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 Natural transformation is mainly classified as chromosomal and plasmid transformation. During 

chromosomal transformation, the incoming ssDNA is integrated onto the homologous recipient 

chromosome via RecA-mediated homologous recombination, whereas during plasmid transformation, 

the heterologous plasmid DNA is reconstituted into its dsDNA form using strand annealing and 

replication proteins in a RecA-independent manner. The first two chapters of this thesis were focused 

on the study of: (i) the impact of the DNA divergent sequences as an interspecies barrier to genetic 

recombination (Chapter 1) and (ii) whether mismatch repair (MMR) system proteins, MutSL, regulate 

genetic recombination between divergent DNA sequences (Chapter 2) during natural chromosomal 

transformation in the Firmicutes competent bacterium Bacillus subtilis. 

 Previous genetic analysis showed that: (i) a lack of RecA protein blocks chromosomal 

transformation, but it does not affect plasmid transformation; (ii) the RecU protein has a role during 

plasmid transformation and (iii) DprA and RecX proteins, are crucial for efficient chromosomal and 

plasmid transformation. To gain insight into the role of RecX and RecU proteins during natural 

transformation, the mechanism of RecA nucleation and nucleoprotein filament extension in the presence 

of SSBs (SsbA, SsbB) and RecX (Chapter 3) or RecU (Chapter 4), was investigated in vitro. In 

addition, the competence-specific DprA protein was studied as a possible(s) facilitator(s) that reverses 

the RecX and/or RecU effects during natural transformation. 

 Results obtained in this thesis show that: (i) the sequence divergence barrier prevents B. subtilis 

chromosomal transformation in a biphasic mode, suggesting two mechanisms of integration of DNA 

divergent sequences. Sequence divergence up to 15%, provides a barrier to chromosomal 

transformation, which decreases logarithmically whereas the length of the integrated DNA is reduced 

arithmetically, involving a homology-dependent RecA-mediated DNA strand exchange mechanism. 

However, when sequence divergence is greater than 15%, the length of the integrated DNA is 

independent of sequence divergence and homology-facilitated illegitimate recombination mechanism 

might account for the chromosomal transformants; (ii) the absence of the MMR proteins makes only a 

marginal contribution to the first mechanism, but it enhances the second one. (iii) ~23% sequence 

divergence should provide the limit to restore inactivated genes by transformation; (iv) RecA can 

catalyze bidirectional DNA strand exchange; (v) RecX and RecU positively contribute to plasmid 

transformation and negatively contribute to chromosomal transformation by regulating RecA activities; 

(vi) the two-component mediator, DprA-SsbA, contributes to the formation of an active RecA filament 

which directly antagonizes the inhibitory effect of RecX during chromosomal transformation; (vii) 

DprA alone is necessary and sufficient to counteract the negative effect of RecU on RecA during 

chromosomal transformation and (viii) during plasmid transformation, RecX and/or RecU promote 

RecA disassembly from the heterologous (plasmid) DNA and DprA promotes strand annealing upon 

binding to the complementary strands.
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La transformación natural se clasifica en transformación cromosómica y transformación 

plasmídica. Durante la transformación cromosómica, el ssADN internalizado es integrado en el 

cromosoma homólogo recipiente via recombinación homóloga mediada por RecA, mientras que durante 

la transformación plasmídica, el ADN plasmídico heterólogo puede ser reconstruido a su forma de 

dsADN mediante proteínas que catalizan anillamiento de cadenas y replicación, en un proceso 

independiente de RecA. Los dos primeros capítulos de esta tesis se centraron en el estudio de: (i) el 

impacto de las secuencias divergentes de ADN como barrera a la recombinación genética interespecies 

(Capítulo 1) y (ii) si las proteínas del sistema de reparación de bases desapareadas (MMR), MutSL, 

regulan la recombinación genética entre secuencias divergentes de ADN (Capítulo 2) durante la 

transformación cromosómica natural en la bacteria Bacillus subtilis, perteneciente al filo Firmicutes. 

Análisis genéticos previos han mostrado que: (i) la ausencia de la proteína RecA bloquea la 

transformación cromosómica pero no afecta a la transformación plasmídica; (ii) la proteína RecU tiene 

un papel en transformación plasmídica y (iii) las proteínas DprA y RecX, son cruciales tanto en 

transformación cromosómica como en plasmídica. Para aumentar nuestro conocimiento acerca del papel 

de las proteínas RecX y RecU durante la transformación natural, el mecanismo de nucleación y 

filamentación de RecA en presencia de SSBs (SsbA, SsbB) y RecX (Capítulo 3) o RecU (Capítulo 4), 

fue estudiado in vitro. Además, se estudió si la proteína específica de competencia, DprA, podría revertir 

el efecto negativo de estos moduladores. 

  Los resultados obtenidos en esta tesis muestran que: (i) la divergencia de secuencias previene la 

transformación cromosómica de B. subtilis en un modo bifásico, sugiriendo dos mecanismos distintos 

de integración de ADN divergente. Secuencias con hasta un 15% de divergencia, proveen una barrera a 

la transformación cromosómica, la cual disminuye logarítmicamente mientras que la longitud del ADN 

integrado se reduce aritméticamente, mediante un mecanismo de intercambio de cadenas dependiente 

de homología mediado por RecA. Sin embargo, cuando la divergencia de secuencia es superior a 15%, 

la longitud del ADN integrado es independiente de la divergencia de secuencia, pudiendo ser la 

recombinación ilegítima facilitada por homología el mecanismo responsable de la integración en este 

caso; (ii) la ausencia de las proteínas de MMR, contribuye marginalmente al primer mecanismo, pero 

promueve el segundo. (iii) ~23% de divergencia de secuencia debería proporcionar el límite para 

restaurar genes inactivados por transformación; (iv) RecA puede catalizar el intercambio de cadenas de 

ADN de manera bidireccional; (v) RecX y RecU contribuyen positivamente a la  transformación 

plasmídica pero negativamente a la cromosómica; (vi) el mediador DprA-SsbA, contribuye a la 

formación de un filamento de RecA activo que directamente antagoniza el efecto negativo de RecX 

durante la transformación cromosómica; (vii) DprA es necesario y suficiente para revertir el efecto 

negativo de RecU sobre RecA durante la transformación cromosómica y (viii) durante la transformación 

plasmídica, RecX y/o RecU promueven el desensamblaje de RecA del ADN heterólogo (plasmídico) y 

DprA promueve el anillamiento de las cadenas complementarias uniéndose a ellas.
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1.1 Horizontal gene transfer mechanisms: conjugation, transduction and natural 

transformation 

 Unlike eukaryotic cells, bacteria do not have sexual reproduction, but they exchange genetic 

information by horizontal gene transfer (HGT). HGT, which is the major factor in the evolution of 

prokaryotes, allows the acquisition of new genetic information that cannot be obtained through 

mutational processes alone (Kidane et al., 2012, Takeuchi et al., 2014). By HGT, novel genes and 

functions are acquired, so that stochastic and irreversible deterioration of genomes in asexual 

populations known as Muller’s ratchet is prevented (Takeuchi et al., 2014). HGT allows bacteria to 

adapt changing environmental conditions by promoting the spread of metabolic pathways, antibiotic 

resistance and virulence genes of both episomal and chromosomal origin, facilitates antigen variation to 

escape vaccine action, leads to non-clonal population structure, etc. (Kidane et al., 2012, Takeuchi et 

al., 2014, Johnston et al., 2014). HGT occurs via three basic mechanisms: conjugation, transduction and 

natural transformation (Kidane et al., 2012, Takeuchi et al., 2014, Chen and Dubnau, 2004). Conjugation 

and transduction involve the transfer of linear single-stranded (ss) DNA (subsequently converted to 

double-stranded [ds] DNA) and linear dsDNA between cells, respectively. In both cases, the transfer is 

mediated by episomes (conjugative plasmids or transposons, infectious viruses or virus-like particles as 

pathogenicity islands, etc.) (Kidane et al., 2012, Takeuchi et al., 2014, Chen et al., 2005). Natural 

transformation, by contrast, is a bacterial programmed mechanism that is mediated by natural 

competence systems encoded in the genomes of many bacteria and involves the acquisition of long 

linear ssDNA (Takeuchi et al., 2014, Johnston et al., 2014, Chen and Dubnau, 2004, Chen et al., 2005). 

Identification of the factors that contribute to the transfer of antibiotic resistance genes, is an 

important unanswered problem in evolutionary biology. Furthermore, the human and economic cost of 

increased antibiotic resistance is enormous, and basic information is needed to intercept this spread. To 

understand the molecular basis of natural transformation, the Firmicutes competent bacterium Bacillus 

subtilis, has been used as a model organism in this thesis. 

1.2 Natural transformation: competence development and chromosomal and 

plasmid transformation 

For natural transformation to occur, bacterial cells must first develop a programmed physiological 

state called competence. Competence development allows cells to take up DNA from the environment 

(Kidane et al., 2012, Takeuchi et al., 2014, Johnston et al., 2014, Chen and Dubnau, 2004, Chen et al., 

2005, Thomas and Nielsen, 2005, Yadav et al., 2012, Yadav et al., 2013). In several bacterial species, 

such as Neisseria gonorrhoeae, natural competence is constitutively expressed, while in others it is 

stochastically induced and time-limited in response to specific environmental conditions such as altered 

growth conditions, nutrient access, cell density or starvation. In B. subtilis cells, competence develops 
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by starvation of critical nutrients in 10-15% of the cells in a culture being the competence window longer 

than in Streptococcus pneumoniae (bacteria also from phylum Firmicutes), in which competence 

increases abruptly and simultaneously in all cells. 

Limited competence in B. subtilis is attributed to stochastic fluctuations in cellular levels of the 

master competence regulator ComK, resulting in bistability (Kidane et al., 2012, Johnston et al., 2014, 

Chen and Dubnau, 2004, Chen et al., 2005, Thomas and Nielsen, 2005, Yadav et al., 2012, Yadav et al., 

2013).  

In B. subtilis, the genetically programmed competent cells have distinct physiological 

characteristics which include the transient inability to synthesize DNA or undergo cell division as well 

as the expression of more than 150 proteins, with at least 20 polar-localized membrane-associated and 

cytosolic specific proteins. The membrane-associated competence proteins built the DNA uptake 

machinery at one of the cell poles (Kidane et al., 2012, Johnston et al., 2014, Chen and Dubnau, 2004, 

Chen et al., 2005, Thomas and Nielsen, 2005, Yadav et al., 2012, Yadav et al., 2013). The DNA uptake 

apparatus binds environmental dsDNA, degrades one of the strands, and transports the other strand 

(independently of its nucleotide sequence and polarity) through the cell wall and the membrane into the 

cytosol (Fig 1B). The competence-induced cytosolic proteins protect the internalized ssDNA and 

facilitate RecA nucleation and RecA-ssDNA filament formation (Fig 1B, RecA-loading) (Kidane et al., 

2012, Johnston et al., 2014, Chen and Dubnau, 2004, Chen et al., 2005, Thomas and Nielsen, 2005, 

Yadav et al., 2012, Yadav et al., 2013, Vagner et al., 1990). Depending on whether the incoming DNA 

shares or not homology with the recipient DNA, different mechanisms occur, and natural transformation 

is mainly classified as chromosomal (Fig 1B1) and plasmid transformation (Fig 1B2), respectively.  

During chromosomal transformation, ssDNA is integrated onto the homologous recipient 

chromosome (Fig 1B1) via RecA-mediated homologous recombination. The internalized ssDNA 

replaces homologous (or partially homologous) chromosomal sequences in a mechanism catalyzed by 

the bacterial recombinase RecA with the help of accessory factors (see 1.6). RecA filamented on the 

incoming ssDNA searches for homology and then invades the homologous recipient dsDNA (Fig 1B1, 

Strand invasion). The displacement of the non-complementary strand from the duplex generates a 

displaced loop (D-loop) (Fig 1B1), while the complementary strand of the DNA duplex is transferred 

to the originally bound ssDNA in a reaction catalyzed by RecA known as DNA strand exchange (DSE). 

It is believed that RecA extends the length of the recombining DNA (Fig 1B1, D-loop extension) and 

then, an uncharacterized D-loop resolvase should cleave the one or two-ended D-loop. Gap filling by 

DNA polymerase I and joining of the donor marker by DNA ligase would generate the recombinant 

product (Fig 1B1, D-loop processing). Additionally, after the one-ended D-loop processing, the 

displaced recipient strand should be resected (Fig 1B1b, End-resection)  (Kidane et al., 2012). 
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 If the incoming linear ssDNA is oligomeric and shares no homology with recipient but has a self-

replication potential (an episome), it can be reconstituted into its dsDNA form using recombination and 

replication proteins in a RecA-independent manner and circularized using its terminal redundancy 

Figure 1. Recombinational repair and genetic recombination. (A) During DNA damage repair, the RecN-PNPase-SsbA 

complex recognizes the DNA damaged ends (Damage-recognition) and promotes basal resection. The AddAB or the RecJ-

RecQ/RecS-SsbA complex resects the ends of DSBs and the latter of SSGs to provide a 3'-tailed duplex (End-resection). RecO 

(or RecO-[RecR] in vivo) loads RecA onto SsbA-coated 3′-tailed duplex (RecA loading), and then, RecA filament length is 

modulated by RecF, RecX and RecU. RecA catalyzes strand invasion of DNA (Strand invasion), generating a D-loop. The 

invaded strand then primes DNA synthesis using the intact homologous chromosome as a template to restore genetic material lost 

by resection (D-loop extension) (A1 and A2). During SSG repair (A1), after synthesis of the DNA complementary to the 

damaged, a reversion template switch is produced (A1, Reversion template switch). During DSB repair (A2), RecO-SsbA-

mediated second end-capture leads to the formation of a double HJ (A2, step a). RecU, in concert with the RuvAB branch 

migrating translocase, catalyzes the resolution of the double HJ (A2, step b) or a RecQ-like helicase, in concert with Topo III, 

dissolves the double HJs (A2, step c). Relative to the orientation of the cleavage, cross-over (CO) or non-crossover (NCO) 

products can be generated. Alternatively, in A2, a SDSA reaction (A2, step d) can produce NCO products. (B) During natural 

transformation, the uptake apparatus is built at one of the cell poles where binds, nicks and cleavages dsDNA from the 

environment, internalizing one of the strands as linear ssDNA (DNA uptake). RecA is loaded onto SsbA-coated ssDNA by 

DprA (or RecO in the dprA context in vivo) (RecA loading), and then, RecA filament length is modulated by RecF, RecX and 

RecU. (B1) During chromosomal transformation, the RecA NPF catalyzes DNA strand invasion (Strand invasion), generating 

a D-loop. Then, the D-loops are extended (D-loop extension, denoted by pointing arrows), and an uncharacterized resolvase 

cleaves the displaced strand (D-loop processing, arrow head), which is then degraded. (B2) During plasmid transformation, 

the ssDNA is converted into its duplex form via annealing of the two independently internalized complementary strands (B2, 

step a) or via DNA synthesis (initiated at the primosome assembly site, pas) to generate a strand with the opposite polarity 

(broken line) (B2, step b). Then, the annealing of the terminal redundant DNA ends (Strand annealing of redundant ends) 

allows circularization of the oligomeric plasmid DNA (B2, steps a-b). In a final step, the oligomeric plasmid molecule is 

converted into a monomer (B2, Resolution/Dissolution). Orange color for proteins involved in both (A) and (B); purple color 

for proteins specific to steps (A) or (B). 
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(plasmid transformation) (Fig 1B2). However, the molecular bases of plasmid establishment are poorly 

understood, and two models (represented in Fig 1B2a and Fig 1B2b, respectively) which require 

different degree of DNA single strand annealing (SSA) are still under evaluation. One model predicts 

that the DNA uptake machinery first internalizes independently the Watson and the Crick strands of an 

oligomeric plasmid particle (plasmid molecule longer than the monomer length) (Fig 1B2a, Annealing 

of complementary strands). The other model predicts that only a linear ssDNA multimer is internalized 

and DNA synthesis, which is initiated at a primosome assembly site (pas site), generates the strand with 

the opposite polarity (Fig 1B2b, de novo synthesis). Then, in both models, the duplex molecule is 

circularized by SSA of the terminal redundant ends (Fig 1B2, Strand annealing of redundant ends). In 

a final step, the oligomeric plasmid molecule is converted into a monomer (Fig 1B2, 

Resolution/Dissolution) (Kidane et al., 2012, Cardenas et al., 2012). Since less than 300-bases of newly 

synthesized DNA are present in an average recombinant molecule during the transient stage of natural 

competence (Weinrauch and Dubnau, 1987), plasmid transformation has a two-hit kinetics, and 

plasmids with or without a pas site or lagging strand origin of replication transform competent cells with 

a similar efficiency (Kidane et al., 2012), the second model is favored. 

Genetic data show that in a recA deletion mutant (referred as ∆recA), chromosomal 

transformation is blocked, whereas plasmid transformation is only marginally (<3-fold) affected 

compared with the wild type (rec+) strain (see Table 1) (Kidane et al., 2012).    

Table 1. Efficiency of natural chromosomal and plasmid transformation in B. subtilis single mutant competent cells 

Relevant genotypea 

Normalized 

chromosomal 

transformation 

Normalized 

plasmid 

transformation 

rec+ 100 100 

recA <0.01 98 

ssbB 5-20 ND 

dprA 1-10 2 

recO 56 2.9 

recF15 71 96 

recR 69 94 

recX 0.5 1.8 

recU 53 3 

ruvAB 78 37 

aAll strains are isogenic with BG214 (rec+). The genotype of the parental strain is trpCE metA5 amyE1 ytsJ1 rsbV37 xre1 

xkdA1 attSP attICEBs1. Competent B. subtilis cells auxotrophic for methionine were transformed with 0.1 μg of chromosomal 

DNA from the prototroph SB19 strain to met+ or pUB110 plasmid DNA to NmR. The yield of met+ (chromosomal 

transformation) and neomycin resistant (NmR) transformants (plasmid pUB110 transformation) expressed in colony forming 

units (CFU) was corrected for DNA uptake and cell viability, and the values obtained were normalized relative to that of the 

rec+ strain, recorded as 100. The results are shown as mean ± 10% SEM of at least seven independent experiments. ND, not 

determined (Kidane et al., 2012, Yadav et al., 2013, Yadav et al., 2012, Cardenas et al., 2012). 
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In addition to chromosomal and plasmid transformation, depending on the presence or not of 

complementarity between the incoming ssDNA and the recipient dsDNA, two additional events might 

take place. On the one hand, when the incoming ssDNA shows complementarity with recipient dsDNA, 

but the homologous segments are used to reconstitute an autonomous replicating molecule (without 

integration, in contrast to chromosomal transformation), the event is termed plasmid facilitation. 

Contrarily, if the incoming linear ssDNA is monomeric, contains an autonomous replication origin, does 

not show homology with recipient and only contains internal repeats, the event is called monomeric 

activation. Monomeric plasmid ssDNA is inactive in transforming B. subtilis cells, but it transforms in 

competent cells of some species (i.e., S. pneumonie). Plasmid facilitation and monomeric activation are 

RecA-dependent and partially RecA-dependent processes, respectively (Kidane et al., 2012). 

1.3. DNA divergent sequences as an interspecies barrier to genetic recombination 

during natural chromosomal transformation 

 HGT allows the acquisition of genetic diversity (novel genes and functions) that cannot be 

obtained through mutational processes alone. Due to these facts, HGT has a central role in the evolution 

and spread of antibiotic resistance and pathogenicity traits (Johnston et al., 2014, Kidane et al., 2012, 

Takeuchi et al., 2014). However, we have a limited understanding about the contribution of the HGT to 

trait variation within a species, how selection pressures affect speciation, and how recombination rates 

are regulated. It has been proposed that speciation (generation of permanently distinct clusters of closely 

related bacteria) could occur, not because of fundamental ecological constraints or geographic 

separation, but rather as a consequence of recombination failing more frequently between divergent 

DNA sequences than between those that are similar (Fraser et al., 2007). 

 The genetic recombination (GR) efficiency depends on the degree of sequence divergence 

between incoming DNA relative to the host chromosome, and on the HGT mechanism (transduction, 

conjugation or natural transformation; see 1.1). About 3% sequence divergence is sufficient to decrease 

virus-mediated transduction efficiency around ~106-fold, however, greater sequence divergence is 

needed (15-16%) to reduce conjugation or chromosomal transformation by ~103-fold (Rayssiguier et 

al., 1989, Fraser et al., 2007, Zawadzki et al., 1995). The HGT mechanism also determines how the 

recombination, restriction modification, and mismatch repair (MMR) systems act on genetic exchange 

between DNA substrates (Fraser et al., 2007, Rayssiguier et al., 1989, Zawadzki et al., 1995). The 

absence of MMR proteins MutS or MutL increases interspecies viral transduction (up to 3% sequence 

divergence) or conjugation (up to 16%) by ~103-fold (Rayssiguier et al., 1989, Matic et al., 1995, Zahrt 

et al., 1994). In contrast, the MMR proteins are only marginally effective at preventing natural 

chromosomal transformation between linear donor ssDNA and recipient supercoiled dsDNA sequences 

with up to ~15% divergence (Meier and Wackernagel, 2005, Young and Ornston, 2001). The first two 

chapters of this thesis are focused on the study of: (i) the impact of the DNA divergent sequences as an 
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interspecies barrier to GR (Chapter 1) and (ii) if mismatch repair (MMR) system proteins, MutSL, 

regulate GR between divergent DNA sequences (Chapter 2) during natural chromosomal 

transformation in B. subtilis. 

1.3.1 DNA sequences divergence provides a barrier to interspecies genetic recombination 

 During chromosomal transformation, RecA polymerizes on the internalized linear ssDNA and 

searches for an identical segment in the chromosome. When a minimum efficient processing segment 

(MEPS) is identified, it initiates strand invasion, forming a D-loop (see 1.2). Divergence between 

recombination substrates reduces recombination rate by reducing the number of available MEPSs. The 

MEPS necessary to allow successful RecA-mediated chromosomal transformation is predicted to be 

>40 bp in the non-naturally transformable bacteria Escherichia coli (McIlwraith and West, 2001) and 

25 to 30 bp in B. subtilis (Majewski and Cohan, 1999). In vitro, both B. subtilis and E. coli RecA need 

at least 9-bp threshold of identity to have a stable interaction and ~26-bp to be able to promote base 

pairing  (Hsieh et al., 1992, Majewski and Cohan, 1999, Matic et al., 1995, Yang et al., 2015, Kidane et 

al., 2012). In Chapter 1, the impact of DNA divergent sequences as an interspecies barrier to GR during 

natural chromosomal transformation in B. subtilis, was studied.  

  In exponentially growing E. coli cells, ~99% of the recombination events occurring at double 

strand breaks (DSB) require the RecBCD enzyme (functional counterpart of Firmicutes AddAB) for the 

generation of a 3'-tailed duplex (see 1.5.1). The 3'-end dsDNA indirectly determines the direction of 

filament extension and the polarity of the substrate for RecA-mediated recombination during 

conjugational recombination and canonical DSB repair (Cox, 2007a, Dillingham and Kowalczykowski, 

2008). However, during natural B. subtilis chromosomal transformation, the incoming ssDNA shows no 

polarity (see 1.2) (Chen et al., 2005, Chen and Dubnau, 2004, Johnston et al., 2014, Kidane et al., 2012, 

Thomas and Nielsen, 2005, Yadav et al., 2013, Yadav et al., 2012). The absence of end resection during 

natural transformation in B. subtilis presents the possibility that RecA could catalyze DSE reaction in 

both polarities, 5'→3' and/or 3'→5' direction. In addition, in Chapter 1, it was investigated whether 

RecA can catalyze bidirectional DSE, and if RecA-mediated recombination requires homology at each 

DNA end for an efficient DSE.  

1.3.2 Mismatch repair system in B. subtilis: MutS and MutL proteins 

The MMR system is responsible for detecting and replacing misincorporated nucleotides during 

DNA replication (Lenhart et al., 2016, Tham et al., 2016). E. coli MMR is initiated by the mismatch 

sensing protein MutS (referred to here as MutSEco). ADP-bound MutSEco specifically recognizes a 

mismatch. Upon mismatch binding, adenosine diphosphate (ADP) is exchanged for adenosine 

triphosphate (ATP), producing a conformational change in MutSEco converting it to a sliding clamp, 

which results in mismatch release and diffusion along the DNA helix in search of MutLEco. This allows 
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complex formation with homodimeric MutLEco. A third principal component of MMR in E. coli is the 

restriction endonuclease protein MutHEco. Interaction of the MutSEco-MutLEco sliding clamp complex 

with MutHEco triggers ATP binding by MutLEco that enhances the endonuclease activity of MutHEco. 

Upon activation, MutHEco specifically nicks the unmethylated strand of the hemimethylated d(GATC) 

site. The E. coli combination of the Dam methylase and MutH activities provides a signal that directs 

the MMR pathway to the nascent strand in a process termed strand discrimination (Lenhart et al., 2016, 

Tham et al., 2016). 

Figure 2. Model for MutL recruitment and endonuclease activation in most bacteria. (A) MutS is targeted to search DNA 

through interaction with the -clamp (DnaN). (B) Following mismatch recognition, MutS recruits MutL to the mismatch and 

converts into a sliding clamp that searches for a strand discrimination signal. (C) MutL interacts with the -clamp (DnaN), 

likely positioning and stimulating the endonuclease activity of MutL to incise the DNA (Lenhart et al., 2016).  

 However, like most bacteria and all eukaryotes, Bacillus species lack MutH and Dam methylase 

orthologs. Instead of the MutH endonuclease activity, most prokaryotic and eukaryotic MutL homologs 

contain a highly conserved endonuclease site and the matchmaker activity on MutS. In B. subtilis, MutS 

is targeted to identify mispairs through interaction with the replication processivity clamp DnaN (-

clamp) (Fig 2A). After mismatch identification, MutS recruits MutL to mismatch-proximal DNA (Fig 

2B). Then, MutL interacts with DnaN (-clamp) to nick the nascent strand (Fig 2C). The mechanism 

that orients MutL to the nascent strand is unknown (Lenhart et al., 2016). In addition to MutS, B. subtilis 

encodes a MutS paralog of 785 amino acids called MutS2. MutS2 lacks the domain involved in 

mismatch recognition and the C-terminal unstructured region involved in -clamp (DnaN) binding, two 

functions that are important for MMR (Burby and Simmons, 2017). In Chapter 2 it was studied whether 

MMR system proteins, MutSL, regulate GR between divergent DNA sequences, during natural 

chromosomal transformation in B. subtilis. 

1.4 RecA 

 Recombinases from the RecA family are the most highly conserved DNA repair proteins. Within 

the family members are included the bacterial RecA, the archaeal RadA, and the eukaryotic Rad51 as 

well as the meiosis-specific recombinase Dmc1 (Kidane et al., 2012, Carrasco et al., 2008, Lee et al., 

2017). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/adenosine-triphosphate
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/endonuclease
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1.4.1 Recombination reaction catalyzed by RecA 

 Recombination reactions catalyzed by the RecA family of proteins, contribute to the repair of 

single strand gaps (SSG) (Fig 1A1) and DSBs (Fig 1A2) by recombinational repair (RR), rescue stalled 

or collapsed replication forks, facilitate meiotic cross-overs in eukaryotes, and facilitate genetic 

exchanges during HGT by GR (Fig 1B1) (Lee et al., 2017, Baitin et al., 2008, Cox, 2007a). In addition 

to its role in recombination, bacterial RecA proteins are involved in the activation of the bacterial SOS-

response. Upon binding to ssDNA, the coprotease activity of RecA is activated promoting the auto-

cleavage of the LexA repressor. In the absence of the LexA repressor, the transcription of a set of genes 

is turned on (induction of the SOS response regulon) (Lovett and Roberts, 1985, Steffen et al., 2002, 

Carrasco et al., 2008, Steffen and Bryant, 1999, Bennett et al., 2009, Lioy et al., 2012, Yakimov et al., 

2017, Qin et al., 2015, Yasuda et al., 1998). 

 During recombination, RecA binds to the ssDNA (Fig 1A-B, RecA loading) and the RecA 

nucleoprotein filament (NPF) invades a homologous dsDNA (Fig 1A-B1, Strand invasion). This entails 

in the displacement of the non-complementary strand from the duplex generating a D-loop while the 

complementary strand of the DNA duplex is transferred to the originally bound ssDNA (see 1.2). ATP 

is hydrolyzed by RecA during this reaction. The resulting intermediate can be channeled through a 

number of alternative pathways (Fig 1A-B1) (Cox, 2007a, Lee et al., 2017). 

1.4.2 RecA nucleation and nucleoprotein filament formation on protein-free ssDNA in the 

presence of ATP and dATP  

 RecA family members are ATP-dependent DNA-binding proteins that form extended right-

handed helical filaments and hydrolyse ATP or deoxyadenosine diphosphate (dATP) in a ssDNA-

dependent manner. The DNA inside a RecA filament is extended by 50–60% and underwound to ~18 

base pairs (bp) per turn, covering each RecA subunit 3-nt or 3-bp. Crystal structures of artificial RecA-

ssDNA and RecA-dsDNA reveal that the bound DNA is organized into near B-form base triplets 

separated by ~8 Å between adjacent triplets (Baitin et al., 2008, Carrasco et al., 2008, Cox, 2007a, Lee 

et al., 2017).  

