 
facilitates the synthesis of the complementary strand by DNA replication or the annealing with the other internalised 
complementary strand by DprA or RecO. (3) The intramolecular recombination reaction carried out by DprA or RecO 
is predicted to circularise the oligomeric plasmid molecule that after DNA replication is established as a monomeric 
plasmid. (C) In chromosomal transformation with homologous donor DNA, the RecA-nucleoprotein filament 
efficiently searches for homology. (1) In the presence of ATP, RecA catalyses the strand exchange invasion into the 
bacterial chromosome. (2) RadA/Sms branch migrates the heteroduplex and helps to the integration of the ssDNA into 
a homologous region of the chromosome. (3) Then, the heteroduplex is resolved by the action of an unknown nuclease. 
RecD2 has a minor role in chromosomal transformation with homologous DNA, but it is involved in homology-
facilitated micro-homologous recombination contributing to the integration of homeologous sequences up 15% 
sequence divergence. Figure adapted from Serrano et al., 2020. 

Natural transformation assays revealed that RecD2 might act as a branch migration 

translocase in viral transfection processes. However, its action in the heteroduplex migration 

during chromosomal transformation seems to be limited. This could be because the linear SPP1 

fragments and the bacterial circular chromosome have different topologies and it could affect the 

action of RecD2. The activity of RecD2 as a branch migration helicase was assayed in vitro (see 

Chapter 2). RecD2 is able to unwind D-loop structures, but depending on where the protein is 

loaded, the outcome is different. The 3’-invading D-loop structure mimics a plectonemic 

heteroduplex structure that resulted because of the invasion of a 3’ ssDNA end. Here, an anti-

recombinogenic activity of RecD2 was observed, because the invading strand was efficiently 

separated of the duplex at very low protein concentrations (Figure 22 A and C). This anti-

recombinogenic activity visualised for RecD2 with this type of structure was also observed for 

RadA/Sms (Torres et al., 2019). On the other hand, the 5’-invading D-loop mimics a plectonemic 

heteroduplex structure in which a 5’ ssDNA end invades a homologous duplex. In this structure, 

RecD2 was able to bind to the displaced ssDNA strand and unwind in a 5’ to 3’ separating the 

duplex, therefore favouring the branch migration of a heteroduplex (Figure 22 B and C). 

The RecA-mediated three-stranded exchange was analysed in vitro in the presence of 

RecD2 (see Chapter 5). The results revealed a dual activity of the helicase during the HR reaction 

(Figure 50). At the early steps of the recombination reaction, RecD2 slightly enhanced strand 

exchange via branch migrating recombination intermediates in a stoichiometry ~1 helicase/DNA 

substrate and thus promoting the appearance of the final strand exchange products. However, 

increasing amounts of RecD2 inhibited the strand exchange reaction, suggesting that the helicase 

impaired the RecA nucleation onto the ssDNA. The inhibitory effect of RecD2 was not observed 
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at later steps of the strand exchange reaction, in which recombination intermediates accumulate 

and RecA molecules are bound to the ssDNA. These results imply that RecD2 may have two 

roles. From one side, the helicase interacts with (Figure 48) and can contribute as a negative 

RecA modulator either promoting the RecA disassembly from the ssDNA, similar as RecX or 

RecU, or preventing the nucleoprotein filament formation (Figure 59 A1). From other side, 

RecD2 can facilitate the RecA activity with the 5’ to 3’ branch migration of the recombination 

intermediates (Ramos et al., 2022) (Figure 59 A2 and 3). The first role of RecD2 was supported 

by the observation of the dynamics of RecA-mVenus filaments in vivo, which persist longer time 

upon the induction of DNA damage in the absence of recD2, and with the accumulation of RecA-

ssDNA at lower concentrations of MMC in ΔrecD2 background (Ramos et al., 2022). The second 

role of RecD2 was confirmed in branch migration assays, in which the helicase was incubated 

alone in the presence of ATP with recombination intermediates, resulted from a previous strand 

exchange reaction by RecA and the two-component mediator RecO-SsbA. In these assays, RecD2 

catalysed branch migration and enhanced the formation of the final strand exchange product 

(Ramos et al., 2022). Human HELB was found to stimulate in vitro the Rad51-mediated 

heteroduplex extension in 5’ to 3’ direction in the presence of a dsDNA containing a 3’ ssDNA 

end, but the strand exchange reaction was inhibited in the presence of a dsDNA with blunt ends 

or having a 5’ ssDNA end (Liu et al., 2015). Another human helicase, BLM, involved in genome 

maintenance and recombination repair, appears to disrupt the Rad51-ssDNA filament by 

promoting the Rad51 disassembly and inhibits the DNA strand activity. However, BLM 

stimulates the D-loop extension at later steps of the recombination reaction (Bugreev et al., 2007; 

Bugreev et al., 2009). These findings uncover the importance of the regulation of the RecA 

nucleoprotein filament in the HR reaction and the contribution of RecD2 as a regulator of RecA. 