 RecAEco folds into three domains: (i) the core domain, which contains the ATP binding site and 

part of the ssDNA binding site; (ii) the C-terminal domain involved in the binding of dsDNA and (iii) 

the N-terminal domain which folds into an -helix that packs against the neighboring subunit in the 

filament. RecAEco-filament assembly and disassembly occur in a 5'→3' direction. The NPF growth 

occurs primarily on the 3'-proximal end (see Fig 3A, step i) while dissociation occurs at the end that is 

opposite to that where assembly occurs (the 5'-end) (see Fig 3A, step ii). For assembly onto ssDNA, 

RecAEco requires the presence of ATP to undergo a transition between the states designated O (ordinary) 

and A (activated), respectively. Then, the A state is converted to a so-called P (pairing) state on dsDNA. 
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On the other hand, the RecAEco disassembly is coupled to ATP hydrolysis. RecAEco is able to carry out 

D-loop-formation and DSE reactions in the absence of ATP hydrolysis, although ATP hydrolysis greatly 

improves the efficiency of long strand exchange reactions. ATP hydrolysis renders the DSE reaction 

unidirectional, in the 5'→3' direction relative to the strand that is first bound by the RecAEco filament. 

When ATP analogues, that cannot be or are slowly hydrolyzed, are substituted for ATP (i.e., ATPS), 

the filaments can in principle grow in both directions (albeit not necessarily at the same rate). Eukaryotic 

Rad51 promotes the DSE reaction in either the 5'→3' or 3'→5' direction (Cox, 2007a, Lisboa et al., 

2014), however, the polarity of the DSE reaction catalyzed by RecA from B. subtilis (from now on 

referred as RecA) is poorly understood and it was investigated in Chapter 1. 

 RecA is a 347-residue long protein which shares a high degree of identity with RecAEco in the 

first 322-residue (62%), but low identity at the C-terminal region. Like RecAEco, RecA assembly needs 

the presence of a nucleotide co-factor, ATP or dATP ([d]ATP) (Fig 3A, step i), while the disassembly 

is coupled to hydrolyzation of this nucleotide (Fig 3A, step ii). When slowly hydrolyzable ATP 

analogues, (i.e., ATPS) are used to substitute for ATP, the RecA NPF can grow but it cannot 

disassemble (Carrasco et al., 2008, Cox, 2007a). RecA NPF formation occurs in two steps. First, RecA 

monomers are bound slowly onto the ssDNA in a step called nucleation (Fig 3A, step i). Then, RecA 

undergoes a structural conformation and the NPF extends rapidly, adding new subunits in a second step 

known as filament extension (Fig 3A, step ii).  

 In vitro, RecA from Firmicutes competent bacteria (i.e., B. subtilis, S. pneumoniae) shows higher 

activity with dATP than with ATP as the nucleotide co-factor (Fig 3B). RecA in the dATP∙Mg2+ bound 

form (referred to here as RecA∙dATP), adopts an active state with a greater affinity for ssDNA and a 

Figure 3. RecA nucleation and filament extension 

with ATP or dATP as a nucleotide co-factor. (A) 

RecA NPF formation occurs in two steps, (i) nucleation, 

the first monomers are bound slowly on the ssDNA and 

(ii) filament extension, the addition of new monomers is 

faster by cooperativity. The RecA assembly needs the 

binding of a nucleotide co-factor, ATP or dATP 

([d]ATP), and occurs at  ([d]ATP), and occurs at the 3'-end of the NPF whereas disassembly is coupled to the hydrolysis of the nucleotide and occurs 

at the 5-end of the NPF, therefore the NPF formation occurs in the 5'→3' direction. (B) RecA (0.8 µM equivalent to 1 RecA 

monomer/12 nt) was added to buffer A containing 5 mM dATP or ATP and the absence or presence of circular 3199-nt 

ssDNA (10 µM in nt). The (d)ATPase activity of RecA was measured for 30 min at 37 ºC. The broken line denotes the lag 

time in achieving the steady rate of dATP hydrolysis, separating nucleation and filament extension steps. 
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more highly cooperative polymerization onto ssDNA than RecA in the ATP∙Mg2+ bound form (referred 

to here as RecA∙ATP) (Carrasco et al., 2008, Lovett and Roberts, 1985, Manfredi et al., 2008, Ngo et 

al., 2013, Steffen et al., 2002, Yadav et al., 2013, Yadav et al., 2012, Yadav et al., 2014). 

At pH 7.5, RecA (1 RecA monomer/ 12 nucleotides [nt]) hydrolyzes dATP with a (catalytic 

constant, kcat) kcat of 18.2 ± 0.4 min-1 showing a delay to reach it of ~4 ± 0.5 min (Fig 3B). Under the 

same conditions, RecA hydrolyzes ATP with a kcat of 9.0 ± 0.3 min-1 without any apparent lag phase. 

The lag phase to reach the maximal rate of (d)ATP hydrolysis permits evaluation of the nucleation step 

whereas the kcat of the (d)ATP hydrolysis gives information about how RecA accessory proteins act at 

the polymerization step (Bell and Kowalczykowski, 2016, Cox, 2007a). The RecA nucleation time can 

be calculated from the time intercept of a linear regression line fit to the steady state portion of data in 

(d)ATP hydrolysis assays (Fig 3B, dashed line) (Yadav et al., 2014). RecA∙ATP nucleates and 

polymerizes on protein-free ssDNA but only promotes DNA pairing and it exhibits only a minor DSE 

activity in the absence of accessory factors. Similar results were observed when RecA∙ATP from other 

natural competent bacteria (i.e., S. pneumoniae [RecASpn] or Deinococcus radiodurans) was analyzed 

(Carrasco et al., 2008, Lovett and Roberts, 1985, Manfredi et al., 2008, Ngo et al., 2013, Steffen et al., 

2002, Yadav et al., 2013, Yadav et al., 2012, Yadav et al., 2014). RecA∙ATP cannot nucleate or 

polymerize in the SsbA- or SsbB-ssDNA complexes (see 1.6.1). The presence of DprA or RecO (see 

1.6.2) reverses the negative effect of SsbA or SsbB on RecA filament growth, and the presence of any 

of the two-components mediator (SsbA and DprA [see 1.6.2.a] or SsbA and RecO [see 1.6.2.b]) is 

necessary and sufficient to activate RecA·ATP to catalyze bidirectional DSE in vitro. The RecA NPFs 

must be activated because those formed in the presence of SsbB and DprA or RecO cannot be engaged 

in RecA-mediated DSE (Carrasco et al., 2016, Carrasco et al., 2015, Yadav et al., 2014, Carrasco et al., 

2008).  

Conversely, RecA∙dATP or RecASpn∙dATP is active to catalyze DSE even in the absence of 

accessory proteins, as RecAEco∙ATP does (Cox, 2007a, West et al., 1981, Kahn et al., 1981). Due to the 

similarities between RecAEco∙ATP and RecA∙dATP, it has been proposed that the RecA∙dATP 

transitional states could resemble those described previously for RecAEco∙ATP (Yadav et al., 2014, 

Carrasco et al., 2008, Cox, 2007a, Lovett and Roberts, 1985, Steffen et al., 2002, Manfredi et al., 2008, 

Grove et al., 2012) (Fig 4). In short, in the first state called ordinary state (O state), Apo-RecA cannot 

nucleate on ssDNA (Fig 4, step ii). When RecA binds dATP∙Mg2+ denoted as RecA∙dATP, it forms the 

active state (A state) that can nucleate on the SSB-coated ssDNA. RecA∙dATP upon nucleation 

undergoes a second functional transition, which allows efficient displacement of SSBs and 

polymerization on the ssDNA (Fig 4, step iii). RecA∙dATP by binding to dsDNA acquires a third 

structural transition state (P state) that can catalyze DNA pairing (Fig 4, step iv) and DSE (Fig 4, step 

v) with high efficiency. The addition of DprA, SsbA, or SsbB marginally stimulates RecA∙dATP-

mediated DSE reaction (~2-fold) when compared with RecA alone (Yadav et al., 2014). However, dATP 
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might not be the primary in vivo nucleotide co-factor used by RecA. Although the relative affinity of 

RecA for ATP or dATP is similar, the ATP pool is 100–500-fold higher than that of dATP (Bennett et 

al., 2009, Lioy et al., 2012, Steffen and Bryant, 1999). Even though RecA∙dATP has no physiological 

role, it was used in this thesis (in addition to RecA∙ATP) to dilucidate the effect of modulators (see 1.7) 

in RecA activities. 

1.5 RecA accessory proteins in recombinational repair and genetic recombination 

 Recombination can also have deleterious consequences, for example, recombination between 

repeated sequences in the genome could result in the deletion of essential genes. Because of this, the 

function of RecA needs to be highly regulated by a set of regulatory proteins, to ensure that the dynamic 

NPFs are assembled onto ssDNA only when homologous recombination is required (Baitin et al., 2008, 

Carrasco et al., 2008, Cox, 2007a, Kidane et al., 2012, Manfredi et al., 2008, Manfredi et al., 2010). The 

different accessory factors that assist RecA in this process can be divided into two broad classes; those 

that act before and those that act during the homology search and the DSE reaction, known as mediators 

Figure 4. Polymerization on DNA, pairing, and strand exchange mediated by RecA in the presence of dATP. The 

template for RecA∙dATP∙Mg2+ assembly in vivo is SsbB- or SsbA-coated ssDNA (step i). Based primarily on biochemical 

analyses, there are at least three significant functional stages of RecA. In the first state, RecA cannot bind ssDNA (apo RecA, 

dotted ovals, O state), but upon binding to dATP∙Mg2+, it forms the active state denoted as RecA-dATP (empty oval, A state) 

that can nucleate on the SsbB- or SsbA-coated ssDNA (step ii). RecA-dATP upon nucleation undergoes a second functional 

transition, which allows efficient displacement of SsbA and polymerization on the ssDNA (step iii). RecA-dATP by binding 

to dsDNA acquires a third structural transition state (filled squares, P state) that can catalyze DNA pairing (step iv) and DSE 

(step v). The overall reaction (denoted by an arrow) is reversible, and the length of the arrow denotes the preferred direction 

of the reaction (Yadav et al., 2014).  
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and modulators respectively. Mediators can be subdivided  into those that promote (DprA, RecO[R]), 

limit (SsbA,SsbB) or activate RecA nucleation to catalyze DSE in the presence of ATP (SsbA and DprA 

or RecO[R], two-component mediators) (Carrasco et al., 2016, Carrasco et al., 2015, Yadav et al., 2013, 

Yadav et al., 2012, Yadav et al., 2014). Modulators are divided into those that promote RecA NPF 

assembly (RecF) or disassembly (RecX, RecU) (Cardenas et al., 2012, Carrasco et al., 2005, Lee et al., 

2017). Some of these factors are specific for RR (RecF, RecR), GR (DprA, SsbB) or both (RecO, RecX, 

RecU) (see Fig 1). Some factors are conserved among bacteria (i.e., RecO), others are absent in B. 

subtilis (i.e., DinI, RdgC, PsiB, RecBCD) or in E. coli cells (i.e., RecU, RecD2). Finally, the role of 

some RecA accessory proteins is poorly understood (i.e., RarA, RadA/Sms) (Cardenas et al., 2012, 

Kidane et al., 2012, Carrasco et al., 2005, Yadav et al., 2013, Yadav et al., 2012). 

 In B. subtilis, RecA, SsbA, RecU, RecO, RecX and RadA/Sms are expressed during exponential 

growth, with RecA and SsbA also being transiently induced during competence. In contrast, SsbB and 

DprA are specifically induced during competence development. During natural transformation, RecA 

transiently localizes to the cell pole, and co-localizes with SsbA, SsbB, DprA, RecU and with the DNA 

uptake apparatus. RecO co-localizes with the DNA uptake apparatus in the presence of DNA, and RecX 

with the RecA threads (filamentous structures) observed during RecA-mediated homology search (see 

1.7.a) (Cardenas et al., 2012, Kidane et al., 2012, Yadav et al., 2013, Yadav et al., 2012). 

 How RecA is regulated during GR is little understood. However, the accessory proteins that 

regulate RecA during RR are well characterized (see 1.5.1). Combination of the knowledge about the 

accessory proteins of RecA that act during RR with genetic data, help to dilucidate the accessory proteins 

that could act during GR (see 1.5.2). Chapters 3 and 4, were focused on the study of the regulation of 

RecA assembly and disassembly by the negative RecA modulators RecX and RecU from B. subtilis 

during GR, as well as the reversal of their negative effects, in order to increase our knowledge about the 

RecA regulation.  

1.5.1 RecA accessory proteins in recombinational repair 

 In B. subtilis vegetative cells, when SSGs or DSBs are produced, one of the possible ways for 

repairing is via RR (Fig 1A). First, in the case of a DSB, the RecN protein, in concert with PNPase, 

recognizes the ends and promotes basal end processing (Fig 1A, Damage-recognition). If the ends 

already have an ssDNA region, SsbA binds to them. After the damage-recognition step, end-resection 

is necessary to produce a 3'-ssDNA tail which allows the RecA loading. End-resection can be catalyzed 

either by RecJ ssDNA exonuclease, in concert with a RecQ-like DNA helicase (RecQ or RecS) with 

SsbA stimulating the nuclease and helicase activities or by the AddAB (functional counterpart 

RecBCDEco) nucleases-helicase complex (Carrasco et al., 2015, Ayora et al., 2011, Alonso et al., 2013).  
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 Once a 3'-ssDNA tail or SSG is enlarged, SsbA binds to the ssDNA region, because of its high 

affinity to ssDNA and abundance. In vitro, RecO alone or in vivo the RecOR complex is necessary to 

promote the disassembly of SsbA and the loading of RecA onto SsbA-coated ssDNA. RecA-

polymerized onto SsbA-coated ssDNA invades a homologous duplex DNA (Fig 1A, Strand invasion) 

generating a D-loop intermediate. Then, the RecA modulators (RecF, RecX, RecU) control RecA NPF 

extension by poorly characterized mechanisms. The invading strand primes DNA synthesis using the 

intact homologous chromosome as a template (Fig 1A, D-loop extension). Up to this point, both SSG 

and DSB repair follow the same steps (Fig 1A) (Alonso et al., 2013, Ayora et al., 2011). 

 D-loop extension during SSG repair (Fig 1A1) uses temporarily the newly synthesized 

undamaged strand as a template for replication over the DNA lesions (template switch). Finally, a 

reversion template switch is produced (Fig 1A1, Reversion template switch) (Ayora et al., 2011, Alonso 

et al., 2013, Saugar et al., 2014). The D-loop intermediate during DSB repair (Fig 1A2) can be processed 

by three different mechanisms: Holliday Junction (HJ) resolution (Fig 1A2b), HJ dissolution (Fig 1A2c) 

or synthesis-dependent strand annealing (SDSA) (Fig 1A2d). In the first two mechanisms, after the D-

loop extension, a second-end is captured (Fig 1A2a). RecO-SsbA-mediated second-end capture leads 

to the formation of a double HJ (Alonso et al., 2013, Ayora et al., 2011). In the case of resolution (Fig 

1A2b, Resolution), the branch migrating enzymes (RecG or RuvAB) promote branch migration, until a 

cognate RecU cleavage site is exposed. Then, RecU catalyzes the resolution of the HJs. Depending on 

the orientation of the cleavage, cross-over (CO) or non-crossover (NCO) products can be generated. 

Alternatively, the double HJs can be dissolved by Topo III in concert with a RecQ-like (RecQ or RecS) 

generating NCO products (Fig 1A2c, Dissolution) (Alonso et al., 2013, Ayora et al., 2011).  

1.5.2 RecA accessory proteins in genetic recombination 

 During DNA damage repair, the dsDNA needs to be processed, to generate 3'-ssDNA for allowing 

the RecA loading (Alonso et al., 2013, Ayora et al., 2011). In contrast, during natural transformation, 

competent cells internalize only one of the strands as linear ssDNA (see 1.2) (Chen et al., 2005, Chen 

and Dubnau, 2004, Johnston et al., 2014, Kidane et al., 2012, Thomas and Nielsen, 2005, Yadav et al., 

2013, Yadav et al., 2012). In both cases (RR and GR) there is ssDNA in which RecA is loaded and the 

RecA NPF searches for homology and catalyzes DSE (Fig 1A-B). Based on this similarity, it has been 

proposed that the accessory proteins factors that regulate RecA during RR and GR could be the same 

(including in GR, in addition to the accessory proteins of RR, SsbB and DprA, which are specifically 

induced during competence) (Baitin et al., 2008, Cardenas et al., 2012, Carrasco et al., 2008, Cox, 2007a, 

Kidane et al., 2012, Lovett and Roberts, 1985, Manfredi et al., 2008, Manfredi et al., 2010, Yadav et al., 

2013, Yadav et al., 2012). Genetic data support this hypothesis (Table 1). 
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1.6 RecA accessory proteins during genetic recombination: mediators  

1.6.1 SSBs: the essential SsbA and the competent specific SsbB 

 It has been proposed that SSBs proteins (SsbA and SsbB) must be the first to bind incoming 

ssDNA as soon as it leaves the entry channel. With few exceptions (i.e., Helicobacter pylori and 

Campylobacter jejuni) naturally transformable bacteria express two SSB proteins (SsbA and SsbB), 

whereas the non-naturally transformable bacteria contain a single SsbA-like protein (i.e., SSBEco). Other 

bacteria (i.e., D. radiodurans) have another type of SSB protein (Cardenas et al., 2012, Carrasco et al., 

2008, Kidane et al., 2012, Yadav et al., 2013, Yadav et al., 2012, Manfredi et al., 2008). 

 SsbA is an essential 172-residue polypeptide involved in genome maintenance that shares a 

significant degree of identity with the DNA-binding N-terminal domain and protein-binding C-terminus 

of SSBEco. Little is known about the localization of the abundant SsbA (Cardenas et al., 2012, Carrasco 

et al., 2008, Kidane et al., 2012, Yadav et al., 2013, Yadav et al., 2012, Manfredi et al., 2008, Manfredi 

et al., 2010). 

 SsbB is a 113-residue polypeptide that shares 63% identity with the DNA-binding N-terminal 

domain of SsbA (amino acids 1–106) but lacks the characteristic C-terminal tail that mediates protein 

interactions in SsbA. The DNA-binding domain of SsbB is identical to SsbA, although the latter binds 

ssDNA with much greater affinity (>5-fold) than SsbB. Unlike the essential SsbA which acts during 

both RR and GR, SsbB is specifically induced during competence development therefore it is specialized 

for activity in GR. In vivo analysis show that SsbB is located at the DNA entry poles in competent cells 

and is in contact or close proximity with RecA, and DprA. However, the absence of SsbB only 

moderately reduces chromosomal transformation (5- to 20-fold) (see Table 1), suggesting that the 

essential SsbA, perhaps in concert with SsbB, might play a role in RecA nucleation (Cardenas et al., 

2012, Carrasco et al., 2008, Kidane et al., 2012, Manfredi et al., 2008, Yadav et al., 2013, Yadav et al., 

2012).  

 Like SSBEco, SsbA and SsbB are tetramers in solution and bind ssDNA as tetramers. Under 

physiological Mg2+ concentrations (<2 mM), the RecAEco or RecA protein is inactive for recombination 

activities, and the SSB proteins occlude 35-nt (SSB35 binding mode). Nevertheless, under optimal RecA 

conditions (10 mM Mg2+), the SSB proteins occlude 65-nt, with the ssDNA wrapping around all four 

subunits of the tetramer (SSB65) (Cardenas et al., 2012, Carrasco et al., 2008, Yadav et al., 2013, Yadav 

et al., 2012).  

 Depending on the order of protein addition, the SSBEco protein can either inhibit or enhance RecA 

nucleoprotein assembly, during nucleation or extension steps, respectively. SSBEco pre-bound to ssDNA 

inhibits RecAEco NPF formation. However, SSBEco added after RecAEco, melts the secondary structures 
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present in the ssDNA, thereby increase the binding of RecAEco to ssDNA and stimulates its ATPase, 

dATPase and DSE activities.  

 Unlike RecAEco, independently of the order of addition, saturating amounts of SsbA or SsbB block 

the ssDNA-dependent ATPase activity and reduce the dATPase activity of RecA in B. subtilis. 

RecA∙dATP is active to catalyze DSE and SsbA (and SsbB in less extent) added prior to RecA slightly 

stimulates the dATP-dependent DSE activity, whereas added after RecA greatly enhances the extent of 

DSE. However, RecA∙ATP cannot nucleate or polymerize in the SsbA- or SsbB-ssDNA (Baitin et al., 

2008, Carrasco et al., 2008, Cox, 2007a, Lovett and Roberts, 1985, Manfredi et al., 2008, Yadav et al., 

2014, Carrasco et al., 2015, Yadav et al., 2014). 

 However, RecA∙ATP cannot nucleate or polymerize in the SsbA- or SsbB-ssDNA and it needs 

the presence of DprA or RecO (facilitator proteins) (see 1.6.2) which reverses the negative effect of 

SsbA or SsbB on RecA filament growth. In addition, both in the presence and in the absence of SsbA 

or SsbB, RecA∙ATP is not able to catalyze DSE and the two-component mediator DprA or RecO and 

SsbA (but not DprA or RecO and SsbB) (see 1.6.2) is necessary and sufficient to activate RecA∙ATP to 

catalyze DSE (Baitin et al., 2008, Carrasco et al., 2008, Cox, 2007a, Lovett and Roberts, 1985, Manfredi 

et al., 2008, Yadav et al., 2014, Carrasco et al., 2015, Yadav et al., 2014). 

1.6.2 Facilitators proteins 

During GR, two proteins have been shown to facilitate DSE: DprA and RecO (Kidane et al., 2012, 

Yadav et al., 2014, Yadav et al., 2013, Yadav et al., 2012, Dillingham and Kowalczykowski, 2008). 

a) DprA. DprA (Smf or CilB) is a ubiquitous 297-residue long polypeptide which shares 44% 

identity with DprA from S. pneumoniae. DprA is specifically induced during competence development 

and it transiently localizes to the cell pole, where co-localize with the uptake machinery. DprA 

physically interacts with RecA, SsbB and SsbA in vivo, sharing localization at the cell pole with them. 

It has been proposed that DprA binds the 5'-end of the RecA filament by interacting with the N-terminal 

-helix and a DNA-binding region of RecA (see 1.4.2). E. coli cells have two DprA orthologous 

proteins, deleting of one (DprA or Smf) or both, the cells remain recombination proficient and 

apparently as capable of repairing DNA damage as wild type (wt) cells (Chen et al., 2005, Kidane et al., 

2012, Lisboa et al., 2014, Yadav et al., 2013, Yadav et al., 2012, Mortier-Barriere et al., 2007). 

In the absence of B. subtilis DprA, chromosomal and plasmid transformation are ~100 and ~50-

fold reduced (Table 1), respectively. Chromosomal transformation is blocked in the ∆recA ∆dprA 

(Table 2) context, as well as it ocurrs in ∆recA competent cells (Table 1), because chromosomal 

transformation is a RecA-dependent process. Plasmid transformation, however, is unaffected in ∆recA 

cells, but reduced by 200-fold in ∆recA ∆dprA cells (Table 2). These genetic data together suggest that 
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DprA plays an important role during both chromosomal and plasmid transformation which is confirmed 

by biochemical results (Cardenas et al., 2012, Kidane et al., 2012, Yadav et al., 2013, Yadav et al., 

2012). 

Table 2. Efficiency of natural chromosomal and plasmid transformation in B. subtilis doble mutant competent cells  

Relevant genotype 

Normalized 

chromosomal 

transformation 

Normalized 

plasmid 

transformation 

rec+ 100 100 

recA recU <0.01 44 

recA recO <0.01 44 

recA dprA <0.01 0.5 

recA recX <0.01 57 

dprA recO <0.01 <0.1 

recO recX <0.1 <0.1 

recF15 recX <0.1 <0.1 

All strains are isogenic with BG214 (rec+). The genotype of the parental strain is trpCE metA5 amyE1 ytsJ1 rsbV37 xre1 xkdA1 

attSP attICEBs1. Competent B. subtilis cells auxotrophic for methionine were transformed with 0.1 μg of chromosomal DNA 

from the prototroph SB19 strain to met+ or pUB110 plasmid DNA to NmR. The yield of met+ (chromosomal transformation) 

and neomycin resistant (NmR) transformants (plasmid pUB110 transformation) was corrected for DNA uptake and cell 

viability, and the values obtained were normalized relative to that of the rec+ strain, recorded as 100. The results are shown as 

mean ± 10% SEM of at least seven independent experiments. ND, not determined (Kidane et al., 2012, Yadav et al., 2013, 

Yadav et al., 2012, Cardenas et al., 2012). ND, not determined. 

 Biochemical data from the study of DprA show that: (i) DprA, which interacts with RecA both in 

vivo and in vitro (Mortier-Barriere et al., 2007, Yadav et al., 2013) facilitates RecA∙ATP filament 

extension on protein-free ssDNA to levels comparable with RecA∙dATP, but these RecA∙ATP NPF 

cannot engage DSE; (ii) DprA overcomes the negative effect exerted by stoichiometric SsbA or SsbB 

concentrations on RecA nucleation and filament formation, RecA∙ATP polymerizes on the 

DprA∙ssDNA∙SsbA complex with similar efficiency than on the DprA∙ssDNA∙SsbB complex; (iii) only 

DprA and SsbA (not DprA-SsbB) acting as a two-component mediator, are necessary and sufficient to 

activate RecA∙ATP to catalyze DSE, DprA and SsbA facilitate a fourth functional transition state of 

RecA∙ATP which is not necessary for RecAEco∙ATP or RecA∙dATP (see 1.4.2) and (iv) DprA mediates 

annealing of complementary strands coated by SsbB and/or SsbA (Yadav et al., 2013, Carrasco et al., 

2016, Yadav et al., 2014).  

 Taken together genetic and biochemical data, two distinct DprA activities have been suggested. 

The first activity is to facilitate RecA nucleation and RecA-ssDNA filament extension onto ssDNA 

coated with SsbA or SsbB and to promote RecA-mediated DSE, which is essential for RecA-dependent 

chromosomal transformation (Fig 1B1). The second activity of DprA is to mediate SSA of 

complementary strands coated by SsbA or SsbB. This second activity is required to facilitate the 
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annealing of complementary strands during plasmid transformation (Fig 1B2) (Yadav et al., 2013, 

Yadav et al., 2012, Yadav et al., 2014, Mortier-Barriere et al., 2007). 

b) RecO. RecO is a 255-residue-long polypeptide that has poor sequence identity, although 

similar length, with the RecOEco protein. Only the N-terminal region of RecO shares a low level of 

identity with RecOEco (29% in the first 164 amino acids of the 255-residue long polypeptide). RecOEco 

binds ssDNA and dsDNA, promotes SSA and only in concert with RecREco promotes RecAEco loading 

onto SSBEco-coated ssDNA (Manfredi et al., 2008, Manfredi et al., 2010). RecO (RecOEco) physically 

interacts with SsbA (SSBEco) both in vivo and in vitro through the C-terminal residues of SsbA (SSBEco) 

but interaction between RecO and SsbB (which lacks the C-terminal amphiphatic tail) has not been 

detected.  

Biochemical data from the study of B. subtilis RecO show that: (i) RecO facilitates RecA∙ATP 

filament extension on protein-free ssDNA to levels comparable with RecA∙dATP but these RecA∙ATP 

NPF cannot engage DSE; (ii) RecO overcomes the negative effect exerted by SsbA or SsbB (to a 

different extent) on RecA nucleation and filament formation, RecA·ATP nucleates and polymerizes on 

RecO∙ssDNA∙SsbA complexes more efficiently than on RecO∙ssDNA∙SsbB; (iii) only RecO and SsbA 

(not RecO-SsbB), acting as a two-component mediator are necessary and sufficient to activate 

RecA∙ATP to catalyze DSE, RecO and SsbA facilitate a fourth functional transition state of RecA∙ATP 

which is not necessary for RecAEco∙ATP or RecA∙dATP (see 1.4.2) and (iv) RecO mediates annealing 

of complementary strands coated by SsbA but not by SsbB, which could be explained by the absence of 

interaction between RecO and SsbB (Carrasco et al., 2016, Carrasco et al., 2015, Manfredi et al., 2008, 

Manfredi et al., 2010).  

In the absence of RecO, chromosomal transformation is marginally reduced (2-fold) (Table 1). 

Chromosomal transformation, however, is blocked in ∆drpA ∆recO cells (Table 2), suggesting that 

RecO, in the absence of DprA, likely works as the only available RecA mediator, contributing to RecA-

mediated chromosomal transformation. On the other hand, plasmid transformation is impaired (~30-

fold) in ∆recO as it occurs in ∆dprA cells (50-fold) (Table 1), while in ∆drpA ∆recO, plasmid 

transformation is drastically impaired (Table 2). These genetic data together suggest that RecO plays a 

central role in GR in addition to its role in RR (Kidane et al., 2012, Yadav et al., 2013, Yadav et al., 

2012).  

Taken together genetic and biochemical data, two distinct RecO activities have been suggested. 

The first activity is to facilitate RecA nucleation and RecA-ssDNA filament extension onto ssDNA 

coated with SsbA or SsbB and to promote RecA-mediated DSE. The second activity of RecO is to 

mediate SSA of complementary strands coated by SsbA, which is required to facilitate the annealing of 

complementary strands with subsequent dislodging of the SsbA protein during RecA-independent 
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plasmid transformation (Fig 1B2) (Carrasco et al., 2016, Carrasco et al., 2015, Kidane et al., 2012, 

Manfredi et al., 2010, Manfredi et al., 2008, Yadav et al., 2013, Yadav et al., 2012). 