In addition to recombination repair and natural transformation processes, the HR 

machinery acts on collapsed replication forks and several recombination factors modulate 

replication restart. RecA, alone or in the presence of the two-component mediator RecO and 

SsbA, inhibits the initiation of DNA replication in an in vitro model of blocked replication fork 

(Vlašić et al., 2013). This inhibition might prevent potentially dangerous forms of DNA repair 

that can occur upon several stress conditions. Alternatively, RecA participates on replication 

restart by a template switching mechanism (Marians, 2018). This work revealed an interplay 

between RecD2 and RecA on blocked replication forks in vitro (see Chapter 5). At concentrations 

of 1 helicase/DNA molecule, RecD2 efficiently overcame the inhibition of initiation of DNA 

replication conferred by RecA and RecO (Figure 51). In the absence of SsbA and RecO, the 

presence of RecD2 was also capable to bypass the blockage on DNA synthesis by RecA, 

especially at the lagging strand (Figure 53). These results confirm the action of RecD2 as a 

negative RecA modulator and suggest a role in the removal of protein blocks that halt the initiation 
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of DNA replication (Figure 59 B). RecD2 may perform the clearance of RecA molecules during 

translocation along the ssDNA, because RecD2 K373A was not able to revert the inhibitory effect 

of RecA on DNA replication (Figure 52) (Ramos et al., 2022). This was consistent with the no 

effect observed in the helicase activity of RecD2 by the presence of RecA, implying that RecD2 

could efficiently displace RecA molecules during its translocation (Figures 55 and 56). 

Additional data may be needed to confirm this activity of RecD2 on RecA, perhaps from optical 

and magnetic-tweezers, to gain insight into the interplay between the two proteins on ssDNA at 

single-molecule resolution. 

Figure 59. Model of the action of RecD2 in the modulation of RecA activities. 
(A) (1) During homologous recombination reaction, RecA nucleates onto a SsbA-coated ssDNA in the presence of 
RecO and ATP. RecD2 binds to the ssDNA and translocates in a 5’ to 3’ direction promoting the disassembly of the 
RecA molecules and thus inhibiting the RecA-nucleoprotein filament formation. (2) RecA-nucleoprotein filament 
invades a homologous DNA and catalyses the strand exchange reaction forming a heteroduplex structure (D-loop). (3) 
At later steps of the strand exchange reaction, RecD2 can bind to the displaced ssDNA strand and branch migrates the 
heteroduplex in a 5’ to 3’ direction facilitating the recombination process. (B) RecA binds to ssDNA regions of a 
blocked replication fork and inhibits replication restart. RecD2 removes RecA from the stalled fork and thereby, 
facilitates replisome loading and replication restart. Figure from Ramos et al., 2022. 
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Conclusions 

6. Conclusions 

1. RecD2 preferentially binds and translocates along ssDNA with no secondary structures in the 

presence of ATP. In addition, RecD2 shows a nucleotide bias with a preference for polydTs rather 

than polydAs. A minimum site size between 15-30 nt is needed for the stable binding of one 

monomer of RecD2. 

2. RecD2 requires a 5’ ssDNA end to perform the unwinding of a dsDNA region in a 5’ to 3’ 

direction. The preferred structures that RecD2 binds are non-replicated forks and D-loops, and 

that RecD2 unwinds are partially replicated forks containing a gap in the parental lagging strand 

and D-loops. 

3. SsbA enhances ATPase and helicase activities of RecD2 with the reduction of ssDNA 

secondary structures. Physical interaction between SsbA and RecD2 is also crucial for the 

stimulation, because the presence of SsbB, which does not interact with RecD2, inhibits the 

ATPase activity of this helicase. 

4. In addition to SsbA, RecD2 interacts with the replisome proteins DnaE and PolC polymerases 

and DnaD. RecD2 also interacts with RarA. 

5. RecD2 is a low abundant protein (~25 monomers/CFU) that shows a high dynamics in vivo and 

distributes mostly in the nucleoid region with a non-specific localisation. Both RecD2 dynamics 

and its subcellular localisation are affected by the presence of certain perturbations in DNA 

replication. 

6. The association of RecD2 to the replisome is transient. The presence of certain types of DNA 

lesions can promote a recruitment of RecD2 or its approach to regions around the replication fork 

machinery where RecD2 can be involved in DNA repair. 

7. RecD2 may contribute to replication restart via the unwinding of stalled forks, containing a gap 

in the parental lagging strand, or regressed forks. RecD2 may act as an accessory helicase 

supporting the unwinding activity of the replicative helicase DnaC. RecD2 may also modulate 

replication restart via the removal of protein blocks, as RecA, which can inhibit the assembly 

and/or the advance of the replisome. RecD2 does not affect the progression of an unperturbed 

replication process. 

8. RecD2 interacts with RecA and negatively regulates the RecA nucleoprotein filament 

formation on the ssDNA. Nevertheless, once the RecA nucleoprotein filament is formed and 

strand exchange reaction is catalysed, RecD2 facilitates the homologous recombination reaction 

via the branch migration of three-stranded recombination intermediates. 
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9. In the absence of Rok, RecD2 is crucial for intra- and interspecies natural chromosomal 

transformation. RecD2 is required in homology-facilitated recombination for the integration of 

micro-homologous sequences beyond ~15% sequence divergence. RecD2 is also important 

during natural plasmid transformation in concert with RadA/Sms. 

10. RecD2 is required for SPP1 transfection, either via the branch migration of the three-stranded 

recombination intermediates resulted during the reconstitution of the SPP1 genome inside the B. 

subtilis cell and/or the negative modulation of the RecA nucleoprotein filament. 
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