1.7 RecA accessory proteins during genetic recombination: modulators 

a) RecX. RecX is a 264-residue polypeptide, which shares limited identity with RecXEco. RecXEco 

(166-residue polypeptide) is a modular protein consisting of three tandem repeats of three  helix motif 

(R11–3, R21–3 andR31–3). RecX lacks the first two repeated domains (equivalent to RecXEco R11 

and R12), however, the last 30 C-terminal residues might fold as three tandem -helix motifs, 

suggesting that it could also consist of seven -helix motifs (R11, R21–3 and R31–3) (Ragone et 

al., 2008, Cardenas et al., 2012).  

RecXEco is a RecAEco protein inhibitor which in vitro suppresses various RecAEco activities 

including its ssDNA-dependent ATPase activity and DSE at concentrations hundreds of times lower 

than that of the RecAEco itself. In vitro, RecXEco binds to the 3'-end of the RecAEco filament and inhibits 

RecAEco∙ATP filament extension by interacting with the C-terminal domain of one RecAEco subunit and 

the nucleotide-binding core of another (see 1.4.2). Details of the mechanism of RecXEco action, however, 

remain unclear and two possible models have been proposed. The first model suggests that RecXEco 

suppresses RecAEco filament extension on the DNA by blocking monomer polymerization (3'-end 

capping) by a passive RecA disassembly mechanism. The second model suggests that RecXEco interacts 

with RecAEco monomers randomly along the whole filament and provokes RecAEco dissociation at the 

site of interaction (active displacement) (Baitin et al., 2008, Cox, 2007a, Ragone et al., 2008, Yakimov 

et al., 2017).  

It has been shown that the RecFOREco complex antagonizes the RecXEco negative effect. RecFEco, 

which physically interacts with RecXEco, actively participates in the addition of RecA monomers to the 

NPF antagonizing the effect of RecXEco (Baitin et al., 2008, Cox, 2007a, Ragone et al., 2008, Yakimov 

et al., 2017).  

Genetic data suggest that B. subtilis RecX has a crucial role in natural transformation. In the 

absence of RecX, chromosomal and plasmid transformation are ~200 and ~50-fold reduced (Table 1), 

respectively. In the absence of both RecA and RecX (∆recA ∆recX), chromosomal transformation 

remains blocked but the absence of RecA partially suppresses the RecX requirement for plasmid 

transformation (Table 2). When plasmid or chromosomal dsDNA is added, RecA forms threads 

emanating from the ssDNA entry site towards the nucleoid. During competence development, RecX 

localizes transiently to the cell pole and also co-localizes with the RecA threads. In the absence of RecX, 

the metastable reversible RecA threads on the incoming ssDNA from the entry channel to the cell 

nucleoid are more stable (Cardenas et al., 2012, Kidane et al., 2012). These data suggest that RecX 
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modulates the fate of RecA NPF growth, which could be similar to RecAEco inhibition produced by 

RecXEco.  

However, the regulation of RecA nucleation and NPF extension by RecX during natural 

transformation, as well as the factor(s) that reverse(s) RecX activity, are poorly understood. To gain 

insight into the mechanism of RecA nucleation and NPF extension in the presence of SSBs, the role of 

the RecX protein was investigated in vitro in Chapter 3.  

b) RecU. RecU (206-residue polypeptide) is a genuine HJ resolving enzyme only present in 

bacteria of the Firmicutes phylum, in some phages and Archaeas. It is structurally unrelated to the 

RuvCEco HJ resolvase (Kidane et al., 2012, Ayora et al., 2004, McGregor et al., 2005). The structure of 

RecU has a mushroom-like appearance, with a cap and stalk region. Biochemical assays show that the 

stalk region of RecU, which penetrates the center of the HJ, interacts physically with RecA. In contrast, 

RecU interacts with the RuvB helicase through the flexible N-terminal end. RecU action is essential to 

resolve the HJs formed during RR being the only resolvase indetified in the cell so far (Fig 1A2b) (Cañas 

et al., 2011, Carrasco et al., 2005, Cañas et al., 2008, Carrasco et al., 2009). 

During competent development, RecU co-localizes with SsbB, DprA and RecA at the DNA 

uptake apparatus (see 1.5). In the absence of RecU, chromosomal transformation is marginally affected 

(~2-fold) but plasmid transformation is impaired (~35-fold) (Table 1), which suggests that RecU has a 

role during plasmid transformation (Cardenas et al., 2012, Kidane et al., 2012, Yadav et al., 2013, Yadav 

et al., 2012, Ayora et al., 2004).  

Purified RecU binds not only HJs but also to D-loop or three-way junction (3-WJ) DNA with 

higher affinity than ssDNA (Ayora et al., 2004, Cañas et al., 2011). During RR, RecU has at least two 

activities: (i) to recognize to cleave HJ recombination intermediates (see 1.5.1 and Fig 1A2b) and (ii) 

to modulate RecA·ssDNA filament extension (Fig 1A-B). Therefore, two types of RecU action can be 

envisioned during natural plasmid transformation. If RecU would have the first activity described during 

RR, the lack of RuvAB branch migration helicase would impair plasmid transformation like the absence 

of RecU does. However, the absence of RuvAB marginally reduced (<3-fold) both chromosomal and 

plasmid transformation (Table 1). If the role of RecU during plasmid transformation would be the 

regulation of RecA, the lack of RecA would overcome the need for RecU. Indeed, chromosomal 

transformation remains blocked in ∆recA ∆recU context but the absence of RecA partially suppresses 

the RecU requirement for plasmid transformation (Table 2). These genetic data suggest that the role of 

RecU in transformation is the regulation of RecA·ssDNA filament formation, and not the resolution of 

the recombination intermediates (Ayora et al., 2004, Dillingham and Kowalczykowski, 2008, Kidane et 

al., 2012, McGregor et al., 2005, Cañas et al., 2011). 
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Nevertheless, the regulation of RecA∙ATP nucleation and NPF extension by RecU during natural 

transformation, as well as the factor(s) that reverse(s) RecU activity, are poorly understood. To gain 

insight into the mechanism of RecA nucleation and NPF extension in the presence of SSBs, the role of 

the RecU protein was investigated in vitro in Chapter 4.  
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1. Study the impact of DNA divergent sequences as an interspecies barrier to genetic recombination, 

during natural chromosomal transformation in Bacillus subtilis. 

 

2. Study whether RecA can catalyze bidirectional DNA strand exchange, and if RecA-mediated 

recombination requires homology at each DNA end for an efficient DNA strand exchange. 

 

3. Study whether mismatch repair proteins, MutSL, regulate genetic recombination between divergent 

DNA sequences, during natural chromosomal transformation in Bacillus subtilis. 

 

4. Study of the role of the RecX protein on natural chromosomal and plasmid transformation. 

Characterize RecX as modulator of RecA during nucleoprotein filament formation and which factor(s) 

may reverse(s) RecX activity during genetic recombination in Bacillus subtilis. 

 

5. Study of the role of the RecU protein on natural chromosomal and plasmid transformation. 

Characterize RecU as modulator of RecA during nucleoprotein filament formation and which factor(s) 

may reverse(s) RecU activity during genetic recombination in Bacillus subtilis. 
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3.1 Strains and plasmids 

 Unless stated otherwise, the indicated genes and products are from B. subtilis origin. The 

nomenclature used to denote the origin of proteins from other bacteria is based on the bacterial genus 

and species (i.e., E. coli RecA is referred to as RecAEco). 

3.1.1 Strains and plasmids for chromosomal and plasmid transformation efficiency experiments 

 B. subtilis strains used in natural chromosomal and plasmid transformation efficiency experiments 

were isogenic with BG214 (trpCE metA5 amyE1 ytsJ1 rsbV37 xre1 xkdA1 attSP attICEBs1). Strains listed 

in Tables 1-2 have been reported elsewhere (Kidane et al., 2012).  The strains dprA recX, dprA 

recU and recX recU were constructed for this thesis. To construct the dprA recX strain, the null 

recX mutation (recX) was mobilized by SPP1-mediated transduction into the BG1163 (dprA) to 

render the isogenic BG1609 strain. On the other hand, dprA recU and recX recU were constructed 

deleting dprA or recX gene by gene replacement with the six-cat-six (SCS) cassette flanked by 

homology up- and downstream in the recU context, as described (Torres et al., 2017). The SCS cassette 

is composed of two directly oriented -recombinase cognate sites (six sites) and the cat gene, which 

confers chloramphenicol resistance (CmR). Natural competent cells were transformed with the SCS 

cassette flanked by homologous regions to the gene to be deleted, with selection for CmR. Integration of 

the SCS cassette, through double crossover recombination, replaced the dprA or recX gene. This was 

followed by  site-specific recombinase-mediated excision between the two directly oriented six sites, 

leading to deletion of the cat gene and one six site (resistance marker-free). The outcome of this strategy 

is that the gene to be characterized is deleted and is replaced by a single six site (Torres et al., 2017). 

3.1.2 Strains and plasmids for chromosomal transformation with different percents of donor-

recipient sequence divergence 

 The null rok mutation (rok) was mobilized into the B. subtilis BG214 (trpCE metA5 amyE1 

ytsJ1 rsbV37 xre1 xkdA1 attSP attICEBs1) by SPP1-mediated generalized transduction, leading to the 

BG1359 strain, and also into its isogenic derivatives BG1393 (mutS mutL), BG1531 (mutL), 

BG1393 bearing pCB1018-borne mutL gene (mutS mutL+), BG1481 (mutS2) and BG1633 (recA), 

were constructed by SPP1-mediated generalized transduction.  The mutL gene, transcribed from its 

native promoter, was cloned onto the middle copy-number vector pHP14 (7  2 copies/cell) to generate 

pCB1018.  

 A single C to T transition mutation at codon 482 in the house-keeping rpoB gene, which encodes 

the essential  subunit of RNA polymerase, confers resistance to rifampicin (RifR) (Nicholson and 

Maughan, 2002). The His codon 482, of 2,997-bp rpoB region, of the indicated Bacilli species or 
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subspecies was substituted by a Tyr codon, leading to the rpoB482 mutant variant. Part of the different 

rpoB482 genes (codon 1 to 999) were in vitro synthesized and cloned into E. coli 2,710-bp pUC57 

vector (GeneWiz, London, UK). The accuracy of the clones was confirmed by nucleotide sequencing. 

The rpoB482 variants from different Bacilli species or subspecies cloned into E. coli pUC57 vector are 

summarized in Table 3. 

Table 3. rpoB482 variants from different Bacilli species or subspecies cloned into E. coli pUC57 vector  

Resulted 

plasmid 

name 

Bacilli origin strain name 
Number of 

mistmatches 

Donor-recipient 

homologous 

sequence 

(in %) 

Donor-recipient 

heterologous 

sequence 

(in %) 

pCB980 B. subtilis BG214 1 99.96 0.03 

pCB981 B. subtilis W23 74 97.53 2.47 

pCB982 B. atrophaeus 1942 250 91.65 8.35 

pCB983 B. amyloliquefaciens DSM7 303 89.88 10.12 

pCB984 B. licheniformis DSM13 435 85.48 14.52 

pCB1054 B. gobiensis FJAT4402 510 83.0 17.0 

pCB985 B. thuringiensis MC28 624 79.17 20.83 

pCB1056 B. smithii DSM4216 681 77.26 22.74 

The house-keeping rpoB gene encodes the essential  subunit of RNA polymerase. A single C to T transition mutation at codon 

482 in the rpoB gene confers resistance to rifampicin (RifR) (Nicholson and Maughan, 2002). The His codon 482, of 2,997-bp 

rpoB region, of the indicated Bacilli species or subspecies was substituted by a Tyr codon, leading to the rpoB482 mutant 

variant. Part of the different rpoB482 genes (codon 1 to 999) were in vitro synthesized and cloned into E. coli 2,710-bp pUC57 

vector (GeneWiz, London, UK). 

3.1.3 Strains and plasmids for protein purification 

 E. coli BL21(DE3)[pLysS] cells bearing pCB722-borne ssbA (Carrasco et al., 2008), pCB777-

borne ssbB (Yadav et al., 2012), pCB888-borne dprA (Yadav et al., 2013), pCB936-borne recX (Le et 

al., 2017), pCB568-borne recU (Carrasco et al., 2005) and pET28a-borne mutS gene (Lenhart et al., 

2016), under the control of a phage T7 promoter, were used to overexpress SsbA, SsbB, DprA, RecX, 

RecU and MutS proteins, respectively. B. subtilis BG214 cells bearing pBT61, containing recA under 

the control of its own promoter, were used to overexpress RecA (Carrasco et al., 2005). 

3.2 Natural transformation assays 

 Natural competence development was carried out as described (Alonso et al., 1988). 

3.2.1 Chromosomal and plasmid transformation efficiency experiments 

 To analyze transformation efficiency, B. subtilis competent cells (see 3.1.1) were transformed 

with 100 ng of B. subtilis SB19 chromosomal DNA (to met+) or rpoB (to RifR) for chromosomal 

transformation, and with 100 ng of self-ligated pUB110 plasmid DNA (to NmR) for plasmid 
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transformation. Chromosomal transformants were plated overnight at 37°C on minimal medium lacking 

methionine or on LB agar plates containing Rif (8 µg ml-1), and plasmid transformants on LB agar plates 

containing Nm (5 µg ml-1). Transformation efficiency was normalized to total viable LB-plated cells, 

and values obtained were normalized to those for rec+ cells which are taken as 100. 

3.2.2 Chromosomal transformation with different percents of donor-recipient sequence 

divergence 

 Competent B. subtilis cells were transformed with undigested or SpeI-linearized pUC57-borne 

rpoB482 region (SpeI site at position 11 of the rpoB482 DNA) from different Bacilli origin (see 3.1.2 

and Table 3) and appropriate dilutions were plated onto LB plates containing 8 μg/ml rifampicin. 

Appropriate dilutions were plated onto LB without antibiotic, to obtain the total number of viable cells. 

To define the RifR colony background level due to spontaneous mutations, the cells were developed to 

competence in the absence of DNA and appropriate dilutions were plated onto LB plates containing 

8 μg/ml rifampicin, to obtain the number of spontaneous mutants. Plates were incubated (overnight, 

37°C) and CFU counted. Mutation frequencies are calculated as the number of RifR colonies/total 

number of cells. 

 The yield of RifR transformants was corrected for DNA uptake (assayed through the determination 

of uptake of radioactively labelled DNA into cells grown to competence through DNase I degradation 

of the labelled DNA). The rate of spontaneous mutations to RifR and the values obtained were 

normalized relative to the presence of one single mismatch (rpoB482 from BG214 or BG1359 origin), 

which is considered as 1. 

3.3 Mapping of integration end-points 

 To map integration end-points, the rpoB482 DNA from the RifR transformants was amplified by 

PCR using primers hybridizing with the region upstream and downstream of the 2,997-bp rpoB482 

DNA. The resulting PCR products were sequenced, and their nucleotide sequences were compared with 

the one of the recipient BG1359 strain. The presence or the absence of the expected mismatch was used 

to determine the overall integration length. The maximal integration length that can be detected depends 

on the positions of the first and the last mismatch. The maximal integration length with rpoB482 Bsu 

W23 is 2,628-bp, rpoB482 Bat 1942 is 2,831-bp, Bam DSM7 is 2,790-bp, Bli DSM13 is 2,941-bp, Bgo 

FJAT4402 is 2,979-bp, Bth MC28 is 2,974-bp and Bsm DSM4216 is 2,972-bp. 

3.4 Enzymes, reagents, protein and DNA purification  

 All chemicals used in this study were of analytical grade. IPTG was from Calbiochem (Darmstadt, 

Germany), and polyethyleneimine, DTT, ATP, dATP and ATPS were from Sigma (Seelze, Germany). 

DNA restriction enzymes, DNA ligase, etc., were supplied by Roche (Mannheim, Germany). DEAE, 
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Q- and SP-sepharose were from GE healthcare (Madrid, Spain), hydroxyapatite from BioRad (Hercules, 

USA) and phosphocellulose from Whatman (Little Chalfont, USA). 

 Wild type SsbA (18.7 kDa), SsbB (12.4 kDa), DprA (32.7 kDa), RecX (31.2 kDa), RecU (23.96 

kDa), MutS (97.6 kDa) and RecA (38.0 kDa) proteins were purified as described, to greater than 98% 

homogeneity (Carrasco et al., 2005, Carrasco et al., 2008, Le et al., 2017, Lenhart et al., 2016, Yadav et 

al., 2013, Yadav et al., 2012). The molar extinction coefficients for SsbA, SsbB, DprA, RecX, RecU, 

MutS and RecA were calculated as 11,400; 13,000; 23,900; 45,500; 16,400; 64,180 and 15,200 M-1 cm-

1, respectively, at 280 nm, as previously described (Carrasco et al., 2005). The protein concentrations 

were determined using the above molar extinction coefficients. Quantities of RecA and RecX are 

expressed as moles of protein as monomers, DprA and RecU, MutS as dimers, and SsbA and SsbB as 

tetramers. All experiments were performed in optimal RecA conditions in buffer A (50 mM Tris-HCl 

(pH 7.5), 1 mM DTT, 80 mM NaCl, 10 mM MgOAc, 50 g/ml BSA, 5% glycerol): in these conditions, 

a single SSB tetramer might occlude 65- to 35-nt (Shereda et al., 2008), with the ssDNA wrapping 

around all four subunits of the tetramer (Yadav et al., 2012); one DprA dimer should bind 30- to 40-nt 

(Yadav et al., 2013), one RecU dimer binds ~35-nt (Carrasco et al., 2005) and a RecA monomer binds 

3-nt (Chen et al., 2008). The RecX and MutS binding sizes are unknown. 

 Circular 3199-nt ssDNA from pGEM3 Zf(+) was purified as reported (Carrasco et al., 2005). 

DNA concentrations were established using the molar extinction coefficient at 260 nm of 8,780 M-1 cm-

1 for ssDNA. 

3.5 RecA ATP and dATP hydrolysis assays  

 The ssDNA-dependent (d)ATP hydrolysis activities of RecA and/or MutS proteins were assayed 

via a NAD/NADH coupled spectrophotometric enzyme assay as described (Yadav et al., 2012). Data 

from a Absorbance340 nm decline due to NADH oxidation, were converted to dADP or ADP ([d]ADP) 

produced, and plotted as a function of time, as described (Yadav et al., 2012). Lag time, which represents 

the delay in reaction progress relative to a theoretical reaction curve, was derived from the time intercept 

of a linear regression line fit to the steady state portion of data in (d)ATP hydrolysis assays (Yadav et 

al., 2012). 

 The rate of ssDNA-dependent RecA- or MutS-mediated (d)ATP hydrolysis (kcat) and lag times 

were measured in buffer A (50 mM Tris-HCl pH 7.5, 1 mM DTT, 80 mM NaCl, 10 mM magnesium 

acetate, 50 g/ml BSA, 5% glycerol) containing 5 mM (d)ATP and incubated (30 min, 37ºC) as 

described (Yadav et al., 2012). The control reactions with an excess of SsbA, SsbB, DprA, RecU or 

RecX alone did not show (d)ATP hydrolysis activity compared with the mock reaction in the absence 

of the corresponding protein, suggesting that the ATP hydrolysis observed can be attributed solely to 

RecA and/or MutS proteins. Under these experimental conditions, the Mg2+ ion is in excess of that 
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needed to chelate available ATP (5 mM), to maintain RecA in its active state (Carrasco et al., 2008). 

 The concentration of each protein, and the order of addition of 3,199-nt pGEM3 Zf(+) ssDNA 

(10 M in nt) and of purified proteins, are indicated in the text. When indicated, 3-WJ DNA or ATPS 

was also added. The 3-WJ DNA was formed by hybridization of the 16-M (5’- 

GACGCTGCCGAATTCTACCAGTGCCTTGCTAGGACATCAGTCCTTACCTGCAGGTTCAC-

3’), 17-M (5’-GGGTGAACCTGCGGTAAGGGGCTGCTCATCGTAGGTTAGTTGGTAGAATTCG 

GCAGC-3’) and 19-M (5′-TAAGA GCAAGATGTTCCTCAACTGATGTCCTAGCAAGGCAC-3’) 

oligonucleotides, as described (Zecchi et al., 2012). 

3.6 Single molecule analyses  

3.6.1 Single molecule assays by magnetic tweezers system 

 Single molecule assays by an in-house-built vertical magnetic tweezers system were carried out 

in collaboration with Dr. Yan’s group at the National University of Singapore (Singapore). A 

disturbance-free, rapid solution-exchange method using microwell assays was combined with the 

magnetic tweezers system to monitor ssDNA extension dynamics during/after protein solution change 

(Le et al., 2017). The 572-nt ssDNA was prepared in the flow channel and protein or protein mixtures 

were then introduced to the ssDNA tethers in a solution volume of ~200 µl unless otherwise stated 

(channel volume = 40 ± 10 µl). Experiments were performed in buffer B (20 mM Tris-HCl pH 7.4, 10 

mM MgCl2, 50 mM NaCl) at 23ºC and 1 mM (d)ATP regeneration system was added (Le et al., 2017). 

For additional details of single-ssDNA manipulation including force calibration, ssDNA generation and 

extension measurement, disturbance-free rapid solution exchange method, and step-finding algorithm, 

see previous publications (Le et al., 2017). 

3.6.2 Single molecule assays by atomic force microscopy  

 Formation of SsbA-, RecU-, RecA-ssDNA complexes, alone or in combination, was measured 

by atomic force microscopy (AFM). I have performed the AFM experiments in the laboratory of 

Professor K. Takeyasu at Kyoto University (Japan). Formation of SsbA-, RecU-, RecA-ssDNA 

complexes were performed in buffer C (5 mM HEPES [pH 7.5], 65 mM NaCl, 5 mM MgCl2, 1 mM 

DTT, 5% glycerol) containing 5 mM ATP. The solution was then diluted in buffer C and spotted onto 

freshly cleaved mica. The mica was pretreated with 5  mM spermidine (10 min, room temperature), 

washed several times with MilliQ water, and dried under a nitrogen stream. The circular 3199-nt pGEM3 

Zf(+) ssDNA (0.1 nM in ssDNA molecules) was incubated with the indicated concentration of proteins 

(10 min, 37ºC). A fraction of the sample was deposited on a mica surface and processed as described 

(Sanchez et al., 2008). AFM observations were performed with a Nanoscope IIIa (Digital Instruments) 
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in air using the tapping mode. The cantilever (OMCL-AC160TS-W2, Olympus) was 160 m long with 

a 33 - 62 N/m spring constant. 

 The scanning frequency was 2-3 Hz, and images were captured with the height mode in a 512 x 

512 pixels format. Images were plane-fitted and flattened by the computer program accompanying the 

imaging module. The "tip effect" was compensated for using the apparent size of DNA as a reference. 

Volume was analyzed using Image SXM 2.01 software (https://www.liverpool.ac.uk/~sdb/ImageSXM) 

(Barrett, 2008), and histograms and Gaussian curves were drawn using Origin 6 software (Deschenes 

and Vanden Bout, 2000). Image processing of the topographs and height measurements was performed 

as described (Pratto et al., 2009). 
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4.1 Chapter 1: The sequence divergence barrier decreases the chromosome 

transformation frequency and the length of integration of donor DNA during 

genetic recombination 

4.1.1 Experimental design 

 During natural B. subtilis chromosomal transformation, the DNA uptake apparatus processes 

exogenous dsDNA and internalizes ssDNA independently of its nucleotide sequence and polarity. The 

internalized ssDNA replaces homologous (or partially homologous) chromosomal sequences in a 

mechanism catalyzed by RecA with the help of accessory factors (see 1.2) (Vagner et al., 1990, Kidane 

et al., 2012). To study how the sequence divergence between de incoming ssDNA and the recipient 

duplex chromosome affects the efficiency of the chromosomal transformation, B. subtilis BG214 strain 

was chosen as recipient cell (see 3.1.1) and donor DNAs with an increasing gradient of sequence 

divergence were used (see 3.1.2 and Table 3) for the transformation experiments (see 3.2.2). B. subtilis 

BG214 strain contains one recipient chromosome and it lacks restriction-modification systems, resident 

prophages, and conjugative elements that could work as a barrier to DSE (Kidane et al., 2012).  

 The in-silico design of the donor DNAs is not possible due to the uncertainty of the functionability 

of the proteins that would be encoded by them. Due to this limitation, the essential rpoB gene, which is 

conserved in Bacilli species or subspecies was chosen. The rpoB gene encodes the essential  subunit 

of RNA polymerase. A single C to T transition mutation at codon 482 in the house-keeping rpoB gene 

confers resistance to rifampicin (RifR) (Nicholson and Maughan, 2002). To avoid any potential 

expression problem and any polar effect of downstream genes within the operon, the first 999 codons 

of the 1194 codon long rpoB482 gene were used. The RifR mutation is centrally located, at position 

1443, in the 2,997-bp rpoB482 DNA (Fig 5A, framed by dotted lines). 

 As donor DNAs, rpoB482 DNA sequences derived from Bacilli species or subspecies with nearly 

similar dG + dC content (<3.5% variation) were used. The 2,997-bp from the sequence of these rpoB482 

DNA variants represents from 2.4% (B. subtilis W23, 74 nt mismatches) to 20.83% (B. thuringiensis, 

624 mismatches/insertions/deletions) sequence divergence compared with the rpoB gene of the B. 

subtilis BG214 recipient chromosome (Fig 5A and Table 3). The sequence divergence is nearly 

randomly distributed on these donor DNAs (Fig 5A). Recombinants were selected by the appearance of 

RifR colonies. To define the background level of RifR colony, due to spontaneous mutations, the cells 

were developed to competence and the frequency of pre-existing or spontaneous RifR mutants assessed. 



4- RESULTS: Chapter 1 

64 

 

Previous experimental studies using B. subtilis competent cells as recipient show that the 

frequency of RifR transformants decreased in a log-linear mode up to ≈8% divergence (200–400-fold), 

but the log-linear relationship broke down at higher sequence divergence (Zawadzki et al., 1995). These 

previous experiments were reproduced with our B. subtilis BG214 strain (Fig 5B, empty squares). This 

kind of biphasic curve could be explained by at least two interpretations: (i) the genetic exchange barrier 

can become ‘saturated’ and the homologous recombination machinery is insensitive to a sequence 

divergence higher than 8% or (ii) this fact is simply due to limited resolution of the system. To test this 

Figure 5. Average chromosomal transformation frequencies as a function of sequence divergence (in %) from recipient. 

(A) Alignment of rpoB482 DNA sequences derived from different Bacilli species or subspecies with the house-keeping rpoB 

gene. B. subtilis 168 (Bsu 168, 99,96% identity), B. subtilis W23 (Bsu W23, 97.53%), B. atrophaeus 1942 (Bat 1942, 91.65%), 

B. amyloliquefaciens DSM7 (Bam DSM7, 89.88%), B. licheniformis DSM13 (Bli DSM13, 85.48%) and B. thuringiensis MC28 

(Bth MC28, 79.17%) (see Table 3). The rpoB482 mutation, which confers resistance to rifampicin (RifR), is framed by dotted 

lines. Mismatches between RifR donor and the corresponding rpoB in the Rifampicin sensitive recipient strain are indicated by 

vertical red bars and an insertion/deletions by vertical black bars. If two mismatches are located below the MEPS distance they 

count as a single red bar, the thickness of the bar represent the number of mismatches in the neighborhood. (B) The undigested 

rpoB482 DNA (empty or filled squares) or linear SpeI-cleaved rpoB482 DNA (empty circle) was used to transform BG1359 

(rok) (empty circles and squares) and its isogenic parental strain BG214 (filled squares) competent cells with selection for 

RifR. All values are means from 3 to 5 independent experiments. In the upper and lower inserts, the black lines represent the 

recipient chromosomal DNA (a supercoiled molecule), and the grey line the homologous donor linear ssDNA. If the ssDNA 

was randomly linearized by the uptake machinery the transformation heteroduplex would form a double-ended D-loop structure 

(upper insert), but a one-ended D-loop would be observed if the DNA was in vitro linearized within the rpoB482 DNA (lower 

insert). The pointing triangles indicate the simultaneous incision (upper insert) or asynchronous incision (bottom insert) by a 

putative D-loop resolvase. 
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assumption, previous experimental studies were re-evaluated here by including novelties to increase the 

sensitivity of the system. First, the number of divergent sequence was increased to test whether the 

recombination machinery is sensitive to heterology at high sequence divergence (Fig 5A and Table 3). 

Second, the rok gene was deleted in the recipient chromosome (B. subtilis BG1359 strain) (see 3.1.2) to 

increase the proportion of cells that become competent. Rok represses the transcription of the master 

competence regulator ComK (see 1.2). The absence of Rok does not affect neither the DNA uptake nor 

GR, but markedly increases the subpopulation of cells that become competent to take up exogenous 

DNA (up to 50% of total cells) by increasing the levels of ComK (Maamar and Dubnau, 2005). As 

expected, the chromosomal transformation frequency was 20- to 50-fold higher in the BG1359 rok 

strain (Fig 5B, empty symbols) when compared to the parental BG214 (rok+) strain (Fig 5B, filled 

squares) (Maamar and Dubnau, 2005). 

 During natural transformation, once the dsDNA has been processed by the uptake apparatus and 

has been internalized as ssDNA, the recombinase RecA polymerizes onto this linear ssDNA. Then, the 

RecA NPF invades a homologous region on the resident chromosomal DNA, forming a one (Figs 1B1b 

and 5B, lower drawing) or two-ended (Figs 1B1a and 5B, upper drawing) D-loop intermediate, 

depending on whether the heterologous sequence is present to only one or both DNA ends, respectively 

(Kidane et al., 2012). The SpeI restriction site maps at position 11 of the 2,997-bp rpoB482 DNA. SpeI-

linearized rpoB482 DNA (Fig 5B, empty circles) and undigested DNA (Fig 5B, empty squares) were 

used to observe the effect of one or two-ended D-loop formation on B. subtilis chromosomal 

transformation. The yield of RifR transformants of rok competent cells with SpeI-linearized Bsu 168 

DNA) (Figs 1B1b and 5B, empty circles) was 10- to 20-fold lower compared to undigested circular 

rpoB482 DNA (transformation frequency 1 x 10-3 or 1.1 x 105 RifR/CFU) (Figs 1B1a and 5B, empty 

squares). Similar results were observed when other restriction enzymes were used to linearize the 

circular molecule within the rpoB482 coding sequence (data not shown). The lower efficiency obtained 

with SpeI-linearized rpoB482 DNA could be explained by a defect in the resection of the tailed 

intermediate formed due to the presence of the heterologous sequence only in one of the DNA ends (Fig 

5B, denoted by triangles in down insert). The resection of this poorly understood event was not further 

analyzed. 

4.1.2 Sequence divergence decreases the frequency of chromosomal transformation 

 To investigate the effect of nucleotide sequence divergence on B. subtilis chromosomal 

transformation, a 2,997-bp rpoB482 DNA derived from different Bacilli species (Fig 5A and Table 3), 

was used to transform BG1359 (rok) or BG214 (rok+) competent cells (see 3.1.1 and 3.1.2). The 

transformation frequency of rok (empty symbols) or rok+ (filled symbol) competent cells for the RifR 

phenotype decreased exponentially with a log linear increase in sequence divergence (Fig 5B). The 

transformation efficiency of rok+ (Fig 5B, filled symbol) was low because the proportion of total 
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competent cells was lower (see 4.1.1). Thus, the rok strain significantly increases the limit of detection 

of the transformation frequency, and it was used in the following experiments considering it as a wt. 

 The transformation efficiency of undigested rpoB482 DNA (RifR) with a sequence divergence of 

2.4% (Bsu W23) and of 8.3 % (Bat 1942) decreased ~5-fold and ~50-fold, respectively (Fig 5B, empty 

squares). Sequence divergence of 10.1% (Bam DSM7), 14.5% (Bli DSM13) and 20.8% (Bth MC28) 

decreased transformation efficiency from 150-, 1500- and ~45,000-fold, respectively (Fig 5B, empty 

squares). A similar decrease in transformation frequency with SpeI-linearized rpoB482 DNA was 

observed (Fig 5B, empty circles), but here transformation efficiency was lower. These results suggest 

that the recombination machinery is sensitive to heterology at high sequence divergence (higher than 

8%) indicating a limited resolution of the system used in previous studies (Zawadzki et al., 1995, 

Majewski and Cohan, 1999) 

4.1.3 Sequence divergence decreases the length of integration of donor DNA 

 To gain insight into this transformation barrier, the length of integrated DNA was measured by 

the analysis of the mismatches present in the rpoB482 sequences from the RifR recombinants. Due to 

the divergence between the donor and the recipient sequence DNAs, different percentage of bases are 

common or not (mismatches) in them (see Fig 5A). Using the mismatches as an advantage, it was 

possible to dilucidate the length of the integrated DNA. At the left end of the recombinant DNA 

sequence, the last mismatch corresponding to the donor and the first from the recipient DNA were 

identified. The recombination site was taken as the mean distance between those bases. Similarly, the 

recombination site was estimated at the right end. The length of the integrated DNA was calculated as 

the subtraction of the left and right assumed-recombination sites. The observed divergence corresponds 

to the percent of donor-integrated bp in the recipient chromosome from the total 2,997-bp of the donor 

DNA. 

 The mean integration length of Bsu W23 and Bat 1942 rpoB482 DNA was 2,300-bp (range 

from 2,147- to 2,436-bp) and 933-bp (range from 577 to 1060-bp), respectively, and under this 

condition 62-70 and 54-96 mismatches were still integrated with a sequence divergence 2.9% and 

9.4%, respectively (Table 4). The integration length of Bam DSM7 and Bli DSM13 rpoB482 DNA 

was 349-bp (range 299- to 385-bp) and 230-bp (range 170- to 270-bp), and 30-42 and 24-38 

mismatches were still integrated with a sequence divergence 10.5 and 14.5%, respectively. The 

sequence divergence of the incoming Bsu W23 DNA (2.4%), Bat 1942 DNA (8.3%); Bam DSM7 

(10.1%) and Bli DSM13 (14.5%) was similar to the observed heterology of the transformants (Table 4). 

It is likely that there was no mismatch correction. This is consistent with the observation that in the 

absence of methyl-directed MMR and DNA replication, mismatch correction cannot discriminate the 

strand to be corrected (Kunkel and Erie, 2005). The effect of the MMR system on B. subtilis 
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chromosomal transformation was further analyzed in “Chapter 2” (see 4.2). 

Table 4. Length of integration of donor DNA 

Donor 

DNAa 

Divergence 

(in %) 

Left end (in bp) 
Right end 

(in bp) Integration 

(in bp) 

Observed 

divergence 

(in %) 
recipient donor recipient donor 

Bsu 

W23 
2.47b 

1 350 2501 2567 ~2359 2.5 

1 350 2294 2567 ~2256 2.9 

395 605 2642 2651 ~2147 3.0 

395 605 2690 2918 ~2304 3.0 

395 605 2924 2948 ~2436 2.9 

Bat 

1942 
8.35 

479 608 1508 1590 ~1006 8.9 

479 608 1590 1598 ~1060 8.9 

932 941 2133 2165 ~1213 10.0 

920 932 1733 1736 ~ 809 8.8 

878 896 1463 1464 ~ 577 9.7 

Bam DSM7 10.12 

1172 1184 1535 1590 ~  385 10.6 

1226 1238 1535 1590 ~  385 10.0 

1175 1214 1508 1590 ~  355 8.2 

1233 1245 1535 1590 ~  324 10.0 

1250 1277 1535 1590 ~  299 10.4 

Bli 

DSM13 
14.52 

1184 1190 1577 1589 ~ 270 15.6 

1328 1334 1451 1463 ~ 252 13.1 

1211 1224 1451 1463 ~ 240 15.0 

1328 1334 1556 1565 ~ 230 13.0 

1328 1334 1493 1508 ~ 170 14.1 

Bth 

MC28 
20.83 

1439 1443 1443 1445 ~   3 33.3 

1439 1443 1443 1445 ~   3 33.3 

1439 1443 1443 1445 ~   3 33.3 

1442 1443 1443 1448 ~   3 33.3 

1439 1443 1451 1452 ~   9 22.2 

aThe length of donor DNA is 2,997-bp and the RifR mutation is located at position 1443. bThe first mismatch is at position 350 

of the donor DNA (see 3.3) 

 When the transformants obtained with the Bth MC28 rpoB482 DNA (transformation frequency 

3 x 10-8) were analyzed, it was observed that the integration length was reduced to 4-bp (range 9- to 

3-bp) and under this condition, 1 or 2 mismatches were still integrated (Table 4). The frequency of RifR 

with this DNA as donor is 6-fold above the spontaneous mutation rate (5 x 10-9). This fact was further 

analyzed in the next section (see 4.1.4). 
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 In summary, these results show that the length of integration decreases by increasing the sequence 

divergence. From these data, we could assume that the sequence divergence acts as a barrier to decrease 

the chromosomal transformation frequency and the length of integration during genetic exchange. 

4.1.4 Chromosomal transformation frequency decreases in a biphasic mode with increased 

sequence divergence in ∆rok competent cells 

 In the two previous sections (see 4.1.2 and 4.1.3), an abrupt reduction both in the frequency of 

chromosomal transformation (~45,000-fold) and in the length of integration of donor DNA (4-bp) has 

been observed when the donor DNA has a sequence divergence of 20.8% (Bth MC28) compared with 

the reductions observed with the immediately previous sequence divergence tested of 14.52% (Bli 

DSM13) (~1500-fold and ~230-bp, respectively). To go further into the effect produced by a high 

percentage of sequence divergence on B. subtilis chromosomal transformation, two new 2,997-bp 

rpoB482 DNAs, derived from different Bacilli species were used to transform BG1359 (rok) 

competent cells: (i) B. gobiensis FJAT4402 [17.0% sequence divergence, 510 

mismatches/insertion/deletion], to investigate the frequency of chromosomal transformation and the 

lentgh of integration of donor DNA between 14.52% [Bli DSM13] and 20.8% [Bth MC28]; and (ii) B. 

smithii DSM4216 [22.7%, 681 mismatches/insertion/ deletion], to observe the effect of the sequence 

divergence higher than 20.8% (see Fig 6A and Table 3). 

 When sequence divergence increased from 14.52% to 17%, chromosomal transformation 

decreased ~35-fold, however, sequence divergence of >17% (17.0% [Bgo FJAT4402], 20.8% [Bth 

MC28] and 22.7% [Bsm DSM4216]) decreased transformation efficiency ~100,000-fold, in all the cases 

(Fig 6B). The higher decreasement observed with 20.8% (Bth MC28) in this experiment (~100,000-

fold) (Fig 6B) compared with the decreasement observed in the previous one (~45,000-fold) (Fig 5B) 

could be explained by an increase in the sensitivity of the technique used here, because a higher volume 

of competent cells culture was plated to count a low number of RifR CFU. The results obtained with 

these two new donor DNAs (17.0% [Bgo FJAT4402] and 22.7% [Bsm DSM4216]) show that, 

chromosomal transformation frequency decreases in a biphasic mode with increased sequence 

divergence in ∆rok competent cells.  

 Nucleotide sequence analysis of RifR colonies at ~17% and at ~23% sequence divergence showed 

that the majority of genuine transformants had a mean integration length of 3-4 bp (at least two 

integrated mismatches) (Fig 6C), which was 8- to 10-fold below MEPS (Fig 6C, dashed line). 



4- RESULTS: Chapter 1 

69 

 

4.1.5 Bidirectional recombination might facilitate genetic exchange 

 RecA from non-natural competent bacteria (i.e., RecAEco) promotes DSE in a 5'→3' direction in 

the presence of ATP (Carrasco et al., 2008, Cox, 2007a, Lisboa et al., 2014). During natural B. subtilis 

chromosomal transformation, the DNA uptake machinery processes dsDNA in the external solution and 

internalizes only one strand, independently of its nucleotide sequence and polarity, into the cytosol (Fig 

Figure 6. The sequence divergence barrier decreases the chromosome transformation frequency and the length of 

integration of donor DNA in wt strain. (A) Alignment of rpoB482 DNA sequences derived from different Bacilli species or 

subspecies with the house-keeping rpoB gene. B. subtilis 168 (Bsu 168, 99.96% identity), B. subtilis W23 (Bsu W23, 97.53%), 

B. atrophaeus 1942 (Bat 1942, 91.65%), B. amyloliquefaciens DSM7 (Bam DSM7, 89.88%), B. licheniformis DSM13 (Bli 

DSM13, 85.48%), B. gobiensis FJAT-4402 (Bgo FJAT4402, 83.0%), B. thuringiensis MC28 (Bth MC28, 79.17%) and B. 

smithii DSM4512 (Bsm DSM4216, 77.26%) (see Table 3). The rpoB482 mutations framed by dotted lines. Mismatches 

between RifR donor and the corresponding rpoB in the Rifampicin sensitive recipient strain are indicated by vertical red bars, 

and insertions/deletions by vertical black bars. Bar thickness represents the number of mismatches in the neighborhood. (B) 

Average of chromosomal transformation frequencies as a function of sequence divergence from recipient. The 2997-bp 

rpoB482 DNA from different Bacillus species (see Table 3), with the selectable RifR mutation located at position 1443, was 

used to transform BG1359 (wt, ). (C) Length of integration of donor DNA. The length of integrated DNA segments was 

determined by nucleotide sequence of the 2997-bp rpoB482 DNA. Integration endpoints were defined by appearance of the 

predicted sequence of donor DNA and absence of expected mismatches in the recipient (integration midpoint). Distribution of 

integration endpoints up- and downstream of the RifR marker is shown for wt strain. The horizontal dashed line denotes the 

MEPS. 
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1B) (Chen et al., 2005, Chen and Dubnau, 2004, Johnston et al., 2014, Thomas and Nielsen, 2005, Yadav 

et al., 2013, Yadav et al., 2012, Kidane et al., 2012). Because the ssDNA is internalized in a non-polar 

fashion, the polarity of the DSE reaction catalyzed by RecA is poorly understood and was investigated. 

Both Watson and Crick strands can be internalized, therefore the 3'-end from any of the two strands 

could be in principle be used for the invasion of the homologous recipient chromosomal DNA (see Fig 

7A). In the previous sections (4.1.2-4) the divergency was asymmetrically distributed along the DNA 

donor sequences. Here, the polarity of RecA-mediated DSE and the need for homology at one or at both 

DNA ends were tried to be addressed, using DNA substrates with a heterologous region at the 3'- and/or 

5'-end, placing the rpoB482 mutation at a critical distance from one of the transforming DNA ends. 

Figure 7. Average chromosomal transformation frequencies as a function of the length from 3’- or 5’-end. (A) Cartoon 

describing a RecA-mediated homology search and DNA pairing of the 3’-ended rpoB482 internalized linear ssDNA (red lanes) 

distal from the mutation or proximal to the mutation (denoted by a filled square) and the recipient duplex (blue lanes, and 

rpoB482 denoted as empty square). The horizontal arrow indicates the direction of strand assimilation. Following extension of 

the heteroduplex initiated at the 3'-end proximal from the mutation (+1 denoted as filled square) would require a 5'→3' polarity, 

but the distal 3'-end would promote extension in the 3'→5' direction that is opposite to the direction of RecA filament assembly 

and strand exchange. The opposite would hold with the invasive 5’-end (not depicted). (B) Relative chromosomal 

transformation frequencies as a function of the distance of the selectable mutation (+1 position denoted as filled square) from 

the 5’-end (black lane) denoted as -75 to -25 (position in nucleotides), and from the 3’-end (red lane) denoted as +6 to +75. 

The full-length rpoB482 linearized DNA (denoted in blue) was considered as 100% (8 x 103 CFU/ml). (C) Relative 

chromosomal transformation frequencies as a function of sequence divergence at the selectable mutation (+1 position) region. 

The number of transition (T) or transversion (t) mutations at the 3’-end is indicated. All values are means from 3 to 5 

independent experiments (the results given are within a 10% standard error). 
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 RecA polymerizes on the internalized ssDNA and searches for homology in the chromosomal 

resident DNA up to the identification of the MEPS to performe the strand invasion. It has been predicted 

that the MEPS necessary to allow RecA-mediated chromosomal transformation is >40 bp in E. coli 

(McIlwraith and West, 2001) and 25 to 30 bp in B. subtilis (Majewski and Cohan, 1999). Taking the 

predicted length of the MEPS as an advantage, donor DNAs were designed having a 5' or 3' end with a 

length over or under the MEPS to study the possible polarity of the reaction. In the case of a polar 

reaction, the relative percentage of RifR/CFUs must decrease when the preferential end used for the 

invasion is under the MEPS. Therefore, the rpoB482 mutation (considered as +1 position) was placed 

at the proximal end (Fig 7A, defined as Watson strand) or at the 3'-end distal from the rpoB482 mutation 

(Fig 7A, Crick strand). To do so, the Bsu 168 rpoB482 DNA was amplified by PCR placing the rpoB482 

point mutation 25, 50 or 75 bp from the 5'-end or 6, 25, 50 or 75 bp from 3'-end on the Watson strand 

(“-” or “+“ position, respectively) (see Fig 7B, black or red lines, respectively) and the homologous 

SpeI-linearized rpoB482 DNA (see Fig 7B, blue line) was used as a control. The SpeI-linearized 

rpoB482 DNA only transformed with 2- to 3-fold higher efficiency than any of the MEPS-end variants 

(1.5-kb DNAs with the transition +1 mutation at the 3'- or the 5'-end) (Fig 7B). Since the strand invasion 

catalyzed by RecA is not possible when the invading end is under the MEPS (ie. the rpoB482 mutation 

located in the +6 position), the similar percentage of relative RifR CFU observed in this case implies the 

availability of the opposite end for the invasion. These results suggest that the recombination events 

might be initiated at any end with respect to the internalized ssDNA, or at the central region, allowing a 

bidirectional chromosomal transformation. 

  To test whether recombination might initiate at either end, the rpoB482 mutation (+1) was 

placed within the ~40-bp MEPS. 1 to 7 neutral mutations were included by PCR amplification within a 

16-bp interval (-15 to +1) and followed by 25-bp homologous DNA at the 3'-end (Watson strand) (Fig 

7C). The sequence divergence within the MEPS varied from 2.5% (1 mismatch) to 17.5% (7 

mismatches) (see Fig 7C). Furthermore, a DNA segment with a 7.5% sequence divergence with 1 or 2 

transitions (T, the rpoB482 mutation) and 1 or 2 transversion (t) mutations was constructed. 

Independently of the sequence divergence at the rpoB482 +1 region, the frequency was marginally 

affected (Fig 7C), even in the presence of 17.5% sequence divergence within the -15 to +1 minimal 

homology at the 3'-end. Due to the similar transformation efficiency obtained with all the DNA variants 

tested (Fig 7B-C), the results provided from these assays do not offer sufficient sensitivity to 

discriminate between the initiation at any end or at the central region of the linear internalized ssDNA. 
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4.2 Chapter 2: Bacillus subtilis MutS modulates RecA-mediated genetic 

recombination between divergent DNA sequences during chromosomal 

transformation 

4.2.1 Lack of MutSL marginally increases chromosomal transformation with up to ~15% donor-

recipient sequence divergence 

 In B. subtilis, the MMR components are the MutS protein, which identifies mismatches, the 

matchmaker/endonuclease MutL, and the essential clamp loader subunit of the replicase. In addition. B. 

subtilis has MutS2, a MutS paralog that lacks the mismatch binding domain, but it might mimic MMR 

protein effects on chromosomal transformation (Lenhart et al., 2016, Burby and Simmons, 2017). To 

define the contribution of the MMR pathway or of the MutS2 protein to natural chromosomal 

transformation, strains isogenic to the wt strain B. subtilis BG1359 (rok) with null mutations in the 

mutL (mutL), mutS and mutL (mutSL), mutSL strain with a plasmid-borne mutL gene (considered as 

mutS) or mutS2 (mutS2) genes, were tested (see 3.1.2). In addition, to test the contribution of the 

recombinase RecA to natural chromosomal transformation, the recA strain isogenic to the wt (rok) 

strain was also constructed. 

 To define the RifR colony background level due to spontaneous mutations, the cells were 

developed to competence and frequencies of pre-existing or spontaneous RifR mutants assessed. In the 

absence of DNA, the number of RifR mutants increased 70- to 90-fold (3-6 x 10-7) in the mutSL, mutL 

and mutS strains when compared to mutS2, recA and wt strains (4-8 x 10-9). These data, which are 

similar to previous reports (Lenhart et al., 2016, Burby and Simmons, 2017), show that mutations are 

accumulated in the absence of MMR. 

 To assess intraspecies chromosomal transformation, the 2,997-bp rpoB482 DNA which contains 

only the mutation that confers RifR representing a divergence of 0.03% (Bsu 168, 1 nt mismatch) was 

used to transform the different strains. For interspecies chromosomal transformation, 2,997-bp rpoB482 

DNA sequences derived from Bacilli species or subspecies with sequence divergence from 2.4% (Bsu 

W23, 74 nt mismatches) to 22.7% (Bsm, 681 mismatches/insertions/deletions) were used (see Fig 6A 

and Table 3), and the length of integrated DNA was measured in RifR recombinants from all the strains 

tested (Fig 8).  

 Transformation with homologous rpoB482 DNA (Bsu 168, 1 nt mismatch, 0.03% sequence 

divergence) showed similar efficiency in ∆mutSL, ∆mutS, ∆mutL, ∆mutS2 cells and in the wt control (4-

6 x 10-3; considered log 1 in Fig 8A). In contrast, transformation rates were almost undetectable in the 

∆recA strain, (5-8 x 10-9) (Fig 8A) and were similar to the frequency of appearance of spontaneous RifR 

cells. The frequency of interspecies chromosomal transformation decreased logarithmically with 
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increased sequence divergence (to ~15%) in ∆mutSL, ∆mutS, ∆mutL, ∆mutS2 and the wt control (Fig 

8A). These frequencies increased marginally (~2-fold) in the ∆mutS, ∆mutL and ∆mutSL strains 

compared to wt and ∆mutS2 strains (Fig 8A). At ~15% sequence divergence, the chromosomal 

transformation frequency was almost three orders of magnitude higher than the rate of spontaneous RifR 

mutants in wt and ∆mutS2, 4- to 6-fold higher in the ∆mutSL strain, but only ~2-fold higher in the ∆mutS 

and ∆mutL strains. 

 Nucleotide sequence analysis of 10-15 RifR colonies from each genetic background showed that 

the mismatches were not corrected in the strains sequenced. The mean integration length of the rpoB482 

DNA decreased with increased sequence divergence in ∆mutSL, wt (Fig 8B), ∆mutS, ∆mutL and ∆mutS2 

strains (not shown). Mean integration length was similar in wt and ∆mutSL strains. At ~15% sequence 

divergence, integration length was 130-340 bp, and 5- to 13-fold above MEPS (Fig 8B, dashed line). 

Nucleotide sequence analysis of the RifR colonies in the ∆recA context confirmed that all were 

Figure 8. Average chromosomal transformation frequencies as a function of sequence divergence from recipient. (A) 

The 2997-bp rpoB482 DNA from different Bacillus species, with the selectable RifR mutation located at position 1443, was 

used to transform BG1359 (wt, ) and its isogenic derivatives BG1393 (mutSL, ), BG1531 (mutL, ), BG1393 (mutSL 

plus pCB1018-borne mutL, ), BG1481 (mutS2, ) and BG1633 (recA,) competent cells. Sequence divergence values 

for the various Bacillus species were 0.03, 2.47, 8.35, 10.12, 14.52, 17.00, 20.83 and 22.74% (see Table 3). All data points are 

mean SEM from 3 to 5 independent experiments. Top insets, black lines represent recipient chromosomal DNA and the grey 

line, donor linear ssDNA. The vertical dashed line denotes MEPS. Left inset, when MEPS is found, the transformation 

heteroduplex forms a double-ended D-loop structure. Arrowheads indicate simultaneous incision by a putative D-loop resolvase 

to remove the recipient strand. Right inset, when MEPS is not found, RecA anchored at the recipient dsDNA facilitates 

spontaneous formation of short D-loops. (B) Length of integration of donor DNA. The length of integrated DNA segments was 

determined by nucleotide sequence of the 2997-bp rpoB482 DNA. Integration endpoints were defined by appearance of the 

predicted sequence of donor DNA and absence of expected mismatches in the recipient (integration midpoint). Distribution of 

integration endpoints up- and downstream of the RifR marker are shown for wt and mutSL strains. The horizontal dashed line 

denotes the MEPS. 
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spontaneous mutants. Chromosomal transformation with up to ~15% DNA sequence divergence is 

likely to involve homology-directed RecA-mediated DSE in wt or ∆mutSL cells (Fig 8A, inset top left). 

4.2.2 Lack of MutSL increases chromosomal transformation when donor-recipient sequence 

divergence is greater than 15% 

 To analyze natural chromosomal transformation at high sequence divergence, the sequence 

divergence was increased to ~23%. When sequence divergence increased from ~15% to ~17% in 

∆mutS2 and wt cells, chromosomal transformation decreased ~35-fold; above 17%, transformation 

decreased marginally (Fig 8A). In contrast, chromosomal transformation frequency with sequence 

divergence >15% reached a plateau in the absence of MutS and MutSL, and decreased slightly in MutL-

lacking cells (Fig 8A). The frequency of interspecies chromosomal transformation with sequence 

divergence up to 23% was ~40- and ~100-fold higher in ∆mutS and ∆mutSL, respectively, compared to 

the wt strain. This increase could nonetheless be an overestimation, because transformation frequency 

was only 1.2- to 2-fold greater than the spontaneous RifR mutation rate. 

 The analysis of the nucleotide sequence of these transformants with ~17% sequence divergence 

showed that 37% of the sequenced RifR colonies had only a single mismatch (the rpoB482 mutation) 

relative to the recipient DNA sequence, which increased to 92% (24 of 26 sequenced events) when 

sequence divergence was 23%. Since RifR transformants with only one mismatch cannot be 

distinguished from spontaneous mutants, it was only considered as genuine transformants those with 

inserts that had at least two non-contiguous mismatches. Nucleotide sequence analysis of colonies at 

~17% and at ~23% sequence divergence showed that the majority of genuine transformants had a mean 

integration length of 3-4 bp (at least two integrated mismatches) in the ∆mutSL or wt strains (Fig 8B), 

which was 8- to 10-fold below MEPS (Fig 8B, dashed line). Since the chromosomal transformation 

frequency in ∆mutSL or wt cells was greater than that of ∆recA cells (spontaneous mutation rate), it can 

be assumed that RecA is also needed to obtain microhomologous RifR transformants (Fig 8A, inset top 

right). Integration of microhomologous regions has been described in other natural competent bacteria 

and is termed homology-facilitated illegitimate recombination (Prudhomme et al., 2002, de Vries and 

Wackernagel, 2002).  

4.2.3 RecA nucleates and polymerizes onto ssDNA in the presence of MutS 

 At DNA sequence divergence >15%, chromosomal transformation frequency in ∆mutSL or in wt 

cells was greater than in ∆recA cells. At 23% of DNA sequence divergence, chromosomal 

transformation frequency reached a plateau in ∆mutSL, being the efficiency ~100-fold higher than in the 

wt (see 4.2.2). These results suggest that the homology-facilitated illegitimate recombination process, 

which might occur when the DNA sequence divergence is greater than 15%, might involve RecA and 

MutS proteins. To understand the biological barrier produced by MutS (or MutSL) to homology-
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dependent RecA-mediated DSE, it was tested whether MutS∙ATP or MutS∙dATP bound to ssDNA 

bearing secondary structures with mispaired regions (modeling mismatched DNA) interferes with RecA 

nucleation and/or filament growth. For that, MutS and RecA proteins from B. subtilis were purified and 

in vitro analyzed by measuring their ATP or dATP hydrolysis rates both in the presence and in the 

absence of the SsbA protein. The experiments were carried out in conditions in which MutS specifically 

binds mismatched DNA (Pillon et al., 2015).  

 In the absence of ssDNA, neither RecA nor MutS hydrolyzed ATP (Fig 9, inset). RecA∙ATP 

hydrolysis rate had a kcat of 8.6 ± 0.2 min-1. MutS hydrolyzed ATP with a kcat of 7.1 ± 0.3 min-1 (Fig 9A 

and 9C), which suggested that the ssDNA substrate used, which folds spontaneously to render short 

duplexes with bulges and mismatches, was sufficient to stimulate MutS ATPase activity. There was a 

~2-min lag in reaching the steady state rate of MutS-mediated ATP hydrolysis (Fig 9A and 9C).  

 Pre-incubation of ssDNA with stoichiometric SsbA concentrations (1 SsbA/33 nt) blocked RecA-

or MutS-mediated ATP hydrolysis (Fig 9A and 9C). RecA∙ATP nucleates and polymerizes onto 

ssDNA, but it cannot nucleate on the SsbA-ssDNA complexes (Fig 9A and 9C) as reported (Yadav et 

al., 2014). By disassembling the “mismatched DNA”, SsbA might remove secondary structures and 

prevent MutS-mediated ATP hydrolysis. Since SsbA does not bind dsDNA (Yadav et al., 2012), it can 

be considered unlikely that SsbA competes with MutS for mismatch recognition. Combined 

RecA/MutS-mediated ATP hydrolysis showed a higher ATP hydrolysis rate than the isolated proteins 

(Fig 9A), but lower than the sum of their independent activities. This could be because RecA bound to 

ssDNA probably promotes partial disassembly of DNA secondary structures, which in turn reduces 

MutS ATP hydrolysis due to lesser availability of mismatched DNA (DNA secondary structures). 

Alternatively, MutS bound to short duplexes with bulges and mismatches might reduce RecA ability to 

disrupt secondary structures. To discriminate between these two hypotheses, ATP was replaced with 

dATP.  

 RecA·dATP binds ssDNA with high affinity and cooperativity, and displaces secondary 

structures and SsbA from ssDNA (Carrasco et al., 2008, Yadav et al., 2012). RecA-mediated dATP 

hydrolysis showed a biphasic curve with a ~4 min delay in reaching maximal dATP hydrolysis (kcat of 

17.9 ± 0.3 min-1). SsbA pre-bound to ssDNA extended the RecA·dATP lag phase to ~9 min, but only 

marginally reduced maximal dATP hydrolysis (Fig 9B-C). MutS-mediated dATP hydrolysis was 

delayed by ~2 min in reaching the steady rate, with slightly lower efficiency (kcat 5.0 ± 0.7 min-1) than 

with ATP (Fig 9B-C). Unlike RecA, stoichiometric SsbA concentrations blocked MutS-mediated dATP 

hydrolysis (Fig 9B-C), which implies that mispaired regions at secondary structures are crucial for 

MutS-mediated nucleotide hydrolysis. Nevertheless, combined RecA/MutS-mediated dATP hydrolysis 

rate was higher than that of the individual proteins, but lower than the sum of their independent activities 

(Fig 9B-C).  RecA∙dATP, which partially displaces SsbA from ssDNA, probably destabilizes secondary 
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structures. It nonetheless cannot rule out that MutS bound to duplexes with bulges and mismatches 

marginally reduces the ability of RecA∙dATP to disrupt secondary structures. 

 

 

Figure 9. MutS effect on RecA nucleation and polymerization on ssDNA. Circular 3199-nt ssDNA (10 μM in 

nt) was incubated with MutS (700 nM), with RecA (800 nM), or with both MutS and RecA, or preformed SsbA-

ssDNA complexes (SsbA, 300 nM) were incubated with MutS or RecA in buffer A containing 5 mM ATP (A) or 

dATP (B); (d)ATPase activity was then measured (30 min, 37ºC). Inset in (A) is a control experiment in the 

absence of ssDNA or any RecA or MutS. (C) Lag times and maximal rate of nucleotide hydrolysis are shown for 

different experimental conditions. NA: Not applicable. Results shown as mean ± SEM of ≥3 independent 

experiments. 
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4.3 Chapter 3: Bacillus subtilis RecA with DprA-SsbA antagonizes RecX function 

during natural transformation 

 To ensure that the dynamic RecA NPFs are assembled onto ssDNA only when homologous 

recombination is required, RecA is regulated through different factors at multiple levels. The accessory 

factors that regulate RecA during the homology search and the DSE reaction are called modulators 

(Carrasco et al., 2008, Cox, 2007a, Kidane et al., 2012, Manfredi et al., 2008, Manfredi et al., 2010) and 

are divided into those that promote RecA NPF assembly (RecF) or disassembly (RecX, RecU) (Cardenas 

et al., 2012, Kidane et al., 2012). RecXEco is a RecAEco protein inhibitor which in vitro suppress various 

RecAEco activities including ssDNA-dependent ATPase activity and DSE. RecX, which shares limited 

identity with RecXEco, might modulates the fate of RecA NPF growth (see 1.7.a) (Baitin et al., 2008, 

Cardenas et al., 2012, Cox, 2007a, Ragone et al., 2008, Yakimov et al., 2017). Nevertheless, the 

regulation of RecA nucleation and NPF extension by the RecX modulator during natural transformation, 

as well as the factor(s) that reverse(s) its activities, are poorly understood. To gain insight into the 

mechanism of RecA nucleation and NPF extension in the presence of SSBs, the role of the RecX protein 

was investigated in vitro in this Chapter 3. 

 It has been shown that the RecFOREco complex antagonizes the RecXEco negative effect (Baitin et 

al., 2008, Cox, 2007a, Ragone et al., 2008, Yakimov et al., 2017). B. subtilis RecF15 (recF null mutant 

is not viable) has no effect in chromosomal and in plasmid transformation (Table 1), however, in the 

∆drpA context, chromosomal and plasmid transformation are ~100 and ~50-fold reduced, respectively 

(see 1.6.2.a). Basing on these genetic data, DprA instead of RecF was studied in this Chapter 3, as a 

possible antagonist of RecX during natural transformation. RecO was also primarily discarded because 

of the absence of impaired in chromosomal transformation in ∆recO context (Table 1) (Cardenas et al., 

2012, Kidane et al., 2012). 

4.3.1 RecX and DprA regulate RecA during genetic recombination 

 The chromosomal and plasmid transformation defects of ∆recA, ∆recX and ∆dprA mutants have 

been already analyzed and were re-evaluated in this work to compare them (Table 1) with the null recX 

dprA double mutant strain, which has been constructed and analyzed in this work. The absence of RecA 

abolished chromosomal transformation, but only marginally impaired plasmid transformation, whereas 

the absence of DprA or RecX decreased both chromosomal and plasmid transformation (Table 1). In 

∆recA ∆dprA cells, both chromosomal and plasmid transformation were blocked (Table 2), however, 

the absence of RecA and RecX blocked chromosomal transformation but suppressed the plasmid 

transformation defect (Table 2). These data suggest that DprA and RecX proteins, are crucial for 

efficient chromosomal and plasmid transformation, whereas RecA is essential for chromosomal 

transformation but not necessary for plasmid transformation. It could be hypothesized that the 
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RecA∙ssDNA NPF formed on heterologous ssDNA (plasmid ssDNA) should be unproductive for 

plasmid transformation and RecX, which is a RecA modulator, might be required to catalyze 

RecA∙ssDNA filament disassembly or to block filament assembly. In the absence of RecA, RecX-

mediated disassembly of the RecA NPF is not required, and DprA can catalyze the annealing of 

complementary strands coated by SsbA or SsbB to reconstitute the circular replicon during plasmid 

transformation (Yadav et al., 2013). This is consistent with the observation that RecX, is necessary to 

modulate the RecA NPF half-life (RecA threads) during chromosomal transformation (Cardenas et al., 

2012). Alternatively, in ∆recA ∆recX, an uncharacterized recombination pathway (specific for plasmid 

transformation) could become operative. However, this hypothesis is considered unlikely due to fact 

that chromosomal and plasmid transformation were blocked in the ∆recO ∆recX or recF15 ∆recX contex 

(Table 2) (Cardenas et al., 2012).  

 Finally, in the absence of DprA and RecX, chromosomal transformation was blocked but plasmid 

transformation was comparable (~60-fold reduced) to the more deficient single mutant (Table 1). RecX 

might work in concert with RecA during chromosomal transformation and with DprA during plasmid 

transformation in an otherwise wt background. 

4.3.2 RecX inhibits RecA-catalyzed ATP hydrolysis 

 To characterize the role of RecX in RecA nucleation and filament extension onto ssDNA, RecX 

and RecA proteins were purified and the kinetics of RecA-mediated hydrolysis of ATP were measured 

as an indirect readout of RecA binding to DNA (Manfredi et al., 2008). The ssDNA used in the 

(d)ATPase assays is the circular 3199-nt pGEM3 Zf(+) ssDNA (10 µM in nt) (see 3.5). From the known 

concentration of the protein of interest, it is possible to calculate the number of nucleotides covered by 

1 monomer of protein, dividing the concentration of the ssDNA in nucleotides (10 µM) by the protein 

of interest concentration (in µM). Limiting RecA concentrations (1 RecA monomer/12 nt or 800 nM) 

were used in all the (d)ATPase assays performed.  

 RecA∙ATP (1 RecA monomer/12 nt) nucleation and polymerization onto ssDNA showed a 

monophasic shape and hydrolyzed ATP with a kcat of 9.3 ± 0.2 min-1 (Fig 10), similar to previous data 

(see 1.4.2 and Fig 3) (Carrasco et al., 2015, Yadav et al., 2014). The RecA nucleation time has been 

predicted as ~4 min from RecA-mediated dATP hydrolysis and it is assumed to be the same with ATP, 

even though the monophasic shape from the ATP hydrolysis does not allow the calculation (see 1.4.2 

and Fig 3). Therefore, when RecX protein is pre-incubated with the ssDNA, RecX can affect both RecA 

nucleation and filament extension. However, RecX added more than 4 min after RecA, might affect only 

RecA filament extension. 
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 Limiting RecX concentrations (1 RecX monomer/400-200 nt or 25-50 nM RecX) reduced ATP 

hydrolysis when added before (kcat 7.4 and 5.5 min-1
, respectively) or after RecA (kcat 5.8 and 3.1 min-1

, 

respectively) (Fig 10A-B). Subsaturating concentrations (1 RecX/100 nt or 100 nM) blocked ATP 

hydrolysis (kcat <2 min-1) when added before or after RecA (Fig 10A-B). 

 During natural transformation, it has been proposed that SSBs proteins (SsbA and SsbB) must be 

the first to bind incoming ssDNA as soon as it leaves the entry channel (see 1.6.1). As already observed,  

(Carrasco et al., 2015, Yadav et al., 2014) saturating SSB concentrations (1 SSB tetramer/33 nt or 300 

nM), blocked RecA∙ATP nucleation and filament extension (kcat <2 min-1), similarly to RecX alone (1 

RecX/100 nt or 100 nM). When RecX (1 RecX/100 nt or 100 nM) and SsbA or SsbB (1 SSB tetramer/33 

nt or 300 nM) were pre-incubated with ssDNA, RecA∙ATP nucleation and filament extension were 

blocked (kcat <2 min-1), like in the presence of only one of the proteins (Fig 10C-D). Since assay 

sensitivity in the presence of ATP did not permit observation of the effect of both proteins (SSBs and 

Figure 10. RecX effect on RecA nucleation and polymerization. (A) Circular 3199-nt ssDNA (10 μM in nt) was pre-

incubated with increasing RecX concentrations or a fixed SSB concentration (300 nM) (5 min, 37ºC) in buffer A containing 5 

mM ATP. RecA (800 nM) was added and ATPase activity measured for 30 min. (B) Circular ssDNA was pre-incubated with 

RecA (5 min, 37ºC), followed by RecX, and ATPase activity measured. (C-D) Circular ssDNA was pre-incubated with 

indicated proteins (5 min, 37ºC), followed by RecA, and ATPase activity measured. The + symbol indicates that proteins were 

preincubated, and the arrow indicates the order of protein addition. Representative graphics are shown here, and quantification 

of the results is expressed as the mean ± SEM of >3 independent experiments. 
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RecX) on RecA-mediated ATP hydrolysis (Fig 10C-D), the effect was studied in the presence of dATP 

as a nucleotide co-factor (see 4.3.3). 

4.3.3 RecA∙dATP partially reverses RecX inhibitory effects 

 RecA, at limiting concentrations (1 RecA monomer/12 nt or 800 nM), shows higher activity with 

dATP than with ATP as the nucleotide co-factor (kcat 18.2 and 9.0 min-1
, respectively) (see 1.4.2, Figs 

3B and 10 versus Fig 11). Unlike RecA∙ATP, RecA∙dATP can partially displace SsbA or SsbB from 

ssDNA (see 1.6.1 and Fig 11) (Carrasco et al., 2015, Yadav et al., 2014). To test the effect of SSBs and 

RecX proteins on RecA assembly on ssDNA, ATP was replaced with dATP as nucleotide co-factor.  

  

Figure 11. Effect of RecA on RecA·dATP nucleation and polymerization. (A) Circular ssDNA was pre-incubated with 

RecX, SsbA, SsbB (300 nM) or RecX and SSB protein (5 min), followed by RecA (800 nM) and 5 mM dATP and dATPase 

activity was measured for 30 min. (B) Circular ssDNA was pre-incubated with RecA or RecA (800 nM) and SSB (300 nM) 

protein (5 min), followed by RecX (300 nM), and dATPase activity measured for 30 min. The + symbol indicates that proteins 

were preincubated, and the arrow indicates the order of protein addition. Representative graphics are shown here, and 

quantification of the results is expressed as the mean ± SEM of >3 independent experiments. 
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 RecA∙dATP (1 RecA monomer/12 nt or 800 nM) nucleation and polymerization onto ssDNA 

showed a biphasic curve and hydrolyzed dATP with a kcat of 17.8 ± 0.2 min-1 (Fig 11) and pre-incubation 

of ssDNA with SsbA or SsbB (1 SSB tetramer/33 nt or 300 nM) delayed nucleation and reduced or 

slightly impaired dATP hydrolysis (kcat 13.5 ± 0.2 and 15.3 ± 0.3 min-1
, respectively), similar to previous 

data (see 1.4.2, 1.6.1 and Fig 3) (Carrasco et al., 2015, Yadav et al., 2014, Yadav et al., 2013, Yadav et 

al., 2012).  

 When pre-incubated with ssDNA, RecX (1 RecX/33 nt or 300 nM) delayed RecA∙dATP 

nucleation (lag phase ~6 min), with partial reduction of the maximal dATP hydrolysis rate (kcat 12.5 ± 

0.3 min-1) (Fig 11A).  

 When RecX and SsbA or SsbB were pre-incubated with ssDNA, the maximal dATP hydrolysis 

rate was more reduced (kcat 3.8 ± 0.2 and 7.3 ± 0.3 min-1, respectively) than in the presence of only one 

of the proteins (Fig 11A). When ssDNA was pre-incubated with SsbA or SsbB and RecA for 5 min, 

followed by RecX addition, RecA-mediated dATP hydrolysis was blocked (kcat 2.0 ± 0.2 and 2.7 ± 0.3 

min-1, respectively) (Fig 11B). Under these conditions (Fig 11), it was possible to observe an additive 

inhibitory effect of both RecX and SsbA proteins on RecA nucleation. 

4.3.4 RecA∙ATP assembles on RecX-ssDNA-SsbA-DprA complexes more efficiently than on RecX-

ssDNA-SsbB-DprA complexes 

 DprA binds the 5'-end of the RecA filament by interacting with the N-terminal -helix and a 

DNA-binding region of RecA (see 1.6.2.a) (Chen et al., 2005, Kidane et al., 2012, Lisboa et al., 2014, 

Yadav et al., 2013, Yadav et al., 2012, Mortier-Barriere et al., 2007). On the other hand, by interacting 

with the C-terminal domain of one RecAEco subunit and the nucleotide-binding core of another, RecXEco 

binds the RecAEco filament and to the 3'-end (see 1.7.a) (Baitin et al., 2008, Cardenas et al., 2012, Cox, 

2007a, Ragone et al., 2008, Yakimov et al., 2017). Genetic data suggest that RecX might work in concert 

with RecA during chromosomal and with DprA during plasmid transformation in a wt background (see 

4.3.1). To test whether DprA can reverse the RecX negative effect of RecA assembly on ssDNA, the 

kinetics of RecA-mediated hydrolysis of ATP were studied studied in the presence of the two proteins 

(Fig 10C-D). 

 When pre-incubated with ssDNA, DprA (1 DprA dimer/100 nt or 100 nM DprA) stimulated 

RecA∙ATP assembly on ssDNA with a maximal hydrolysis rate (kcat 12.5 ± 0.2 min-1) (Fig 10D). At 

equimolar DprA and RecX concentrations (100 nM DprA:100 nM RecX), DprA partially reversed the 

negative effect of RecX on RecA nucleation and the ATP hydrolysis rate was partially recovered (kcat 

4.2 ± 0.2 min-1).  

 As already observed (Yadav et al., 2014), RecA nucleated and polymerized on the DprA-ssDNA-

SsbA or DprA-ssDNA-SsbB complexes more efficiently than on DprA-ssDNA complexes (Fig 10C-
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D). The ssDNA was pre-incubated with saturating SsbA or SsbB and equimolar DprA and RecX 

concentrations, followed by RecA addition, to test whether DprA could indirectly reverse the RecX 

negative effect on RecA nucleation and filament extension on SSB-coated ssDNA. RecA nucleated and 

polymerized on the RecX-ssDNA-SsbB-DprA or RecX-ssDNA-DprA complexes with similar 

efficiency resulting in a low ATP hydrolysis rate (kcat 4.5 versus 4.2 min-1, respectively) (Fig 10C-D). 

However, when SsbB was replaced by SsbA, RecA nucleated and polymerized on RecX-ssDNA-SsbA-

DprA complexes (kcat 15.6 ± 0.2 min-1) (Fig 10C) more efficiently than on RecX-ssDNA-DprA 

complexes (Fig 10C-D).  

  4.3.5 RecX induces RecA nucleoprotein filament depolymerization 

 Results from 4.3.2 show that RecX inhibits RecA-catalyzed ATP hydrolysis affecting both RecA 

nucleation (Fig 10A) and filament extension (Fig 10A-B), as RecXEco does. Two models have been 

proposed to explain the mechanism of RecXEco action. The first model suggests that RecXEco is bound 

onto the ssDNA and in a passive mode, it blocks RecAEco monomer polymerization (3'-end capping 

model). In contrast, the second model proposes that RecXEco actively provokes RecAEco dissociation 

from the ssDNA by a RecXEco-RecAEco protein interaction (active displacement) (see 1.7.a) (Baitin et 

al., 2008, Cox, 2007a, Ragone et al., 2008, Yakimov et al., 2017). The RecA-mediated (d)ATP 

hydrolysis assays (see 4.3.2 and 4.3.3) in the presence of RecX do not allow to dilucidate between this 

to models.  

 To better understand the negative effect of RecX on RecA∙ATP nucleation and polymerization, a 

single molecule assay, using a magnetic tweezers system was used. A single 572-nt ssDNA tether, which 

can accommodate ~190 RecA monomers in the presence of 10 mM MgCl2, was tethered between 

surfaces of a coverslip and a paramagnetic bead inside a flow channel (Fig 12A). By controlling the 

magnets, forces were applied to the ssDNA, and the extensions of ssDNA and of ssDNA bound to 

proteins (RecA, RecX, SsbA or DprA) were recorded (Fig 12). 

 To test how RecX regulates RecA filament disassembly, the extension time traces of fully 

polymerized RecA NPF were analyzed after introduction of the RecA/RecX mixture (Fig 12B). In the 

absence of RecX at low forces (~3 pN), RecA (1 µM) fully polymerized onto the 572-nt ssDNA and the 

resulting RecA∙ATP NPF was stable (no changes in the extension along the time) over long periods 

(>1000 s) (Fig 12B). In the presence of ATP and low forces (~3 pN), when RecA (1 µM) and RecX 

(500 nM) were introduced to the fully polymerized RecA NPF, the extension of the RecA NPF tether 

decreased. A progressive net RecA disassembly from ssDNA induced by RecX was observed, with 

occasional net RecA polymerization (Fig 12C). The lifetime of RecA filament depolymerization 

(defined as the time between two adjacent depolymerization events) was estimated at 1.7 ± 0.4 s (Fig 

12C). Two distinct kinetic phases of depolymerization processes were observed, an initial lag phase of 
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distinct duration (10-100 s) with no or very slow net depolymerization and a strikingly rapid net 

depolymerization phase (Fig 12C). 

Figure 12. RecX induces RecA NPF depolymerization and DprA reverses the RecX and SsbA inhibitory effects on RecA 

filament formation. (A) Scheme showing single molecule manipulation. A 572-nt ssDNA tether was formed between surfaces 

of a coverslip and a paramagnetic bead inside a flow channel. By controlling the magnets, forces were applied to the ssDNA, 

and the extensions of ssDNA and of ssDNA bound to proteins (RecA, SsbA or RecX) were recorded. Inset, typical force-

extension curves of RecA filament formed on ssDNA (red) and naked ssDNA (black) (see Materials and methods). (B) Typical 

extension/time trace of ssDNA-RecA filament with 1 µM RecA in solution at a low force of ~3 pN. (C) Typical extension time 

traces of net depolymerization of RecA filaments in the presence of 500 nM RecX and 1 µM RecA at ~3 pN. Gray lines indicate 

the 40-point smooth of raw data (colored), red lines are stepwise traces using a previously developed step- finding algorithm. 
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The inserted extension time traces are zoomed examples of the stepwise traces. Inserted histograms are the depolymerization 

lifetime distribution determined by a previously developed step-finding algorithm. Blue lines in the histograms are exponential 

decay fitting curves, from which the lifetime characteristics were determined. (D) Typical extension time trace of RecA 

polymerized on ssDNA in the presence of 1 µM RecA, 500 nM SsbA, 500 nM RecX and 500 nM DprA mixture. (E) Typical 

extension time traces of prefomed RecA filaments in the presence of 1 µM RecA (black), 500 nM RecX, and 500 nM DprA 

(blue, magenta) at ~ 3 pN. 

4.3.6 DprA reverses the RecX and SsbA inhibitory effects on RecA nucleoprotein filament 

formation 

Results from 4.3.4 showed that DprA reverses the RecX and SsbA inhibitory effects on 

RecA∙ATP. The magnetic tweezers system was used to obtain more evidences. At low force, 

stoichiometric amounts of DprA reversed the inhibitory effects of RecX and SsbA, leading to stable 

RecA NPF formation (the extension of the RecA NPF tether increased up to stabilization) on ssDNA 

after an ~100 s lag phase (Fig 12D). DprA antagonizes stoichiometric amounts of RecX stabilizing the 

preformed RecA NPF over ~1000 s (Fig 12E).
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4.4 Chapter 4: RecA regulation by RecU and DprA during Bacillus subtilis 

natural plasmid transformation 

 Results from Chapter 3 and previous results (Kidane et al., 2012) suggest that during plasmid 

transformation, RecA-mediated search for homology is unproductive and wasteful because the incoming 

ssDNA shares no homology with the recipient. In this situation, the action of a RecA negative modulator 

is required to promote RecA NPF disassembly or to block RecA filament assembly (see 1.2). It has been 

described that the RecA modulators which promote RecA disassembly are RecX and RecU (see 1.5) 

(Cardenas et al., 2012, Carrasco et al., 2005, Lee et al., 2017). Results from Chapter 3 show that RecA 

inhibition by RecX is required for plasmid transformation and reversing this, by DprA and SsbA, would 

favor RecA-mediated homology search and chromosomal transformation (see 4.3 and 5.3). In Chapter 

4, the role of RecU, the other known RecA negative modulator, was studied in vivo during natural 

transformation. In addition, in Chapter 4, to gain insight into the role of RecU protein as a RecA 

modulator, RecA nucleation and NPF extension in the presence of SSBs and RecU were investigated in 

vitro. Finally, in Chapter 4, the competence-specific DprA (see 1.6.2.a), was studied as a possible 

facilitator that might reverse the RecU effects during natural transformation.  

4.4.1 RecU contributes to plasmid transformation in rec+ cells and also to chromosomal 

transformation in the recX context 

 Two activities have been described for RecU: (i) to recognize, and in concert with the branch 

migration translocases RuvAB or RecG, to cleave HJ recombination intermediates and (ii) to modulate 

RecA·ssDNA filament extension (see 1.7.b). Genetic and biochemical data suggest that the role of RecU 

in transformation is the regulation of RecA·ssDNA filament formation, and not the resolution of the 

recombination intermediate (see Tables 1-2 and 1.7.b) (Ayora et al., 2004, Dillingham and 

Kowalczykowski, 2008, Kidane et al., 2012, McGregor et al., 2005). 

 The absence of RecU marginally affects chromosomal transformation (~2-fold), however, it 

impairs plasmid transformation (~35-fold) (Table 1). Like in ∆recA ∆recX competent cells (4.3.1 and 

1.7.a), chromosomal transformation remains blocked in ∆recA ∆recU context but the absence of RecA 

partially suppresses the RecU requirement for plasmid transformation (Table 2).  

 To study whether RecX and RecU contribute independently to plasmid transformation, ∆recX 

∆recU strain was constructed and analyzed. The absence of RecX impairs chromosomal transformation 

(~200-fold) (see 1.7.a) but the absence of RecU does not (see 1.7.b) (see Table 1), however, 

chromosomal transformation was blocked in ∆recX ∆recU competent cells. On the other hand, the 

absence of RecX or RecU impairs ~50 and ~35-fold plasmid transformation, (respectively) (see 1.7.a-b 

and Table 1) but in the absence of both proteins (∆recX ∆recU competent cells) plasmid transformation 

was blocked. 
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 In Chapter 3, DprA (see 1.6.2.a) has been proposed as the main RecA facilitator during natural 

transformation (see 4.3). To study whether DprA works in concert with RecU during plasmid 

transformation, ∆dprA ∆recU strain was constructed and analyzed. The absence of DprA and RecU 

reduced the amount of chromosomal (~125-fold) and plasmid transformants (~110-fold), as did the 

competent dprA cells (see Table 1). 

 Taken together, these genetic data suggest that RecU is epistatic to DprA, but not to RecX during 

plasmid transformation; and a lack of RecA supersedes the need for RecU (and RecX), but not of DprA 

in plasmid transformation (see Tables 1-2). 

4.4.2 RecU and SsbA inhibit the ATPase activity of RecA 

 To characterize the role of RecU during plasmid transformation, RecU and RecA proteins were 

purified and the kinetics of RecA-mediated hydrolysis of ATP were measured as an indirect readout of 

RecA binding to DNA (Manfredi et al., 2008). 

 RecA∙ATP (1 RecA monomer/12 nt or 800 nM) nucleation and polymerization onto ssDNA 

showed a monophasic shape and hydrolyzed ATP with a kcat of 9.4 ± 0.4 min-1 (Fig 13), similar to 

previous data (see 1.4.2 and Figs 3 and 10) (Carrasco et al., 2015, Yadav et al., 2014). Both before or 

after RecA addition, limiting RecU concentrations (1 RecU dimer/400-200 nt or 25-50 nM RecU) 

reduced (kcat 7.8 and 5.5 min-1
, respectively), subsaturating concentrations (1 RecU dimer/100 nt or 100 

nM) inhibited and stoichiometric RecU concentrations (1 RecU dimer/33 nt or 300 nM) blocked ATP 

hydrolysis (kcat <1 min-1) (Fig 13A-B). 

 At saturating SsbA concentration (1 SsbA tetramer/33 nt or 300 nM), SsbA blocked RecA·ATP 

nucleation and filament extension (kcat <2 min-1) (Fig 13C) which were similar to RecU alone (300 nM) 

(Fig 13A). When ssDNA was preincubated with saturating SsbA and RecU concentrations (300 nM), 

assay sensitivity in the presence of ATP did not permit observation of the effect of both proteins on 

RecA-mediated ATP hydrolysis. To test whether SsbA can compete with RecU to inhibit RecA 

assembly on ssDNA, instead of saturating concentrations, limiting SsbA (1 SsbA tetramer/125-100 nt 

or 80-100 nM SsbA) and RecU (1 RecU dimer/200 nt or 50 nM RecU) concentrations were preincubated 

with ssDNA, followed by the addition of RecA·ATP. RecA-catalyzed ATP hydrolysis was inhibited 

and blocked in the presence of fixed RecU and increasing SsbA concentrations, respectively (Fig 13C). 

Under these conditions, it was possible to observe an additive inhibitory effect of both RecU and SsbA 

proteins on RecA nucleation. Moreover, a linear relationship between RecU or SsbA concentrations and 

inhibition of RecA-mediated hydrolysis was found, which is consistent with a non-catalytic mechanism 

for the inhibition of RecA ATPase activity (Fig 13D). These results suggest that RecA∙ATP in a passive 

mode, could nucleate on ssDNA segment not bound by RecU and/or SsbA proteins and RecU could be 

inhibiting RecA-mediated ATP hydrolysis by competing with RecA for ssDNA binding. Alternatively, 
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the negative effect produced by RecU on RecA could be indirect and RecU, bound to ssDNA, might 

interact with another discrete ssDNA region promoting the formation of DNA secondary structures to 

which RecA cannot bind. 

4.4.3 Three-way junction DNA poorly competes for RecU-mediated inhibition of RecA ATPase 

activity 

 Results from previous section 4.4.2 show RecU-mediated inhibition of RecA ATPase activity but 

cannot dilucidate if this negative effect is due to an active or a passive RecU action mechanism. To go 

further into the RecU action mechanism, the kinetics of RecA-mediated ATP hydrolysis were measured 

in the presence of ssDNA and increasing concentrations of competitor DNA. 3-WJ DNA was used as 

competitor DNA because RecU binds 3-WJ DNA with ~180-fold higher affinity than ssDNA (see 

Figure 13. Effect of RecU on RecA nucleation on ssDNA and filament growth. (A) Circular 3199-nt ssDNA (10 M) was 

preincubated with increasing RecU concentrations (25-300 nM) (5 min, 37ºC) in buffer A containing 5 mM ATP. RecA (800 

nM) was added and ATPase activity was measured (30 min, 37ºC). (B) Circular ssDNA was preincubated with RecA (800 nM) 

in buffer A containing 5 mM ATP (5 min, 37ºC), followed by increasing RecU concentrations (25-300 nM), and ATPase 

activity was measured. (C) Circular ssDNA was preincubated with increasing SsbA concentrations (80-300 nM) and/or a fixed 

amount of RecU (50 nM) in buffer A (5 min, 37ºC), followed by RecA (800 nM) and 5 mM ATP, and ATPase activity was 

measured. The + symbol indicates that proteins were preincubated, and the arrow indicates the order of protein addition. 

Representative graphics are shown here, and quantification of the results is expressed as the mean ± SEM of >3 independent 

experiments. (D) Comparison of the inhibitory effect of RecU and SsbA in RecA filament formation using the kinetic assays 

of A-C. 
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1.7.b), therefore, RecU at equimolar concentrations with 3-WJ DNA should primarily be in a protein-

DNA complex rather than bound to ssDNA. As a control, the 3-WJ DNA did not reduce the amount of 

RecA-mediated ATP hydrolysis (Fig 14A). 

 Limiting RecU concentrations (1 RecU dimer/100 nt or 100 nM RecU) inhibited RecA-mediated 

ATP hydrolysis (kcat 2.4 ± 0.3 min-1) (Fig 14A-B). When limiting RecU concentrations (100 nM) were 

pre-incubated with RecA and 5 min later, 3-WJ DNA at 1:1 or 1:2 molar (equivalent to 100:100 or 

100:200 nM) RecU:3-WJ DNA ratios were added, the negative effect of RecU on RecA nucleation or 

filament extension onto ssDNA was not reversed (kcat 2.9 ± 0.4 and 3.5 ± 0.3 min-1, respectively) (Fig 

Figure 14. Effect of RecU on RecA nucleation on ssDNA and filament growth in the presence of 3-WJ DNA. Circular 

3199-nt ssDNA (10  M in nt) was preincubated with RecA (800 nM) and RecU (100 nM) (A), or with RecA (800 nM) and 

increasing concentrations of 3-WJ DNA (100 to 400 nM in DNA molecules) (B) (5 min, 37ºC) in buffer A containing 5 mM 

ATP. Increasing concentrations of 3-WJ DNA (100 to 400 nM in DNA molecules) (A) or a fixed amount of RecU (100 nM) 

(B) was then added and ATPase activity was measured (30 min, 37ºC). (C and D) The inhibitory effect of RecU on RecA 

filament extension is different than the one exerted by RecX. Circular ssDNA (10 M) was preincubated with a fixed amount 

of RecA (800 nM) (5 min, 37ºC) in buffer A containing limiting ATPS (3 or 24 M). A fixed amount of RecU (C) or RecX 

(D) (100 nM) and 5 mM ATP were added, and ATPase activity was measured. As controls, circular ssDNA (10 M) was 

preincubated with RecA in buffer A lacking or containing limiting ATPS (3 or 24 M), then 5 mM ATP was added and 

ATPase activity was measured. The + symbol indicates that proteins were preincubated, and the arrow indicates the order of 

protein addition. Representative graphics are shown here, and quantification of the results is expressed as the mean ± SEM of 

>3 independent experiments. 
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14A). An excess of 3-WJ DNA at 1:4 molar (equivalent to 100:400 nM) RecU:3-WJ DNA ratio was 

needed to partially reverse the negative effect of RecU in RecA-mediated ATP hydrolysis (kcat 5.4 ± 0.3 

min-1) (Fig 14A). Then, RecA was allowed to nucleate onto ssDNA in the presence of increasing 3-WJ 

DNA concentrations and 5 min after, RecU was added. RecU addition, at 1:1 molar RecU:3-WJ ratio, 

slightly reverse its inhibitory effect in RecA-mediated ATP hydrolysis (kcat 2.7 ± 0.4 min-1) compared 

to in the absence of DNA competitor (kcat 2.4 ± 0.3 min-1) (Fig 14B). RecU addition, at 1:2 or 1:4 molar 

RecU:3-WJ ratios, partially reversed (kcat 4.0 ± 0.3 and 6.3 ± 0.2 min-1, respectively) its inhibitory effect 

in RecA-mediated ATP hydrolysis. It is likely that, independent of the order of addition, RecU bound 

to a 3-WJ (its high affinity substrate) at 1:2 or 1:4 molar RecU:3-WJ ratios still inhibits RecA-mediated 

ATP hydrolysis. 

4.4.4 RecU and RecX inhibit RecA-mediated ATP hydrolysis by distinct mechanisms 

 RecX actively disassembles RecA from the ssDNA (see 4.3.5 and 5.3). Results from previous 

section 4.4.2 show RecU-mediated inhibition of RecA ATPase activity, similar to the RecX-mediated 

inhibition of RecA ATPase activity showed in 4.3.2 (Fig 10A-B versus Fig 13A-B). To test whether 

RecU and RecX use a similar mechanism to inhibit RecA, RecA was preincubated with ssDNA and 

limiting concentrations of ATPS (3 and 24 µM); 5 min later, limiting RecU or RecX concentrations 

(100 nM) and 5 mM ATP were added, and the RecA-mediated ATP hydrolysis measured (Fig 14C-D).  

 RecA assembly needs the presence of a nucleotide co-factor (Fig 3A, step i) while the disassembly 

is coupled to hydrolyzation of this nucleotide (Fig 3A, step ii), therefore, in the presence of (d)ATP as 

a nucleotide co-factor, RecA∙(d)ATP NPFs are dynamic (see 1.4.2). ATPS is a slowly hydrolyzable 

ATP analogue which facilitates RecA nucleation but impedes/delays dissociation of the RecA 

monomers from the ssDNA, therefore the RecA∙ATPS NPFs lose the dynamism that RecA∙(d)ATP 

NPFs have. Limiting RecA concentration (1 RecA monomer/12 nt or 800 nM) were pre-incubated with 

ssDNA and limiting concentrations of ATPS (3 and 24 µM) during 5 min allowing RecA∙ATPS 

nucleation on the ssDNA but performing RecA∙ATPS NPFs almost static (disassembly 

impeded/delayed) onto the ssDNA. After the 5 min pre-incubation, 5 mM ATP was added and RecA-

mediated ATP hydrolysis from the new RecA∙ATP monomers was measured. After addition of 5 mM 

ATP, RecA pre-incubated with 3 µM ATPS did not significantly affect its ATPase activity (kcat 8.9 ± 

0.4 min-1), however with 24 µM ATPS, RecA-mediated ATP hydrolysis (kcat 4.8 ± 0.3 min-1) was as 

expected reduced when compared to the absence of ATPS (kcat 9.4 ± 0.2 min-1) (Fig 14C). This implies 

that, at the same RecA concentration (800 nM), the presence of a higher concentration of ATPS results 

in a higher number of RecA monomers with delay/inhibition of disassembly from the ssDNA and less 

number of RecA free monomers which will bind ATP performing RecA∙ATP dynamic NPF. 
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 Then, the effect of adding RecU or RecX to this almost static RecA∙ATPS NPFs was analyzed. 

When limiting RecU concentrations (1 RecU dimer/100 nt or 100 nM RecU) and 5 mM ATP were added 

to the performed ssDNA-RecA∙ATPS complexes, the inhibitory effect of RecU (kcat 2.5 ± 0.3 min-1) 

was marginally affected in the presence of 3 µM ATPS (kcat 2.7 ± 0.2 min-1) but partially reversed in 

the presence of 24 µM ATPS (kcat 5.2 ± 0.4 min-1) (Fig 14C). Conversely, when limiting RecX 

concentrations (1 RecX monomer/100 nt or 100 nM RecX) and 5 mM ATP were added to the performed 

ssDNA-RecA∙ATPS complexes, the inhibitory effect of RecX (kcat 2.1 ± 0.2 min-1) was not reversed 

either in the presence of 3 µM ATPS (kcat 2.1 ± 0.2 min-1) or 24 µM ATPS (kcat 2.0 ± 0.2 min-1) (Fig 

14D). These results suggest that the mechanism used by RecU to inhibit RecA-mediated ATP hydrolysis 

is not similar to the active mechanism proposed to RecXEco/RecX (see 5.3) (Le et al., 2017, Ragone et 

al., 2008). 

4.4.5 RecU and SSB additively inhibit the RecA∙dATP nucleation on a RecU-ssDNA-SSB complex 

 Results from the previous section 4.4.4 show that when RecA-ssDNA complexes are stabilized 

by ATPS, RecU is less effective in inhibiting RecA-mediated ATP hydrolysis. RecA∙dATP, adopts an 

active state with a greater affinity for ssDNA and a more highly cooperative polymerization onto ssDNA 

(see 1.4.2), presumably being the RecA∙dATP NPFs more stable than RecA∙ATP NPFs. To test whether 

stabilization of a RecA∙ssDNA filament by dATP counteracts the negative effect of RecU on RecA NPF 

formation, like in the presence of RecX as RecA modulator (see 4.3.3 and Fig 11), ATP was replaced 

by dATP and RecA-mediated dATP hydrolysis was measured in the presence of RecU and/or SSBs.  

 When pre-incubated with ssDNA, stoichiometric RecU concentrations (1 RecU dimer/33 nt or 

300 nM RecU) delayed RecA∙dATP nucleation (lag phase ~9 min), with a slightly reduction of the 

maximal dATP hydrolysis rate (kcat 12.5 ± 0.2 min-1) (Fig 15A). Saturating RecU concentrations (1 

RecU dimer/16 nt or 600 nM RecU) delayed (lag phase ~13 min) and reduced RecA nucleation (kcat 

10.2 ± 0.2 min-1) (Fig 15A). Equimolar RecU:RecA ratios (1:1) (1 RecU dimer/11 nt or 900 nM RecU) 

were necessary to block RecA-catalyzed dATP hydrolysis (kcat <1 min-1) (Fig 15A). 

 The non-catalytic inhibitory mechanism of RecU and SSB proteins on RecA dATPase activity 

was analyzed, to confirm whether SsbA or SsbB competes with RecU for ssDNA binding. Preincubation 

of ssDNA with stoichiometric SsbA or SsbB concentrations (1 SSB tetramer/33 nt or 300 nM SSB) and 

stoichiometric RecU concentrations (1 RecU dimer/33 nt or 300 nM RecU) reduced RecA-mediated 

dATP hydrolysis (kcat 8.1 ± 0.3 and 11.3 ± 0.2 min-1, respectively) (Fig 15B-C). The reduction of RecA-

mediated dATP hydrolysis was increased when ssDNA was pre-incubated with saturating RecU 

concentrations (1 RecU dimer/16 nt or 600 nM RecU) and stoichiometric SsbA or SsbB concentrations 

(1 SSB tetramer/33 nt or 300 nM SSB) (kcat 3.0 ± 0.2 and 4.5 ± 0.2 min-1, respectively) (Fig 15B-C). 

However, an excess of RecU (1 RecU dimer/11 nt or 900 nM RecU) and stoichiometric SSB 
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concentrations (1 SSB tetramer/33 nt or 300 nM SSB) were necessary to block RecA-catalyzed dATP 

hydrolysis (kcat <1 min-1) (Fig 15B-C). When ssDNA was pre-incubated with SsbA or SsbB (1 SSB 

tetramer/33 nt or 300 nM SSB) and RecA for 5 min, followed by addition of increasing RecU 

concentrations (1 RecU dimer/33- to 16-nt or 300 to 600 nM RecU), dATP hydrolysis was unaffected 

for the first 8 min, after which it proceeded at lower rate (Fig 15D). Under these conditions (Fig 15B-

D), the maximal dATP hydrolysis rate was more reduced than in the presence of only one of these 

proteins (Fig 15A, RecU; 15B, SsbA and 15C, SsbB) and it was possible to observe an additive 

inhibitory effect of both RecU and SsbA or SsbB proteins (Fig 15B-D) on RecA nucleation and 

polymerization onto ssDNA, similarly to the previous results obtained with RecX and SSBs proteins 

(see 4.3.3 and Fig 11). 

 

Figure 15. Effect of RecU on RecA nucleation on ssDNA and filament growth in the presence of dATP. Circular 3199-nt 

ssDNA (10 M in nt) was preincubated with increasing RecU concentrations (300-900 nM (A) and a fixed amount of SsbA 

(B) or SsbB (C) (300 nM) (5 min, 37ºC) in buffer A containing 5 mM dATP. RecA (800 nM) was added and dATPase activity 

was measured (30 min, 37ºC). (D) ssDNA was preincubated with a fixed concentration of RecA (800 nM) and SsbA or SsbB 

(300 nM) (5 min, 37ºC) in buffer A containing 5 mM dATP, followed by increasing RecU concentrations (300-600 nM), and 

dATPase activity was measured. The + symbol indicates that proteins were preincubated, and the arrow indicates the order of 

protein addition. Representative graphics are shown here, and quantification of the results is expressed as the mean ± SEM of 

>3 independent experiments. 
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4.4.6 RecU promotes disassembly of preformed RecA∙ATP nucleoprotein filaments 

 To further define the mechanism by which RecU or SsbA inhibits RecA filament formation, AFM 

image analysis in a dynamic RecA∙ATP filament growth condition was used (Fig 16). First, the SsbA-

ssDNA and RecU-ssDNA complexes were performed in conditions for efficient RecA filament growth 

(10 mM Mg2+ and 5 mM ATP) (Bell and Kowalczykowski, 2016, Cañas et al., 2011, Cox, 2007a) and 

the morphologies of these complexes were analyzed. 

 The circular 3199-nt ssDNA show a tangled morphology in the absence of proteins bound on it 

(Fig 16). SsbA (1 SsbA tetramer/64 nt or 5 nM SsbA), which preferentially binds ssDNA with no 

secondary structures, extends the tangled ssDNA resulting in a beads-on-a-string morphology (Fig 16A, 

n= ~260), similar to previous reports (Yadav et al., 2013). The beaded complexes were packed with an 

average of 19 ± 5 SsbA beads on the 3199-nt ssDNA (Fig 16A), but this number was not significantly 

increased at higher SsbA:ssDNA ratios (data not shown). 

 At very low RecU concentrations (1 RecU dimer/640 nt or 0.5 nM RecU), RecU-ssDNA 

complexes were not observed (Fig 16A), however, by increasing the RecU concentration, RecU was 

bound to ssDNA resulting in the formation of discrete globular structures (blobs) on the DNA and 

ledding to compaction of the nucleoprotein complexes. In the presence of 1 nM RecU (1 RecU 

dimer/320 nt or ~10 RecU/ssDNA molecule), ssDNA was partially untangled and RecU-ssDNA 

complexes with an average of 6 ± 1 blobs/ssDNA molecule were observed (Fig 16A, n= ~100). At 

subsaturating RecU concentration (1 RecU dimer/64 nt or 5 nM RecU), protein-ssDNA aggregates were 

observed, which suggest that RecU-RecU interactions led to intramolecular DNA condensation (Fig 

16A, n= ~180). When ssDNA was pre-incubated with stoichiometric SsbA concentrations (1 SsbA 

tetramer/64 nt or 5 nM SsbA) followed by increasing concentrations of RecU (1 RecU dimer/640-64 nt 

or 0.5-5 nM RecU), a small number of SsbA beads were observed whereas compact RecU structures 

were not detected (Fig 16A, n= ~100), which is compatible with both proteins bound on the ssDNA at 

the same time.  

 To study the mechanism used by RecU to inhibit RecA nucleation and NPF formation, 

experiments need to be performed under conditions that allow dynamic RecA NPF (see 4.4.4). 

Therefore, increasing concentrations of RecA were pre-incubated with the circular 3199-nt ssDNA in 

the presence of ATP (not in the presence of ATPS) as nucleotide co-factor (Fig 16B).  
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Figure 16. SsbA or RecU binding promotes disassembly of RecA-ssDNA complexes. (A-B) 3199-nt ssDNA (0.1 nM in 

ssDNA molecules) was incubated with a fixed amount of SsbA (5 nM) and increasing RecU (0.5-5 nM) (A) or increasing RecA 

(1-10 nM) (B) concentrations in buffer C (10 min, 37°C). (C) Circular ssDNA was preincubated with a fixed amount of RecA 

(10 nM) in buffer C (10 min, 37°C), followed by addition of increasing RecU concentrations (1-5 nM), and the reaction was 

further incubated (10 min, 37°C). A fraction of the samples was deposited onto freshly cleaved mica and visualized by AFM. 

Each experiment was performed >3 times, with similar results. Bars, 100 nm. 
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 The addition of RecA∙ATP (1 RecA monomer /320-32 nt or 1-10 nM RecA) to ssDNA resulted 

in extended structures (Fig 16B).  Due to the dynamism of the RecA∙ATP NPF, RecA bound to ssDNA 

might have melted most of the structure and then dissociated, leaving only some RecA-ssDNA (filament 

structures). RecA (1 RecA monomer /32 nt or 10 nM RecA) facilitated formation of discrete short 

filament-like structures (~12 to ~29 nm) on extended circular complexes with 20 to 50 RecA monomers 

bound to ssDNA, interrupted by long intervals of uncollapsed free ssDNA (Fig 16B).   

 When the ssDNA was pre-incubated with SsbA (1 SsbA tetramer/64 nt or 5 nM SsbA) followed 

by incubation with increasing concentrations of RecA (1 RecA monomer /320-32 nt or 1-10 nM RecA) 

in the presence of ATP, the SsbA beaded structures did not significantly change suggesting that RecA 

is not able to displace SsbA from the ssDNA (Fig 16B). These results are consistent with results from 

Figure 11 and Figure 14, which show that RecA ATPase activity is blocked in the presence of saturating 

SsbA concentrations. 

 Similary, RecA∙ATP (1 RecA monomer /32 nt or 10 nM RecA) was pre-incubated with ssDNA 

followed by incubation with increasing concentrations of RecU (1 RecU dimer/320-64 nt or 1-5 nM 

RecU) in the presence of ATP. At limiting RecU concentrations (1 RecU dimer/320 nt or 1 nM RecU), 

the ssDNA became tangled and RecA∙ATP filament-like structures were not observed (Fig 16C, n= 

~150). However, at 1:2 (5:10 nM) RecU:RecA ratio, compact RecU-ssDNA structures were observed, 

similar to those found when RecA∙ATP was absent (Fig 16C, n= ~150). These images are consistent 

with RecU binding to ssDNA once RecA has dissociated from the ssDNA after ATP hydrolysis. 

Alternatively, RecU inhibits RecA re-polymerization, resulting in its net depolymerization.  

4.4.7 DprA protects RecA from the inhibitory effect of RecU 

 DprA, which physically interacts with RecA, binds the 5'-end of the RecA filament by interacting 

with the N-terminal -helix and a DNA-binding region of RecA and loads RecA on the ssDNA. 

However, these RecA∙ATP NPF are not active to catalyze DSE, and the two-component mediator DprA-

SsbA is necessary to “activate” RecA∙ATP to catalyze DSE (see 1.6.2.b). Results from section 4.3.4 

showed that RecX inhibitory effect on RecA∙ATP was partially reversed by DprA (Fig 10C-D). To test 

whether DprA also reverses partially or completely the negative effect of RecU on RecA∙ATP, the 

kinetics of RecA-mediated ATP hydrolysis were studied in the presence of DprA and RecU (Fig 17).  

 First, the minimal DprA concentration needed to stimulate RecA ATPase activity was checked. 

As few as 2 to 4 DprA dimers/ssDNA molecule (1 DprA dimer/1600-800 nt or 6-12 nM DprA), were 

sufficient to stimulate RecA ATPase activity (kcat 10.1 ± 0.2 and 12.5 ± 0.3 min-1, respectively) 

compared to conditions lacking DprA (Fig 17A), confirming that the DprA recruits RecA onto ssDNA.  
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Figure 17. DprA antagonizes the inhibitory effect of 

RecU on RecA filament extension. (A) Circular 3199-

nt ssDNA (10 M) was preincubated with increasing 

DprA concentrations (6-25 nM) (5 min, 37ºC) in buffer 

A containing 5 mM ATP. RecA (800 nM) was added 

and ATPase activity was measured (30 min, 37ºC). (B) 

Circular ssDNA was preincubated with increasing 

DprA concentrations (6-25 nM) and a fixed RecU 

amount (100 nM) (5 min, 37ºC), followed by the 

addition RecA (800 nM). ATPase activity was then 

measured. (C) Circular ssDNA was preincubated with a 

fixed amount of RecA (800 nM) and increasing DprA 

concentrations (6-25 nM) (5 min, 37ºC), followed by a 

fixed amount of RecU (100 nM), and ATPase activity 

was measured. The + symbol indicates that proteins 

were preincubated, and the arrow indicates the order of 

protein addition. Representative graphics are shown 

here, and quantification of the results is expressed as the 

mean ± SEM of >3 independent experiments. 

 

 

 

 

 

 

 

 

 

 

 

However, when the DprA concentration was increased to 1 DprA dimer/ssDNA molecule (1 DprA 

dimer/400 nt or 24 nM DprA), the RecA ATPase activity was not further stimulated (kcat 12.5 ± 0.2 min-

1). This result implies that limiting amounts of DprA are necessary to recruit RecA onto ssDNA and is 

consistent with previous reports in which it was showed that substoichiometric concentrations of DprA 

(1 DprA dimer/66 nt or 150 nM) recruit RecA onto SsbA-coated ssDNA (Yadav et al., 2014). 
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 As few as 2 to 4 DprA dimers/ssDNA molecule (1 DprA dimer/1600-800 nt or 6-12 nM DprA) 

were able to partially reverse the negative effect of subsaturating RecU concentrations (1 RecU 

dimer/100 nt or 100 nM) (kcat 3.8 ± 0.3 and 6.0 ± 0.4 min-1, respectively) compared to the reaction in 

the absence of DprA (kcat 2.5 ± 0.3 min-1) (Fig 17B). However, at 1:4 (25:100 nM) DprA:RecU ratio, 

the RecU negative effect on RecA nucleation and filament extension was fully reversed by DprA (kcat 

9.0 ± 0.2 min-1) (Fig 17B). 

 When RecA∙ATP was pre-incubated with ssDNA and increasing concentrations of DprA (1 DprA 

dimer/1600-400 nt or 6-24 nM DprA), and 100 nM RecU was added 5 min after allowing RecA 

nucleation in the presence of DprA, RecU inhibition of the RecA ATPase activity lower than the 

inhibition produced by RecU added at time 0 was (kcat 4.8 ± 0.4, 5.5 ± 0.3 and 7.3 ± 0.3 min-1, 

respectively) (Fig 17B versus 17C). These results show that RecA nucleation in the presence of DprA 

is less sensitive to the RecU inhibition (Fig 17C), it is likely therefore that limiting DprA reverses the 

action of RecU by increasing the steady state of RecA bound to the ssDNA. 

4.4.8 DprA reverses the negative effect of RecU and SSB on the RecA ATPase 

 Results from section 4.3.4 showed that the negative effect of RecX on RecA nucleation and NPF 

formation was partially reversed by DprA and that RecA, “activated” by the two-component mediator 

DprA-SsbA, fully reversed the negative effect of RecX (Fig 10C-D). To test whether DprA could 

reverse both RecU and SSB inhibitors or if “activated” RecA could displace RecU from ssDNA, RecU-

ssDNA-SsbA or RecU-ssDNA-SsbB complexes were incubated with RecA∙ATP and DprA (Fig 18). 

As already observed (Yadav et al., 2014) (see 4.3.4 and Fig 10C-D), RecA nucleated and polymerized 

on the DprA-ssDNA-SsbA or DprA-ssDNA-SsbB complexes more efficiently than on DprA-ssDNA 

complexes (Fig 18). DprA (1 DprA dimer/100 nt or 100 nM) efficiently reversed the negative effect of 

RecU, SsbA (SsbB) or both proteins on RecA nucleation and NPF formation on the RecU-ssDNA-SsbA 

or RecU-ssDNA-SsbB (Fig 18A-B, respectively). 
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Figure 18. DprA facilitates RecA filament extension on the RecU-ssDNA-SsbA or RecU-ssDNA-SsbB complexes. (A) 

Circular 3199-nt ssDNA (10 M) was preincubated with SsbA (300 nM) and DprA or RecU (100 nM) (5 min, 37ºC) in buffer 

A containing 5 mM ATP. RecA or RecA (800 nM) and DprA (100 nM) were added, and ATPase activity was measured (30 

min, 37ºC). Black line, control reaction corresponding to an ATPase assay in the absence of mediators (RecA and ssDNA 

only). (B) A similar reaction was performed adding SsbB (300 nM) was added instead of SsbA. The + symbol indicates that 

proteins were preincubated, and the arrow indicates the order of protein addition. Representative graphics are shown here, and 

quantification of the results is expressed as the mean ± SEM of >3 independent experiments. 
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5.1 Sequence divergence provides a barrier to chromosome transformation 

frequency 

During natural B. subtilis chromosomal transformation, the ssDNA is internalized in a non-polar 

fashion. RecA, with the help of the accessory proteins polymerizes on the internalized linear ssDNA, 

searches for an identical segment in the chromosome, identifies a MEPS and initiates strand invasion, 

forming a D-loop (see 1.2) (Kidane et al., 2012, Takeuchi et al., 2014, Johnston et al., 2014, Chen and 

Dubnau, 2004, Chen et al., 2005, Thomas and Nielsen, 2005, Yadav et al., 2012, Yadav et al., 2013). 

Recombination efficiency depends on the degree of sequence divergence between incoming DNA and 

the host chromosome, and on the HGT mechanism (see 1.3) (Kidane et al., 2012, Fraser et al., 2007, 

Rayssiguier et al., 1989, Zawadzki et al., 1995, Matic et al., 1995, Majewski and Cohan, 1999, Hsieh et 

al., 1992, Yang et al., 2015). In Chapter 1, the impact of DNA divergent sequences as an interspecies 

barrier to GR during natural chromosomal transformation in B. subtilis, was studied.  

End resection generates a 3’-tailed duplex substrate used by the RecA recombinase (see 1.5.1). 

The absence of end resection during natural B. subtilis transformation presents the possibility that RecA 

could catalyze DSE reaction in both polarities, 5'→3' and/or 3'→5' direction. In addition, in Chapter 1, 

it was investigated whether RecA can catalyze bidirectional DSE, and if RecA-mediated recombination 

requires homology at each DNA end for an efficient DSE. 

5.1.1 Sequence divergence decreases the frequency of chromosomal transformation, even when 

the sequence divergence exeeded 8%  

 Previous experimental studies showed a log-linear decreasement (200–400-fold) of the frequency 

of RifR B. subtilis transformants when the donor-recipient sequence divergence was above 8%, however, 

this log-linear relationship was broken down at higher sequence divergence (Zawadzki et al., 1995). 

This kind of biphasic curve could represent that the homologous recombination machinery becomes 

‘saturated’ at 8% sequence divergence, being insensitive to higher sequence divergences. Another 

explanation could be that the second part of the curve is an artifact, due to the high noise and the limited 

resolution of the system used. To dilucidate between these two options, the previous results were re-

evaluated including a larger number of donor DNAs (2,997-bp rpoB482 DNAs derived from different 

Bacilli species or subspecies) (see Table 3 and Fig 5A) with different percents of sequence divergence.  

In addition, it was used a strain with a deletion of the rok gene in the competent cells (B. subtilis BG1359 

strain), to increase the proportion of cells that become competent. Using this strain, it was possible to 

detect transformant cells even when the transformation efficiency was as low as 10-9. As expected, the 

chromosomal transformation frequency with homologous rpoB482 DNA was 20- to 50-fold higher in 

the BG1359 rok strain (Fig 5B, empty symbols) when compared to the parental BG214 (rok+) strain 

(Fig 5B, filled squares). The log-linear decreasement of the frequency of RifR transformants correlated 
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with a log linear increase in sequence divergence was confirmed (Fig 5B) both in the rok (Fig 5B, 

empty symbols) and in the parental rok+ strains (Fig 5B, filled squares). However, when the sequence 

divergence exeeded 8%, RifR transformants were observed in ∆rok competent cells, suggesting that the 

previous reports had a limited resolution of the system and that the homologous recombination 

machinery is sensitive to heterology beyond 8% sequence divergence, and the ‘saturation hypothesis’ 

was incorrect. Therefore, the ∆rok strain should be used instead of rok+ strain, to study chromosomal 

transformation efficiency with donor-recipient divergent sequences. 

 In addition, to investigate the effect of one or two-ended D-loop formation (Fig 1B1a-b) on B. 

subtilis chromosomal transformation, ∆rok competent cells were transformed with the transforming 

rpoB482 DNA end homologous to recipient (SpeI-linearized rpoB482 DNA) (Fig 5B, empty circles) or 

undigested circular rpoB482 DNA (Fig 5B, empty squares), respectively. Similarly, the frequency of 

chromosomal transformation was log linearly reduced up to ≈45 000-fold with sequence divergence 

increasing from 0.03% to 20.8% (Fig 5B) when ∆rok competent cells were transformed with undigested 

(Fig 5B, empty squares) or with linearized rpoB482 DNA (Fig 5B, empty circles). However, the yield 

of RifR transformants of ∆rok competent cells with undigested DNA (Fig 5B, empty squares) 

(transformation frequency 1 x 10-3 or 1.1 x 105 RifR/CFU) was 10- to 20-fold higher compared to 

linearized rpoB482 DNA (Fig 5B, empty circles). The lower efficiency obtained with linearized 

rpoB482 DNA could be explained by a defect at the post-synaptic level. A simultaneous incision of the 

internalized strand and the displaced strand of the same polarity (Fig 5B, upper insert, denoted by 

triangles), by putative resolvase, might facilitate removal of the recipient displaced strand followed by 

ligation of the internalized strand (Fig 1B1a). In contrast, in the linear rpoB482 DNA, the heterologous 

sequence was present to only one DNA ends and only one ended D-loop was formed (Fig 1B1b). The 

resection of this intermediate is poorly understood, and it was not further analyzed. 

5.1.2 Homologous recombination is not the only mechanism of chromosome transformation 

To explore in depth the effect produced by sequence divergence beyond 15% on B. subtilis 

chromosomal transformation, two new 2,997-bp rpoB482 DNAs, derived from different Bacilli species 

were used to transform BG1359 (rok) competent cells: (i) B. gobiensis FJAT4402 (17.0% sequence 

divergence, 510 mismatches/insertion/deletion), and B. smithii DSM4216 (22.7%, 681 

mismatches/insertion/ deletion) (Fig 6A and Table 3). In addition, to gain insight into this 

transformation barrier, the length of integrated DNA was measured by determining the presence and 

absence of mismatches in the sequences from the RifR transformants.  

 Taken together, the results (see 4.1.4) show that sequence divergence prevents B. subtilis 

chromosomal transformation in a biphasic mode, up to 15% and beyond 15% sequence divergence in 

∆rok competent cells (Fig 6B). Sequence divergence up to 15%, provides a barrier to chromosomal 
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transformation, which decreases logarithmically, whereas the length of the integrated DNA is reduced 

arithmetically exchange (Table 4 and Fig 6B-C). In contrast, when sequence divergence is greater than 

15%, transformation efficiency decreases ~100,000-fold in all the cases and the length of the integrated 

DNA is independent of sequence divergence with a mean integration length of 3-4-bp (Fig 6B-C). The 

MEPS necessary to allow successful RecA-mediated chromosomal transformation is predicted to be 30- 

to 40-bp both in vivo (Alonso et al., 1986, Shen and Huang, 1986) and in vitro (Radding, 1991, Joo et 

al., 2006, van der Heijden et al., 2008, Forget and Kowalczykowski, 2012, Bell et al., 2012). It is likely, 

therefore, that the two parts of the biphasic curve are governed by different mechanisms. Up to 15% 

sequence divergence, chromosomal transformation involves a homology-dependent RecA-mediated 

DSE mechanism. However, beyond 15% sequence divergence, B. sutilis chromosomal transformation 

could be governed by a different mechanism (see 5.2), and small patches of identity might help to 

stabilize the invading ssDNA to render a transformation frequency even 10-fold below MEPS, in a 

RecA-independent manner.  

 To investigated whether RecA might not catalyze DSE between few nucleotides when the 

sequence divergence is higher than 15%, the two different phases of the biphasic curve were further 

investigated in Chapter 2 (see 4.2) and discussed in 5.2. 

5.1.3 RecA catalyzes bidirectional DNA strand exchange 

RecAEco promotes DSE in a 5'→3' direction in the presence of ATP (Bell and Kowalczykowski, 

2016, Cañas et al., 2011, Cox, 2007a, Carrasco et al., 2008, Lisboa et al., 2014). In E. coli cells, ~99% 

of the recombination events during canonical DSB repair require end resection, and the generation of a 

3'-tailed duplex which allows the RecA loading (see 1.5.1). The 3'-end tailed duplex DNA indirectly 

determines the direction of filament extension and the polarity of the substrate for RecA-mediated 

recombination (Cox, 2007a, Dillingham and Kowalczykowski, 2008). In contrast, during natural B. 

subtilis transformation, the DNA uptake machinery introduces a random DSB in the duplex circular 

rpoB482 DNA substrate. Then, one of the strands is degraded and the complementary one is internalized 

independently of its nucleotide sequence and polarity, into the cytosol (Fig 1B) (Chen et al., 2005, Chen 

and Dubnau, 2004, Johnston et al., 2014, Thomas and Nielsen, 2005, Yadav et al., 2013, Yadav et al., 

2012, Kidane et al., 2012). The absence of end resection during natural transformation in B. subtilis 

presents the possibility that RecA could catalyze the DSE reaction in both polarities, 5'→3' and/or 3'→5' 

direction.  

The results from Figure 7 show that when the rpoB482 (position +1) mutation, within the MEPS, 

is placed at the 3'- or 5'-end of the same strand or surrounded by the presence of sequence divergence at 

the 3'-end of the complementary strands, the transformation frequency is marginally affected. These 

results suggest that the recombination events can be initiated at any end with respect to the internalized 

ssDNA, or at the central region, allowing a bidirectional chromosomal transformation. In conclusion, 
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sequence divergence prevents B. subtilis chromosomal transformation in a biphasic mode (up to 15% 

and beyond 15% sequence divergence) (see 5.1.2), but it exerts a minor effect when the heterology is 

localized at a discrete end.  

Unfortunately, these results do not offer sufficient sensitivity to discriminate between the 

initiation at any end or at the central region of the linear internalized ssDNA. RecA-mediated 

bidirectional DSE was confirmed in vitro in the lab using the three-stranded recombination reaction. 

RecA showed no apparent preference to initiate recombination at the 3'- or 5'-complementary end of the 

linear duplex with circular ssDNA, but nucleotide hydrolysis was required when heterology was present 

at both ends. RecA·dATP initiated pairing of the linear 5' and 3' complementary ends, but only initiation 

at the 5'-end remained stably paired in the absence of SsbA. These results suggest that during gene 

transfer RecA·ATP, in concert with SsbA and DprA or RecO, shows a moderate preference for the 3'-

end of the duplex. Even though these results have not been presented in this thesis, were published in 

Carrasco et al., 2016. Taken together, these results suggest that like eukaryotic Rad51 (Cox, 2007a), 

RecA promotes DSE with no intrinsic polarity. What determines the RecA polarity of strand exchange? 

RecA could have evolved to accommodate and process different types of DNA substrates (GR during 

chromosomal transformation [Fig 1B] and RR during SSG and DSB repair [Fig 1A]). 

During natural chromosomal transformation, the DNA uptake machinery of competent cells 

internalized linear ssDNA in a non-polar fashion manner. Results from Chapter 1 suggest that one DNA 

end might be sufficient for chromosomal transformation and that recombination between the 

internalized linear ssDNA and recipient duplex (three-stranded recombination) might be initiated at the 

3'- or 5'-end (Fig 7). It is likely that the Watson or Crick strand enters with similar efficiency and only 

one conserved invasive end is necessary for chromosomal transformation. Once ssDNA is internalized, 

SsbA or SsbA and SsbB would coat it and then DrpA or RecO recruits and activates RecA∙ATP to 

catalyze DSE (see 1.6.2). In contrast, during DSB repair, RecA does not have to discriminate between 

3'- or 5'- ends, because the end-processing machineries (the AddAB or RecJ-RecQ(S)-SsbA complex) 

generate a 3'-ssDNA tail for allowing the RecA loading (see 1.5.1 and Fig 1A) (Alonso et al., 2013, 

Ayora et al., 2011). RecAEco is optimized to deal with a 3'-tailed duplex and mediates unidirectional DSE 

in the presence of SSBEco and ATP hydrolysis (in the 5'→3' direction) (Carrasco et al., 2008, Cox, 2007a, 

Lisboa et al., 2014). 
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5.2 Bacillus subtilis MutS modulates RecA-mediated genetic recombination 

between divergent DNA sequences during chromosomal transformation 

 Results from Chapter 1 showed (see 4.1.4) that chromosomal transformation frequency 

decreases in a biphasic mode with increased sequence divergence in wt (BG1359 strain) competent cells. 

In Chapter 2 it was studied whether MMR system proteins, MutSL, regulate GR between divergent 

DNA sequences, during natural chromosomal transformation in B. subtilis. To define the contribution 

of the MMR pathway to natural chromosomal transformation, strains isogenic to the wt strain with null 

mutations in the MMR genes mutL (mutL), mutS and mutL (mutSL) or mutSL strain with a plasmid-

borne mutL gene (considered as mutS) (see 3.1.2) were transformed with 2997-bp rpoB482 DNAs 

derived from different Bacilli species or subspecies representing a donor-recipient sequence divergence 

from ~0.03% to 22.7% (see Table 3). In addition, strains isogenic to the wt strain with null mutations 

in mutS2 (mutS2) and recA (recA) genes were also transformed with the different rpoB482 DNAs to 

explore the possible effect of MutS2 (paralog of MutS) on chromosomal transformation and the 

contribution of the RecA recombinase to each part of the biphasic curve. 

 Chromosomal transformation frequency decreased in a biphasic mode with increased sequence 

divergence. The chromosomal transformation frequency with homologous rpoB482 DNA (Bsu 168, 

single donor-recipient mismatch) was similar in ∆mutSL, ∆mutS, ∆mutL, ∆mutS2 cells and in the wt 

control (4-6 x 10-3; considered log 1 in Fig 8A). Up to 15% sequence divergence increasement (first 

curve component), the frequency of interspecies chromosomal transformation decreased 

logarithmically, being natural chromosomal transformation marginally increased (2-fold) in the 

absence of MutS, MutL or MutSL with compared to wt and ∆mutS2 strains, however, it was blocked in 

in competent recA cells (Fig 8A).  A minor effect of absence of the MMR pathway was also described 

in other natural competent bacteria (i.e., S. pneumoniae, Acinetobacter baylyi, Pseudomonas stutzeri) 

(Humbert et al., 1995, Majewski and Cohan, 1999, Young and Ornston, 2001, Meier and Wackernagel, 

2005). In contrast, lack of MutS or MutL increases interspecies conjugational recombination by103-

fold in -proteobacteria with up to 16% sequence divergence (Rayssiguier et al., 1989). The mean 

integration length of DNA with up to 15% sequence divergence was 5- to 14-fold above MEPS in wt 

and in mutSL cells (Fig 8B) and DNA mismatches of the integrated DNA were not corrected by the 

MMR system (see 4.2.1). From these results, the first part of the biphasic curve could be explained by 

homology-dependent RecA-mediated DSE process (Fig 8A, inset top left), and the absence of MMR 

proteins makes only a marginal contribution to this process. The MMR system is probably easily 

saturated with a few mismatches, as reported (Humbert et al., 1995); alternatively, the MMR is non-

functional, blind, and/or impaired in non-replicating competent cells, as proposed (Carrasco et al., 2016). 
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 When sequence divergence was greater than 15% (second curve component), chromosomal 

transformation decreased in ∆mutS2 competent cells similar to the wt cells (~35-fold). In contrast, in the 

absence of MutS or MutSL, and to lesser extent of MutL, an increase in sequence divergence above 

15% did not alter the frequency of interspecies chromosomal transformation, suggesting a relevant role 

of the MMR system in this second part of the biphasic curve. Alternatively, the increasing rate of 

spontaneous mutation is altering the outcome. The mean length of the integrated segment of these 

transformants, which have at least two mismatches, was ~4-bp, and 8- to 12-fold below MEPS (Fig 8B). 

However, with ~17% sequence divergence, 37% of the sequenced RifR colonies had only a single 

mismatch (the rpoB482 mutation) relative to the recipient DNA sequence, which increased to 92% (24 

of 26 sequenced events) when sequence divergence was 23%, suggesting that 22% to 24% sequence 

divergence should provide the limit to restore inactivated genes by transformation and thereby prevent 

stochastic, irreversible deterioration of genomes in finite populations known as Muller’s ratchet 

(Takeuchi et al., 2014).  

 In addition, with sequence divergence above 15%, the chromosomal transformation frequency in 

∆mutSL or wt cells was greater than that of ∆recA cells (spontaneous mutation rate), suggesting that 

RecA is also needed in this second part of the curve. Nevertheless, the MEPS necessary to allow RecA-

mediated chromosomal transformation is predicted to be 25- to 30-bp in vivo in B. subtilis (Majewski 

and Cohan, 1999). Based on this, it could be considered unlikely that RecA could mediate DSE in the 

second part of the biphasic curve, even thought RecA is necessary during chromosomal transformation 

when sequence divergence is >15%. The second part of the curve could be explained by homology-

facilitated illegitimate recombination reaction. During homology-facilitated illegitimate recombination, 

short stretches of homeology between donor-recipient DNA are anchored by RecA and then an 

undefined strand-annealing protein catalyzes the illegitimate recombination reaction (Fig 8A, inset top 

right) (Harms and Wackernagel, 2008). The integration of microhomologous regions has been 

documented in other natural competent cells [S. pneumoniae (Prudhomme et al., 2002), A. baylyi (de 

Vries and Wackernagel, 2002), P. stutzeri (Meier and Wackernagel, 2003)]. Taken together these results 

suggest that the second part of the curve could be governed by homology-facilitated illegitimate 

recombination, and with the MMR proteins providing a barrier to these rare interspecies chromosomal 

transformation events.  

5.3 Bacillus subtilis DprA-SsbA with RecA antagonizes RecX and DprA 

antagonizes RecU functions during natural transformation 

 RecA needs to be highly regulated by a set of regulatory proteins, to ensure that the dynamic 

NPFs are assembled onto ssDNA only when homologous recombination is required. The different 

accessory factors that assist RecA during natural transformation can be divided into two broad classes; 

those that act before and those that act during the homology search and the DSE reaction, known as 
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mediators and modulators respectively (Baitin et al., 2008, Carrasco et al., 2008, Cox, 2007a, Kidane et 

al., 2012, Manfredi et al., 2008, Manfredi et al., 2010). Mediators can be subdivided  into those that 

promote (DprA, RecO[R]), limit (SsbA,SsbB) or activate RecA nucleation to catalyze DSE in the 

presence of ATP (SsbA and DprA or RecO[R], two-component mediators) (see 1.5) (Carrasco et al., 

2016, Carrasco et al., 2015, Yadav et al., 2013, Yadav et al., 2012, Yadav et al., 2014). It has been 

described that the RecA modulators which promote RecA disassembly are RecX (see 1.7.a) and RecU 

(1.7.b) (Cardenas et al., 2012, Carrasco et al., 2005, Lee et al., 2017).  

During natural transformation, the absence of RecA abolished chromosomal transformation, but 

only marginally impaired plasmid transformation (Table 1), which suggest that RecA is essential for 

chromosomal transformation but not necessary for plasmid transformation. A lack of DprA or RecX 

decreased both chromosomal and plasmid transformation, but the absence of RecU only decreased 

plasmid transformation of haploid non-replicating competent cells (Table 1). These data suggest that 

DprA and RecX, are essential for efficient chromosomal and plasmid transformation, whereas RecU is 

crucial for plasmid transformation but not necessary for chromosomal transformation. We show, 

however, that the RecA∙ssDNA NPF formed on heterologous ssDNA (plasmid ssDNA) are 

unproductive because the homology search process is not necessary during plasmid transformation. 

Therefore, during plasmid transformation, RecX or RecU, might be required to catalyze RecA∙ssDNA 

filament disassembly or to block filament assembly of the unproductive RecA NPFs. To gain insight 

into the role of RecX and RecU proteins during natural transformation, the mechanism of RecA 

nucleation and nucleoprotein filament extension in the presence of SSBs (SsbA, SsbB) and RecX 

(Chapter 3) or RecU (Chapter 4), was investigated. In addition, the competence-specific DprA protein 

was studied as a possible(s) facilitator(s) that reverses the RecX and/or RecU effects during natural 

transformation. 

5.3.1 Genetic analysis of RecA modulators, RecX and RecU, during natural transformation 

 Since RecA is essential for chromosomal transformation, in ∆recA ∆dprA, ∆recA ∆recX and 

∆recA ∆recU cells, chromosomal transformation was blocked, as ∆recA competent cells (Table 2). In 

addition to its role as RecA mediator, DprA performs SSA during plasmid transformation (see 1.6.2.b). 

Plasmid transformation was blocked in ∆recA ∆dprA cells, in consequence, DprA is necessary both in 

the presence and in the absence of unproductive RecA NPF. In ∆recA ∆recX and ∆recA ∆recU cells, 

plasmid transformation defect was partially suppressed (Table 2). These results suggest that during 

plasmid transformation, RecX or RecU is needed to negatively regulate unproductive RecA NPF and 

allow the SSA reaction catalized by DprA. However, in the absence of RecA, the presence of RecX or 

RecU is not necessary and DprA can catalyze SSA to reconstitute the circular replicon during plasmid 

transformation.  
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 To test if DprA works in concert with RecX and/or RecU, ∆dprA ∆recX and ∆dprA ∆recU strains 

were evaluated. In the absence of DprA and RecX, chromosomal transformation was blocked but 

plasmid transformation was comparable (~60-fold reduced) to the more deficient single mutant (see 

4.3.1 and Table 1). These results suggest that DprA recruits RecA onto SsbA (or ssbA- and SsbB-) 

coated ssDNA, RecX might promotes RecA NPF filament disassembly and DprA alone or in concenrt 

with SsbA regulates the role of RecX in RecA-mediated DSE during chromosomal transformation. 

Furthermore, RecX and DprA are necessary during plasmid transformation in an otherwise wt 

background. In contrast, the absence of DprA and RecU decreased chromosomal and plasmid 

transformation, as did the dprA competent cells (see 4.4.1), suggesting that RecU is epistatic to DprA. 

Finally, to study whether RecX and RecU modulators contribute independently to natural 

transformation, the ∆recX ∆recU strain was evaluated. The absence of both RecX and RecU blocked 

both, chromosomal and plasmid transformation (see 4.4.1). These results suggest that: i) RecX is not 

epistatic to RecU. There is a division of labour between RecX and RecU modulators, but a certain degree 

of redundancy might mask the role of RecU in controlling RecA activities during chromosomal 

transformation; ii) RecU, in the absence of RecX, might work as a RecA modulator contributing to 

RecA-mediated chromosomal transformation, and to RecA-independent plasmid transformation; and 

iii) RecX and RecU additionally contribute to dismantling the unproductive RecA filaments as judged 

by the plasmid transformation efficiency in ∆recA and wt cells.  

5.3.2 Bacillus subtilis RecA with DprA-SsbA, antagonizes RecX function  

 In addition to the genetical analysis (see 4.3.1 and 5.3.1), to gain insight into the mechanism of 

RecA nucleation and NPF extension in the presence of SSBs proteins, the role of RecX protein during 

natural transformation was investigated in vitro. The biochemical results from Chapter 3 suggest that a 

RecA stable NPF antagonizes the inhibitory effects of RecX on RecA activities.  

 First, RecA·ATP cannot nucleate or polymerize on the RecX-ssDNA, SsbA-ssDNA or SsbB-

ssDNA complexes (Fig 10) but RecA·dATP (Fig 11) can nucleate and polymerize on all these 

complexes. When RecX and SsbA or SsbB were pre-incubated with ssDNA, the maximal dATP 

hydrolysis rate was more compromised than in the presence of only one of the proteins (Fig 11A), which 

it is not observable with ATP as a nucleotide co-factor due to a lack of sensitivity of the assay (Fig 10C-

D). It is likely that RecA∙dATP is less sensitive to RecX inhibition than RecA∙ATP, and that RecX and 

SsbA or SsbB synergistically inhibit RecA∙dATP assembly onto ssDNA. Alternatively, RecA∙dATP 

assemble in the 3’→5' direction escapes RecX-mediated polymerization into ssDNA (Carrasco et al., 

2016). 

 Second, equimolar DprA concentrations partially reversed the negative effect of RecX on RecA 

nucleation (Fig 10C-D), which could be explained as two independent events. DprA which is a RecA 
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mediator (see 1.6.2.b), interacts with RecA and contributes to RecA loading whereas RecX promotes 

reversible depolymerization of preformed RecA·ATP NPF filaments being the nucleation more sensitive 

to RecX action than the RecA filament growth (Figs 10C-D, 12C and 12E). Alternatively, DprA could 

interact with RecX affecting RecX function but this interaction has not been observed either in vivo 

(FRET analysis) or in vitro (pull-down experiments) (data not shown). 

Third, the two-component DprA-SsbA mediator reverses the RecX negative effect on RecA 

filament extension (Figs 10C and 12D), but DprA and SsbB do not (Fig 10D). The two-component 

DprA and SsbA (not DprA-SsbB) mediator is necessary and sufficient to activate RecA∙ATP to catalyze 

DSE. Taken together these results suggest that the RecX negative effect on RecA is reversed by the 

RecA NPF activated by the two-component mediator DprA-SsbA. 

5.3.3 Bacillus subtilis DprA alone is necessary and sufficient to antagonize RecU function 

 In addition to the genetical analysis (see 4.4.1 and 5.3.1), to gain insight into the mechanism of 

RecA nucleation and NPF extension in the presence of SSBs, the role of RecU protein during natural 

transformation was investigated in vitro. Biochemical results from Chapter 4 show that DprA alone is 

necessary and sufficient to antagonize the inhibitory effects of RecU on RecA activities.  

 First, RecU inhibits the RecA ATPase and facilitates RecA disassembly from preformed filaments 

in vitro (Fig 13A-B). RecU, which physically interacts with RecA (Cañas et al., 2008, Carrasco et al., 

2005), blocked RecA-mediated ATP hydrolysis even at substoichiometric concentrations (at a 1:8 

RecU:RecA molar ratio) (Fig 13A-B), suggesting that RecU does not have to interact with every RecA 

monomer on the filament to exert its inhibitory effect. AFM data suggest that RecU-mediated RecA 

disassembly from preformed RecA filaments was faster than the normal filament disassembly (Fig 

16C). 

Second, RecU or SsbA inhibits RecA nucleation onto ssDNA in a non-catalytic mode (Fig 13C-

D) and the inhibition of RecA produced by RecU is additive when it is combined with SsbA or SsbB 

(Figs 13C and 15B-D), therefore, RecU does not compete with SSBs for binding to ssDNA. In addition, 

AFM images from ssDNA pre-incubated with RecU and SsbA are compatible with both proteins bound 

on the ssDNA at the same time (Fig 16A).  

Third, RecU-mediated inhibition of RecA activities can be partially suppressed if RecA is 

nucleated onto ssDNA in the presence of an excess of a high affinity competitor DNA or limiting ATPS 

concentrations (Fig 14A-C). It is likely that RecU bound to 3-WJ DNA (competitor DNA) still inhibits 

RecA-mediated ATP hydrolysis. It is likely that the small fraction of RecA∙ATPS bound to ssDNA 

might contribute to stabilization of RecA on ssDNA. The increased stability of the filament gets through 

RecA bound to ATPS (Fig 14C) or dATP (Fig 15A and 15D), is able to partially bypass the inhibitory 
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effect of RecU on RecA-mediated ATP hydrolysis. Alternatively, RecU might inhibit RecA nucleation 

onto ssDNA. RecU-mediated inhibition of RecA nucleation and filament formation resembles the RecX-

mediated inhibition of RecA observed in Chapter 3, however, in the presence of limiting ATPS 

concentrations the RecX-mediated inhibition of RecA cannot be reversed (Fig 14D). These results 

suggest that RecU and RecX inhibit RecA-mediated ATP hydrolysis by distinct mechanisms. 

Fourth, DprA alone is necessary and sufficient to counteract the negative effect of RecU on RecA 

nucleation onto free- or SSBs-coated ssDNA (Figs 17B-C and 18). Activation of a RecA∙ATP NPF, via 

the concerted action of DprA-SsbA (Fig 18A), is not necessary to reverse the negative effect of RecU, 

whereas DprA and SsbA are necessary to antagonize the inhibitory effects of RecX (Figs 10C and 12D) 

on RecA filament growth (see Chapter 3). 

In summary, results from Chapter 4 suggest that RecU inhibits RecA nucleation and 

polymerization onto ssDNA, however, these results are not sufficient to dilucidate the mechanism of the 

action of RecU in the regulation of the RecA NPF. At least four can be envisioned: (a) RecU bound to 

the ssDNA at the 3'-end of the NPF might block RecA filament extension by an active capping 

mechanism, as proposed for RecXEco or RecX (see Chapter 3 and 5.3) (Le et al., 2017, Ragone et al., 

2008); (b) RecU might actively dismantle the RecA filaments as shown by UvrD-like DNA translocases 

(as UvrD/PcrA) (Fagerburg et al., 2012, Petrova et al., 2015); (c) RecU might act as an antirecombinase 

by dissociating the RecA NPFs as proposed for the RuvABEco translocase (Adams et al., 1994, Iype et 

al., 1995) and (d) RecU might compete with RecA for ssDNA binding, and inhibits RecA nucleation 

and limits filament extension through a physical protein-protein interaction. Mechanism (a) is unlikely, 

because nucleation of RecA∙ATPS onto the ssDNA can compete with the negative effect of RecU, but 

not of RecX (see 4.4.4 and Fig 14C-D). Mechanism (b) is not likely because, unlike UvrD-like DNA 

translocases, RecU neither hydrolyzes ATP nor translocates on ssDNA. Mechanism (c) is unlikely due 

to the fact that the absence of RuvAB does not impair either chromosomal or plasmid transformation 

(see 1.7.b and Table 1). Finally, mechanism (d) explains much of the data obtained in Chapter 4, which 

suggests that the ssDNA interaction with RecA·ATP and RecU or SsbA are mutually exclusive, 

therefore mechanism (d) should be favored. 

5.3.4 Model for RecA filament assembly on DprA-ssDNA-SsbA complexes in the presence of RecX 

and RecU during chromosomal and plasmid transformation 

 Previous reports (Yadav et al., 2013, Carrasco et al., 2016, Yadav et al., 2014) suggest that DprA 

has two stages (a dimeric and a nucleoprotein complex), and at least two activities: (i) a DprA dimer 

facilitates RecA nucleation and filament growth on SsbA-coated ssDNA and helps RecA to mediate 

DSE (mediator activities), which are crucial for chromosomal transformation and (ii) a DprA 

nucleoprotein complex catalyzes SSA between SsbA- (or SsbA and SsbB)-coated complementary 
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ssDNA (strand annealing activity) which is crucial for plasmid transformation. Results from Chapter 3 

and Chapter 4 show new DprA activities during natural transformation: (i) DprA, as part of the DprA-

SsbA two-component mediator, regulates the RecA NPF formation by controlling RecX activity 

(chromosomal and plasmid transformation); (ii) it counteracts RecU-mediated inhibition of RecA 

nucleation and filament growth (chromosomal transformation) and (iii) in concert with RecU, promotes 

RecA depolymerization from heterologous plasmid DNA (plasmid transformation). 

 Based on previous data (Carrasco et al., 2015, Le et al., 2017, Yadav et al., 2014) and those shown 

in Chapter 3 and Chapter 4, a model for RecA filament assembly on DprA-ssDNA-SsbA complexes 

in the presence of RecX and RecU can be proposed and has been described in Figure 19.  

 Apo RecA (Fig 19, step i, empty diamond) cannot nucleate on ssDNA. In the presence of ATP, 

RecA undergoes its first structural transition and can bind to protein-free ssDNA even thought it cannot 

catalyze DSE (Fig 19, step i, from empty diamond to empty circle) (see 1.4.2). SSBs (SsbA and SsbB) 

must be the first to bind incoming ssDNA as soon as it leaves the entry channel (see 1.5.2), but 

RecA∙ATP can neither nucleate on the SSBs-ssDNA complexes nor catalyze DSE (Fig 19, step ii). DprA 

facilitates the RecA nucleation and formation of an inactive RecA NPF to catalyze DSE (Fig 19, step 

iii).  

 SsbA bound to ssDNA interacts with and recruits DprA, which in turn interacts with and 

facilitates nucleation and subsequent RecA NPF growth and NPF activation (RecA undergoes its second 

structural transition) to catalyze DSE (Fig 19, step iv, from empty circle to filled circle). RecA 

modulators, RecX and RecU, block RecA assembly on and/or promote disassembly from ssDNA (Fig 

19, step v). The balance of the RecA filament stabilizing activity of DprA and destabilizing activity of 

RecX and RecU would be established before DprA switches from its RecA mediator to its 

complementary plasmid SSA activity. 

 RecX actively disassembles RecA from the ssDNA, being RecA nucleation more sensitive to 

RecX action than the RecA filament growth. Results from Chapter 3 suggest that 3'-end capping model 

(see 1.7.a) is not sufficient to explain RecX disassembly of RecA NPF. Distinct kinetic phases of 

depolymerization processes can be observed when the extension force is reduced (Figure 12C), 

suggesting that the distint number of new 5´-end of the preformed RecA NPF could explain the speed 

of RecA disassembly (active displacement model) (see 1.7.a). In other words, the newly generated 5´-

end might assist RecA disassembly, the extent of which would be proportional to the discontinuities in 

the pre-assembled RecA filament. However, results obtained in Chapter 4 are not sufficient to 

dilucidate the mechanism of the action of RecU in the regulation of the RecA NPF. RecU might compete 

with RecA for ssDNA binding and inhibits RecA nucleation and limits filament extension through a 

physical protein-protein interaction (see 5.3.3). Single molecule analysis as those presented in Figure 
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12 revealed that RecA disassembly follows a discrete kinetics (Dr. Yan personal communication), 

suggesting that RecU acts earlier that spontaneous RecA disassembly. 

 During natural transformation (Fig 19, step vi), neither DprA which does not interact with RecX 

nor DprA-SsbB which allows the formation of an inactive RecA NPF, are sufficient to antagonizes the 

RecA disassembly produced by RecX. However, DprA interacts with SsbA C-terminal domain and, by 

interacting DprA with the N-terminal -helix from the first monomer of RecA, the SsbA-ssDNA-DprA 

complex might cap the 5'-end of the filament. DprA-SsbA mediator promotes a structural change in 

RecA, decreases the free energy cost for RecA binding to SsbA-coated ssDNA, and contributes to RecA 

Figure 19. Model for RecA filament assembly in the DprA-ssDNA-SsbA complexes in the presence of RecX and RecU 

during chromosomal and plasmid transformation. Apo RecA (empty diamond) cannot nucleate on ssDNA. In the presence 

of ATP, RecA undergoes its first structural transition (step i, empty diamond to empty circle) and can bind to protein-free 

ssDNA even thought it cannot catalyze DSE. RecA·ATP cannot compete with the SsbA- or SsbB-ssDNA complexes (step ii). 

DprA partially dislodges SsbB or SsbA. DprA facilitates the RecA nucleation and formation of an inactive RecA NPF (step 

iii). Following interaction with DprA, SsbA recruits it onto the ssDNA. DprA in the DprA-ssDNA-SsbA complex interacts 

with and recruits RecA·ATP, to establish the 5´-end of the RecA filament. RecA undergoes its second structural transition (step 

iv, empty circle to filled circle); and this active RecA assembles onto SsbA-coated ssDNA. Activated RecA remodels the SsbA-

ssDNA complex to generate a DNA structure competent for SsbA displacement and RecA catalyzes DSE in the presence of 

DprA-SsbA (step iv). RecA modulators, RecX and RecU, block RecA assembly on the ssDNA and promote disassembly from 

the ssDNA (step v). In the presence of homology with the recipient strand (chromosomal transformation), DprA-SsbA or DprA 

at limiting concentrations, makes a positive contribution to RecA·ATP assembly by enhancing its ability to displace RecX or 

RecU, respectively (step vi). In the presence of heterologous ssDNA (plasmid transformation), DprA binds to plasmid ssDNA 

and, upon interaction with DprA-bound to a complementary incoming plasmid ssDNA (gray line), assists in the disassembly 

of RecA and RecX/RecU, and catalyzes SSA (step vii). RecU, which also mediates DNA pairing (Ayora et al., 2004, Carrasco 

et al., 2005), might help DprA to catalyze SSA (step vii).  
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NPF formation which is active to catalyzes DSE (Fig 19, step vi). After undergoing a transition in the 

presence of DprA-SsbA, RecA∙ATP might impede RecX interaction with the active RecA filament 

(especially at the 3'-end) and can catalyze DSE (Fig 19, step vi). Dynamic RecA assembly/disassembly 

might be a mechanism to modulate active RecA filament length during GR. Alternatively, RecA 

mediated stretching of the ssDNA facilitates spontaneous dislodgment of DprA-SsbA. In the absence of 

DprA, RecA might polymerize on the filament 5'-end, facilitating polymerization in the 3'→5' direction, 

which is insensitive to RecX-mediated inhibition. This is consistent with the observation that RecA can 

catalyze strand exchange in either direction (5'→3' or 3'→5') (see 5.1.3), but it shows a moderate 

preference (~3-fold) to initiate strand exchange at the 3'-end over the 5'-complementary end of the linear 

dsDNA substrate (Carrasco et al., 2016). In addition, during chromosomal transformation, DprA, at low 

DprA:RecU:RecA molar ratio (1:16:64 to 1:8:32) works as a RecA mediator antagonizing the negative 

effect of RecU (perhaps by a protein-protein interaction) and facilitating RecA-mediated nucleation and 

filament growth onto ssDNA (Fig 19, step vi). 

 During plasmid transformation (Fig 19, step vii), in the absence of DNA homology with the 

recipient, if activated RecA∙ATP nucleates on a heterologous substrate, the search for homology 

between plasmid and chromosomal DNA would be unproductive, energy-consuming and must be 

disassembled (see 5.3.1). In this situation, DprA works in concert with RecX and RecU instead of being 

an antagonist. RecX and RecU block RecA assembly on and/or promote disassembly from ssDNA (Fig 

19, step vii). In consecuence, DprA can catalyze SSA of complementary strands coated by SsbA or SsbB 

to reconstitute the circular replicon. It is likely that the RecA NPF counters DprA-mediated SSA, and 

that the positive contribution of RecX and RecU is to antagonize the RecA effect on the heterologous 

plasmid DNA limiting the RecA NPF formation and favoring DprA-mediated SSA of SsbA- (or SsbB)-

coated complementary plasmid strands (Fig 19, step vii). DprA bound to plasmid ssDNA and upon 

interaction with another DprA in a complementary plasmid strand, might undergo a transition leading 

to DprA assembly as a nucleoprotein complex which in concert with RecX and RecU, might promote 

RecA depolymerization from the heterologous plasmid DNA (Fig 19, step vii). DprA bound to both 

SsbA- (or SsbB)-coated complementary strands anneals them to reconstitute a circular plasmid replicon 

(Fig 19, step vii) (Yadav et al., 2013). RecU, which also mediates DNA pairing (Ayora et al., 2004, 

Carrasco et al., 2005), might help DprA to catalyze SSA (Fig 19, step v').  

In conclusion, RecX and RecU positively contribute to plasmid transformation and negatively 

contribute to chromosomal transformation by regulating RecA activities. 
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1. Sequence divergence prevents Bacillus subtilis chromosomal transformation in a biphasic mode (up 

to 15% and beyond 15% sequence divergence), but it exerts a minor effect when the heterology is 

localized at a discrete end.  

 

2. Sequence divergence up to 15%, provides a barrier to chromosomal transformation, which decreases 

logarithmically, whereas the length of the integrated DNA is reduced arithmetically, involving a 

homology-dependent RecA-mediated DNA strand exchange mechanism.  

 

3. When sequence divergence is greater than 15%, the length of the integrated DNA is independent of 

sequence divergence, and homology-facilitated illegitimate recombination mechanism might account 

for the chromosomal transformants. 

 

4. The absence of mismatch repair proteins makes only a marginal contribution to homology-dependent 

RecA-mediated DNA strand exchange, but it enhances homology-facilitated illegitimate recombination 

mechanism. 

 

5. At a sequence divergence of ~23%, only 8% of the rifampicin resistant (RifR) cells are genuine 

transformants, suggesting that 22% to 24% sequence divergence should provide the limit to restore 

inactivated genes by transformation and thereby prevent stochastic, irreversible deterioration of 

genomes in finite populations known as Muller’s ratchet. 

 

6. RecA can catalyze bidirectional DNA strand exchange. 

 

7. RecX prevents nucleation and filament growth, and promotes active depolymerization of preformed 

RecA nucleoprotein filaments. During chromosomal transformation, the two-component mediator 

DprA-SsbA, contributes to the formation of an active RecA filament which directly antagonizes the 

inhibitory effect of RecX. In the absence of DNA homology, as in natural plasmid transformation, RecX 

promotes RecA disassembly and DprA anneals the SsbA-coated complementary strands to reconstitute 

a circular replicon. 

 

8. Like RecX, RecU positively contributes to plasmid transformation and negatively contributes to 

chromosomal transformation by regulating RecA activities. After unsuccessful homology searches, 

RecU (in a non-catalytic mode) limits RecA polymerization onto plasmid DNA. DprA which contributes 

to RecA filament growth on any internalized single-stranded DNA, interacts with RecU and antagonizes 

its inhibitory effects on RecA activities during plasmid transformation. 
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1. La divergencia de secuencias previene la transformación cromosómica de Bacillus subtilis en un 

modo bifásico (hasta 15% y a partir de 15 % de divergencia de secuencia), pero ejerce un efecto 

minoritario cuando la heterología se encuentra localizada en un extremo discreto.  

 

2. Secuencias con hasta un 15% de divergencia, proveen una barrera a la transformación cromosómica, 

la cual disminuye logarítmicamente mientras que la longitud del ADN integrado se reduce 

aritméticamente, involucrando un mecanismo de intercambio de cadenas dependiente de homología 

mediado por RecA. 

 

3. Cuando la divergencia de secuencia es superior a 15%, la longitud del ADN integrado es 

independiente de la divergencia de secuencia, pudiendo ser la recombinación ilegítima facilitada por 

homología el mecanismo responsable en este caso. 

 

4. La ausencia de las proteínas del sistema de reparación de bases desapareadas (MMR), contribuye 

marginalmente al intercambio de cadenas dependiente de homología mediado por RecA, pero promueve 

la recombinación ilegítima facilitada por homología. 

 

5. Con una divergencia de secuencia del ~23%, solo el 8% de las células resistentes a rifampicina (RifR) 

son transformantes genuinos, lo cual sugiere que la divergencia de secuencia de un 22% a un 24% 

debería proporcionar el límite para restaurar genes inactivados por transformación y por tanto evitar el 

deterioro estocástico e irreversible de los genomas en poblaciones finitas conocido como trinquete de 

Muller (“Muller’s ratchet”). 

 

6. RecA puede catalizar el intercambio de cadenas de ADN de manera bidireccional. 

 

7. RecX previene la nucleación y filamentación, y promueve la despolimerización activa de los 

filamentos nucleoproteicos preformados de RecA. Durante la transformación cromosómica, el mediador 

de dos componentes DprA-SsbA, contribuye a la formación de un filamento de RecA activo, que 

directamente antagoniza el efecto negativo de RecX. En ausencia de ADN con homología, como en la 

transformación plasmídica natural, RecX promueve el desensamblaje de RecA y DprA anilla cadenas 

complementarias cubiertas por SsbA para reconstituir un replicón circular. 
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8. Al igual que RecX, RecU contribuye positivamente a la transformación plasmídica y negativamente 

a la transformación cromosómica mediante la regulación de las actividades de RecA. Tras una búsqueda 

de homología insatisfactoria, RecU (en un modo no catalítico) limita la polimerización de RecA sobre 

el ADN plasmídico. DprA, la cual contribuye a la filamentación de RecA sobre el ADN de cadena 

sencilla internalizado, interacciona con RecU y antagoniza sus efectos inhibitorios sobre las actividades 

de RecA durante la transformación plasmídica. 

 

 



 

 

 

 

7- REFERENCES 

 

 



7- REFERENCES 

125 

 

1. Adams, D.E., Tsaneva, I.R., and West, S.C. (1994) Dissociation of RecA filaments from duplex 

DNA by the RuvA and RuvB DNA repair proteins. Proceedings of the National Academy of Sciences 

of the United States of America. 91, 9901-9905 

 

2. Alonso, J.C., Cardenas, P.P., Sanchez, H., Hejna, J., Suzuki, Y., and Takeyasu, K. (2013) Early 

steps of double-strand break repair in Bacillus subtilis. DNA repair. 12, 162-176 

 

3. Alonso, J.C., Luder, G., and Trautner, T.A. (1986) Requirements for the formation of plasmid-

transducing particles of Bacillus subtilis bacteriophage SPP1. The EMBO journal. 5, 3723-3728 

 

4. Alonso, J.C., Tailor, R.H., and Luder, G. (1988) Characterization of recombination-deficient 

mutants of Bacillus subtilis. Journal of bacteriology. 170, 3001-3007 

 

5. Ayora, S., Carrasco, B., Cardenas, P.P., Cesar, C.E., Cañas, C., Yadav, T., Marchisone, C., and 

Alonso, J.C. (2011) Double-strand break repair in bacteria: a view from Bacillus subtilis. FEMS 

microbiology reviews. 35, 1055-1081 

 

6. Ayora, S., Carrasco, B., Doncel-Perez, E., Lurz, R., and Alonso, J.C. (2004) Bacillus subtilis RecU 

protein cleaves Holliday junctions and anneals single-stranded DNA. Proceedings of the National 

Academy of Sciences of the United States of America. 101, 452-457 

 

7. Baitin, D.M., Gruenig, M.C., and Cox, M.M. (2008) SSB antagonizes RecX-RecA interaction. The 

Journal of biological chemistry. 283, 14198-14204 

 

8. Barrett, S.D. ( 2008) “Image SXM v 2.01”  

 

9. Bell, J.C., and Kowalczykowski, S.C. (2016) RecA: Regulation and Mechanism of a Molecular 

Search Engine. Trends in biochemical sciences. 41(6), 491-507 

 

10. Bell, J.C., Plank, J.L., Dombrowski, C.C., and Kowalczykowski, S.C. (2012) Direct imaging of 

RecA nucleation and growth on single molecules of SSB-coated ssDNA. Nature. 491, 274-278 

 

11. Bennett, B.D., Kimball, E.H., Gao, M., Osterhout, R., Van Dien, S.J., and Rabinowitz, J.D. (2009) 

Absolute metabolite concentrations and implied enzyme active site occupancy in Escherichia coli. 

Nature chemical biology. 5, 593-599 

 



7- REFERENCES 

126 

 

12. Burby, P.E., and Simmons, L.A. (2017) MutS2 Promotes Homologous Recombination in Bacillus 

subtilis. Journal of bacteriology. 199 

 

13. Cañas, C., Carrasco, B., Ayora, S., and Alonso, J.C. (2008) The RecU Holliday junction resolvase 

acts at early stages of homologous recombination. Nucleic acids research. 36, 5242-5249 

 

14. Cañas, C., Carrasco, B., Garcia-Tirado, E., Rafferty, J.B., Alonso, J.C., and Ayora, S. (2011) The 

stalk region of the RecU resolvase is essential for Holliday junction recognition and distortion. Journal 

of molecular biology. 410, 39-49 

 

15. Cardenas, P.P., Carrasco, B., Defeu Soufo, C., Cesar, C.E., Herr, K., Kaufenstein, M., Graumann, 

P.L., and Alonso, J.C. (2012) RecX facilitates homologous recombination by modulating RecA 

activities. PLoS genetics. 8, e1003126 

 

16. Carrasco, B., Ayora, S., Lurz, R., and Alonso, J.C. (2005) Bacillus subtilis RecU Holliday-junction 

resolvase modulates RecA activities. Nucleic acids research. 33, 3942-3952 

 

17. Carrasco, B., Cañas, C., Sharples, G.J., Alonso, J.C., and Ayora, S. (2009) The N-terminal region 

of the RecU holliday junction resolvase is essential for homologous recombination. Journal of 

molecular biology. 390, 1-9 

 

18. Carrasco, B., Manfredi, C., Ayora, S., and Alonso, J.C. (2008) Bacillus subtilis SsbA and dATP 

regulate RecA nucleation onto single-stranded DNA. DNA repair. 7, 990-996 

 

19. Carrasco, B., Serrano, E., Sanchez, H., Wyman, C., and Alonso, J.C. (2016) Chromosomal 

transformation in Bacillus subtilis is a non-polar recombination reaction. Nucleic acids research. 44, 

2754-2768 

 

20. Carrasco, B., Yadav, T., Serrano, E., and Alonso, J.C. (2015) Bacillus subtilis RecO and SsbA are 

crucial for RecA-mediated recombinational DNA repair. Nucleic acids research. 43, 5984-5997 

 

21. Chen, I., Christie, P.J., and Dubnau, D. (2005) The ins and outs of DNA transfer in bacteria. Science 

(New York, N.Y.). 310, 1456-1460 

 

22. Chen, I., and Dubnau, D. (2004) DNA uptake during bacterial transformation. Nature reviews. 

Microbiology. 2, 241-249 



7- REFERENCES 

127 

 

23. Chen, Z., Yang, H., and Pavletich, N.P. (2008) Mechanism of homologous recombination from the 

RecA-ssDNA/dsDNA structures. Nature. 453, 489-484 

 

24. Courcelle, J., and Hanawalt, P.C. (2003) RecA-dependent recovery of arrested DNA replication 

forks. Annual review of genetics. 37, 611-646 

 

25. Cox, M.M. (2007a) Motoring along with the bacterial RecA protein. Nature reviews. Molecular 

cell biology. 8, 127-138 

 

26. Cox, M.M. (2007b) Regulation of bacterial RecA protein function. Critical reviews in biochemistry 

and molecular biology. 42, 41-63 

 

27. de Vries, J., and Wackernagel, W. (2002) Integration of foreign DNA during natural transformation 

of Acinetobacter sp. by homology-facilitated illegitimate recombination. Proceedings of the National 

Academy of Sciences of the United States of America. 99, 2094-2099 

 

28. Deschenes, L.A., and Vanden Bout, D.A. (2000) Origin 6.0: Scientific Data, Analysis and Graphing 

Solfware. J. Am. Chem. Soc. 122, 9567 

 

29. Dillingham, M.S., and Kowalczykowski, S.C. (2008) RecBCD enzyme and the repair of double-

stranded DNA breaks. Microbiology and molecular biology reviews : MMBR. 72, 642-671 

 

30. Fagerburg, M.V., Schauer, G.D., Thickman, K.R., Bianco, P.R., Khan, S.A., Leuba, S.H., and 

Anand, S.P. (2012) PcrA-mediated disruption of RecA nucleoprotein filaments--essential role of the 

ATPase activity of RecA. Nucleic acids research. 40, 8416-8424 

 

31. Forget, A.L., and Kowalczykowski, S.C. (2012) Single-molecule imaging of DNA pairing by RecA 

reveals a three-dimensional homology search. Nature. 482, 423-427 

 

32. Fraser, C., Hanage, W.P., and Spratt, B.G. (2007) Recombination and the nature of bacterial 

speciation. Science (New York, N.Y.). 315, 476-480 

 

33. Grove, D.E., Anne, G., Hedayati, M.A., and Bryant, F.R. (2012) Stimulation of the Streptococcus 

pneumoniae RecA protein-promoted three-strand exchange reaction by the competence-specific SsbB 

protein. Biochemical and biophysical research communications. 424, 40-44 

 



7- REFERENCES 

128 

 

34. Harms, K., and Wackernagel, W. (2008) The RecBCD and SbcCD DNases suppress homology-

facilitated illegitimate recombination during natural transformation of Acinetobacter baylyi. 

Microbiology (Reading, England). 154, 2437-2445 

 

35. Hsieh, P., Camerini-Otero, C.S., and Camerini-Otero, R.D. (1992) The synapsis event in the 

homologous pairing of DNAs: RecA recognizes and pairs less than one helical repeat of DNA. 

Proceedings of the National Academy of Sciences of the United States of America. 89, 6492-6496 

 

36. Humbert, O., Prudhomme, M., Hakenbeck, R., Dowson, C.G., and Claverys, J.P. (1995) 

Homeologous recombination and mismatch repair during transformation in Streptococcus pneumoniae: 

saturation of the Hex mismatch repair system. Proceedings of the National Academy of Sciences of the 

United States of America. 92, 9052-9056 

 

37. Iype, L.E., Inman, R.B., and Cox, M.M. (1995) Blocked RecA protein-mediated DNA strand 

exchange reactions are reversed by the RuvA and RuvB proteins. The Journal of biological chemistry. 

270, 19473-19480 

 

38. Johnston, C., Campo, N., Berge, M.J., Polard, P., and Claverys, J.P. (2014) Streptococcus 

pneumoniae, le transformiste. Trends in microbiology. 22, 113-119 

 

39. Joo, C., McKinney, S.A., Nakamura, M., Rasnik, I., Myong, S., and Ha, T. (2006) Real-time 

observation of RecA filament dynamics with single monomer resolution. Cell. 126, 515-527 

 

40. Kahn, R., Cunningham, R.P., DasGupta, C., and Radding, C.M. (1981) Polarity of heteroduplex 

formation promoted by Escherichia coli RecA protein. Proceedings of the National Academy of 

Sciences of the United States of America. 78, 4786-4790 

 

41. Kidane, D., Ayora, S., Sweasy, J.B., Graumann, P.L., and Alonso, J.C. (2012) The cell pole: the 

site of cross talk between the DNA uptake and genetic recombination machinery. Critical reviews in 

biochemistry and molecular biology. 47, 531-555 

 

42. Kunkel, T.A., and Erie, D.A. (2005) DNA mismatch repair. Annual review of biochemistry. 74, 

681-710 

 

43. Le, S., Serrano, E., Kawamura, R., Carrasco, B., Yan, J., and Alonso, J.C. (2017) Bacillus subtilis 

RecA with DprA-SsbA antagonizes RecX function during natural transformation. Nucleic acids 

research. 45, 8873-8885 



7- REFERENCES 

129 

 

44. Lee, J.Y., Steinfeld, J.B., Qi, Z., Kwon, Y.H., Sung, P., and Greene, E.C. (2017) Sequence 

imperfections and base triplet recognition by the Rad51/RecA family of recombinases. The Journal of 

biological chemistry. 292, 11125-11135 

 

45. Lenhart, J.S., Pillon, M.C., Guarne, A., Biteen, J.S., and Simmons, L.A. (2016) Mismatch repair in 

Gram-positive bacteria. Research in microbiology. 167, 4-12 

 

46. Lioy, V.S., Machon, C., Tabone, M., Gonzalez-Pastor, J.E., Daugelavicius, R., Ayora, S., and 

Alonso, J.C. (2012) The zeta toxin induces a set of protective responses and dormancy. PloS one. 7, 

e30282 

 

47. Lisboa, J., Andreani, J., Sanchez, D., Boudes, M., Collinet, B., Liger, D., van Tilbeurgh, H., 

Guerois, R., and Quevillon-Cheruel, S. (2014) Molecular determinants of the DprA-RecA interaction 

for nucleation on ssDNA. Nucleic acids research. 42, 7395-7408 

 

48. Lovett, C.M., Jr., and Roberts, J.W. (1985) Purification of a RecA protein analogue from Bacillus 

subtilis. The Journal of biological chemistry. 260, 3305-3313 

 

49. Maamar, H., and Dubnau, D. (2005) Bistability in the Bacillus subtilis K-state (competence) system 

requires a positive feedback loop. Molecular microbiology. 56, 615-624 

 

50. Majewski, J., and Cohan, F.M. (1999) DNA sequence similarity requirements for interspecific 

recombination in Bacillus. Genetics. 153, 1525-1533 

 

51. Manfredi, C., Carrasco, B., Ayora, S., and Alonso, J.C. (2008) Bacillus subtilis RecO nucleates 

RecA onto SsbA-coated single-stranded DNA. The Journal of biological chemistry. 283, 24837-24847 

 

52. Manfredi, C., Suzuki, Y., Yadav, T., Takeyasu, K., and Alonso, J.C. (2010) RecO-mediated DNA 

homology search and annealing is facilitated by SsbA. Nucleic acids research. 38, 6920-6929 

 

53. Matic, I., Rayssiguier, C., and Radman, M. (1995) Interspecies gene exchange in bacteria: the role 

of SOS and mismatch repair systems in evolution of species. Cell. 80, 507-515 

 

54. McGregor, N., Ayora, S., Sedelnikova, S., Carrasco, B., Alonso, J.C., Thaw, P., and Rafferty, J. 

(2005) The structure of Bacillus subtilis RecU Holliday junction resolvase and its role in substrate 

selection and sequence-specific cleavage. Structure (London, England : 1993). 13, 1341-1351 

 



7- REFERENCES 

130 

 

55. McIlwraith, M.J., and West, S.C. (2001) The efficiency of strand invasion by Escherichia coli 

RecA is dependent upon the length and polarity of ssDNA tails. Journal of molecular biology. 305, 23-

31 

 

56. Meier, P., and Wackernagel, W. (2003) Mechanisms of homology-facilitated illegitimate 

recombination for foreign DNA acquisition in transformable Pseudomonas stutzeri. Molecular 

microbiology. 48, 1107-1118 

 

57. Meier, P., and Wackernagel, W. (2005) Impact of mutS inactivation on foreign DNA acquisition 

by natural transformation in Pseudomonas stutzeri. Journal of bacteriology. 187, 143-154 

 

58. Mortier-Barriere, I., Velten, M., Dupaigne, P., Mirouze, N., Pietrement, O., McGovern, S., Fichant, 

G., Martin, B., Noirot, P., Le Cam, E., Polard, P., and Claverys, J.P. (2007) A key presynaptic role in 

transformation for a widespread bacterial protein: DprA conveys incoming ssDNA to RecA. Cell. 130, 

824-836 

 

59. Ngo, K.V., Molzberger, E.T., Chitteni-Pattu, S., and Cox, M.M. (2013) Regulation of Deinococcus 

radiodurans RecA protein function via modulation of active and inactive nucleoprotein filament states. 

The Journal of biological chemistry. 288, 21351-21366 

 

60. Nicholson, W.L., and Maughan, H. (2002) The spectrum of spontaneous rifampin resistance 

mutations in the rpoB gene of Bacillus subtilis 168 spores differs from that of vegetative cells and 

resembles that of Mycobacterium tuberculosis. Journal of bacteriology. 184, 4936-4940 

 

61. Petrova, V., Chen, S.H., Molzberger, E.T., Tomko, E., Chitteni-Pattu, S., Jia, H., Ordabayev, Y., 

Lohman, T.M., and Cox, M.M. (2015) Active displacement of RecA filaments by UvrD translocase 

activity. Nucleic acids research. 43, 4133-4149 

 

62. Pillon, M.C., Babu, V.M., Randall, J.R., Cai, J., Simmons, L.A., Sutton, M.D., and Guarne, A. 

(2015) The sliding clamp tethers the endonuclease domain of MutL to DNA. Nucleic acids research. 

43, 10746-10759 

 

63. Pratto, F., Suzuki, Y., Takeyasu, K., and Alonso, J.C. (2009) Single-molecule analysis of 

protein∙DNA complexes formed during partition of newly replicated plasmid molecules in 

Streptococcus pyogenes. The Journal of biological chemistry. 284, 30298-30306 

 



7- REFERENCES 

131 

 

64. Prudhomme, M., Libante, V., and Claverys, J.P. (2002) Homologous recombination at the border: 

insertion-deletions and the trapping of foreign DNA in Streptococcus pneumoniae. Proceedings of the 

National Academy of Sciences of the United States of America. 99, 2100-2105 

 

65. Qin, T.T., Kang, H.Q., Ma, P., Li, P.P., Huang, L.Y., and Gu, B. (2015) SOS response and its 

regulation on the fluoroquinolone resistance. Annals of translational medicine. 3, 358 

 

66. Radding, C.M. (1991) Helical interactions in homologous pairing and strand exchange driven by 

RecA protein. The Journal of biological chemistry. 266, 5355-5358 

 

67. Ragone, S., Maman, J.D., Furnham, N., and Pellegrini, L. (2008) Structural basis for inhibition of 

homologous recombination by the RecX protein. The EMBO journal. 27, 2259-2269 

 

68. Rayssiguier, C., Thaler, D.S., and Radman, M. (1989) The barrier to recombination between 

Escherichia coli and Salmonella typhimurium is disrupted in mismatch-repair mutants. Nature. 342, 

396-401 

 

69. Sanchez, H., Cardenas, P.P., Yoshimura, S.H., Takeyasu, K., and Alonso, J.C. (2008) Dynamic 

structures of Bacillus subtilis RecN-DNA complexes. Nucleic acids research. 36, 110-120 

 

70. Saugar, I., Ortiz-Bazan, M.A., and Tercero, J.A. (2014) Tolerating DNA damage during eukaryotic 

chromosome replication. Experimental cell research. 329, 170-177 

 

71. Shen, P., and Huang, H.V. (1986) Homologous recombination in Escherichia coli: dependence on 

substrate length and homology. Genetics. 112, 441-457 

 

72. Shereda, R.D., Kozlov, A.G., Lohman, T.M., Cox, M.M., and Keck, J.L. (2008) SSB as an 

organizer/mobilizer of genome maintenance complexes. Critical reviews in biochemistry and molecular 

biology. 43, 289-318 

 

73. Steffen, S.E., and Bryant, F.R. (1999) Reevaluation of the nucleotide cofactor specificity of the 

RecA protein from Bacillus subtilis. The Journal of biological chemistry. 274, 25990-25994 

 

74. Steffen, S.E., Katz, F.S., and Bryant, F.R. (2002) Complete inhibition of Streptococcus pneumoniae 

RecA protein-catalyzed ATP hydrolysis by single-stranded DNA-binding protein (SSB protein): 

implications for the mechanism of SSB protein-stimulated DNA strand exchange. The Journal of 

biological chemistry. 277, 14493-14500 



7- REFERENCES 

132 

 

75. Takeuchi, N., Kaneko, K., and Koonin, E.V. (2014) Horizontal gene transfer can rescue prokaryotes 

from Muller's ratchet: benefit of DNA from dead cells and population subdivision. G3 (Bethesda, Md.). 

4, 325-339 

 

76. Tham, K.C., Kanaar, R., and Lebbink, J.H. (2016) Mismatch repair and homeologous 

recombination. DNA repair. 38, 75-83 

 

77. Thomas, C.M., and Nielsen, K.M. (2005) Mechanisms of, and barriers to, horizontal gene transfer 

between bacteria. Nature reviews. Microbiology. 3, 711-721 

 

78. Torres, R., Romero, H., Rodriguez-Cerrato, V., and Alonso, J.C. (2017) Interplay between Bacillus 

subtilis RecD2 and the RecG or RuvAB helicase in recombinational repair. DNA repair. 55, 40-46 

 

79. Vagner, V., Claverys, J.P., Ehrlich, S.D., and Mejean, V. (1990) Direction of DNA entry in 

competent cells of Bacillus subtilis. Molecular microbiology. 4, 1785-1788 

 

80. van der Heijden, T., Modesti, M., Hage, S., Kanaar, R., Wyman, C., and Dekker, C. (2008) 

Homologous recombination in real time: DNA strand exchange by RecA. Molecular cell. 30, 530-538 

 

81. Weinrauch, Y., and Dubnau, D. (1987) Plasmid marker rescue transformation proceeds by 

breakage-reunion in Bacillus subtilis. Journal of bacteriology. 169, 1205-1211 

 

82. West, S.C., Cassuto, E., and Howard-Flanders, P. (1981) Heteroduplex formation by RecA protein: 

polarity of strand exchanges. Proceedings of the National Academy of Sciences of the United States of 

America. 78, 6149-6153 

 

83. Yadav, T., Carrasco, B., Hejna, J., Suzuki, Y., Takeyasu, K., and Alonso, J.C. (2013) Bacillus 

subtilis DprA recruits RecA onto single-stranded DNA and mediates annealing of complementary 

strands coated by SsbB and SsbA. The Journal of biological chemistry. 288, 22437-22450 

 

84. Yadav, T., Carrasco, B., Myers, A.R., George, N.P., Keck, J.L., and Alonso, J.C. (2012) Genetic 

recombination in Bacillus subtilis: a division of labor between two single-strand DNA-binding proteins. 

Nucleic acids research. 40, 5546-5559 

 

85. Yadav, T., Carrasco, B., Serrano, E., and Alonso, J.C. (2014) Roles of Bacillus subtilis DprA and 

SsbA in RecA-mediated genetic recombination. The Journal of biological chemistry. 289, 27640-27652 

 



7- REFERENCES 

133 

 

86. Yakimov, A., Pobegalov, G., Bakhlanova, I., Khodorkovskii, M., Petukhov, M., and Baitin, D. 

(2017) Blocking the RecA activity and SOS-response in bacteria with a short alpha-helical peptide. 

Nucleic acids research. 45, 9788-9796 

 

87. Yang, D., Boyer, B., Prevost, C., Danilowicz, C., and Prentiss, M. (2015) Integrating multi-scale 

data on homologous recombination into a new recognition mechanism based on simulations of the 

RecA-ssDNA/dsDNA structure. Nucleic acids research. 43, 10251-10263 

 

88. Yasuda, T., Morimatsu, K., Horii, T., Nagata, T., and Ohmori, H. (1998) Inhibition of Escherichia 

coli RecA coprotease activities by DinI. The EMBO journal. 17, 3207-3216 

 

89. Young, D.M., and Ornston, L.N. (2001) Functions of the mismatch repair gene mutS from 

Acinetobacter sp. strain ADP1. Journal of bacteriology. 183, 6822-6831 

 

90. Zahrt, T.C., Mora, G.C., and Maloy, S. (1994) Inactivation of mismatch repair overcomes the 

barrier to transduction between Salmonella typhimurium and Salmonella typhi. Journal of bacteriology. 

176, 1527-1529 

 

91. Zawadzki, P., Roberts, M.S., and Cohan, F.M. (1995) The log-linear relationship between sexual 

isolation and sequence divergence in Bacillus transformation is robust. Genetics. 140, 917-932 

 

92. Zecchi, L., Lo Piano, A., Suzuki, Y., Cañas, C., Takeyasu, K., and Ayora, S. (2012) 

Characterization of the Holliday junction resolving enzyme encoded by the Bacillus subtilis 

bacteriophage SPP1. PloS one. 7, e4844


	Portada
	INDEX
	ABSTRACT
	RESUMEN
	ABBREVIATIONS
	1- INTRODUCTION
	2- OBJECTIVES
	3- MATERIALS AND METHODS
	4- RESULTS
	5- DISCUSSION
	6- CONCLUSIONS/CONCLUSIONES
	7- REFERENCES

