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ABSTRACT

Degradation of a 5’-ending strand is the hallmark of the universal process of DNA double strand break (DSB) resection, which results in creation of the central recombination intermediate, a 3’-ending overhang. Here we show that in Escherichia coli recB1080/recB1067 mutants, which are devoid of RecBCD's nuclease and RecA loading activities, degradation of the unwound 3' tail is as essential as is degradation of its 5'-ending complement. Namely, a synergistic action of ExoI, ExoVII, SbcCD and ExoX single-strand specific exonucleases (ssExos) of 3’-5’ polarity was essential for preserving cell viability, DNA repair and homologous recombination in the recB1080/recB1067 mutants, to the same extent as the redundant action of 5’-tail trimming ssExos RecJ and ExoVII. recB1080 derivatives lacking 3’-5’ ssExos also showed a strong induction of the SOS response and greatly increased SOS-dependent mutagenesis. Furthermore, we show that ExoI and ExoVII ssExos act synergistically in suppressing illegitimate recombination in the recB1080 mutant but not in a wt strain, while working in concert with the RecQ helicase. Remarkably, 3’-5’ ssExos show synergism with RecQ helicase in the recB1080 mutant in all the assays tested. The effect of inactivation of 3’-5’ ssExos in the recB1080/recB1067 mutants was much stronger than in wt, recD, and recB strains. These results demonstrate that the presence of a long, reactive 3' overhang can be as toxic for a cell as its complete absence, i.e. it may prevent DSB repair. Our results indicate that coupling of helicase and RecA-loading activity during dsDNA-end resection is crucial in avoiding the deleterious effects of a long and stabile 3’ tail in E. coli.
Highlights: - 3’-5’ ssExos are essential for recB1080 mutant, unlike in wt, recD and recB strains
· 3’-5’ ssExos act in synergy with RecQ helicase in recB1080 mutant

· 3’-5’ ssExos and RecQ act on a long and reactive 3’ tail devoid of RecA protein

· 3’ tail metabolism is as important as elimination of 5’ tail for DNA-end resection
·  Keywords: recB1080; RecQ; single-strand specific DNA exonucleases; DNA-end resection, DSB repair
INTRODUCTION

DNA double strand breaks (DSBs) are the most cytotoxic forms of DNA damage. If left unrepaired even a single DSB is lethal for a cell. DSBs are repaired by either mutagenic nonhomologous end-joining (NHEJ), or by the more universal and precise homologous recombination (HR) (Kowalczykowski 2015). A central intermediate in HR is the 3’-ending single-strand (ss) DNA overhang which, upon being bound by a recombinase protein RecA (in bacteria) or Rad51 (in eukaryotes), invades an intact homologous DNA region that then serves as the template to guide DSB repair. The 3’ tail used in HR repair of DSBs is created by an evolutionary conserved process designated DNA-end resection, in which its complementary 5’ strand is degraded. The most common DNA-end resection machinery consists of a helicase-nuclease tandem, which is exemplified by RecBCD helicase/nuclease in E. coli (Symington 2014).
RecBCD binds a (nearly) blunt dsDNA end and unwinds the DNA duplex, while concomitantly degrading both unwound strands. Only upon interaction with a regulatory Chi sequence in the processed molecule, RecBCD starts resecting DNA (Dillingham and Kowalczykowski 2008). The Chi-modified enzyme continues unwinding of DNA and trimming of a 5’-terminated strand, while ceasing degradation of the unwound 3’ strand (Anderson and Kowalczykowski 1997). Onto such a produced 3’ tail RecBCD facilitates loading of the RecA protein – hence creating a RecA nucleoprotein filament (Anderson and Kowalczykowski 1997a). Notably, this coupling of RecA loading with helicase and 5’-3’ exonuclease activity is unique to the RecBCD enzyme among all the DNA-end resection machinery complexes (Symington 2014). 
DNA-end resection is such an important and hence robust process that it occurs even if RecBCD is altered or missing from a cell. A recD null mutant produces RecBC enzyme, devoid of its RecD subunit, which shows only helicase and RecA loading activities, while lacking nuclease and Chi interaction activity (Dillingham and Kowalczykowski 2008). The RecBC unwinds DNA duplex and constitutively loads RecA protein onto an unwound 3’ tail (Churchill et al. 1999). The recD mutant is fully viable and HR and DNA repair proficient, due to removal of the unwound 5’ tail by a processive RecJ and ExoVII exonucleases that degrade ssDNA overhangs from 5’ terminus (5’-3’ ssExos) (Đermić 2006; Đermić et al 2006).  recB1080 (recB1067) mutants produce RecB1080CD (RecB1067CD) enzymes, which maintain fast and processive helicase activity while lacking nuclease and RecA loading activities (Yu et al. 1998; Anderson et al. 1999). As a result, the enzyme unwinds a DNA duplex and produces long unwound ss overhangs. The mutants are viable and HR and DNA repair proficient, albeit less than a wt strain. Again, RecJ ssExo is required for elimination of the unwound 5’ strand, while RecFOR proteins facilitate RecA loading onto the unwound 3’ strand (Jockovich and Myers 2001; Ivančić-Baće et al. 2003). Cells lacking RecBCD enzyme are highly viable and proficient for HR and DNA repair if ExoI and SbcCD, ssExos that degrade a 3’-ending strand, are inactivated. In these cells, the RecQ helicase unwinds a broken DNA duplex, RecJ degrades the unwound 5’ strand and RecFOR proteins facilitate RecA loading onto the unwound 3’ strand (Persky and Lovett 2008). 
In all of the above examples the universal DNA-end resection elements are recognizable: unwinding of DNA duplex by helicase activity, elimination of the unwound 5’ strand by nuclease activity and loading of RecA protein onto the unwound 3’ tail. However, our recent study showed that the situation might be more complicated for DNA-end resection in E. coli. Namely, we have revealed that, surprisingly, the 3’-5’ exonuclease activity of ExoI and the 3’-5’ helicase activity of RecQ helicase are required for preserving recB1080’s viability and HR and DNA repair proficiency (Ivanković and Đermić, 2012), suggesting that 3’ tail metabolism also matters for DSB repair (reviewed in Đermić, 2015). In this study we extend and generalize those findings by characterizing the role of 5’ and 3’ tail metabolism for viability, HR and DNA repair in various E. coli genetic backgrounds. We found that overlapping activities of 3’-5’ ssExos: ExoI, ExoVII, SbcCD and ExoX, along with the helicase activity of RecQ, are essential for maintaining viability and HR and DNA repair and for suppression of mutagenesis and illegitimate recombination (IR) in recB1080 (recB1067) mutants, but not in wt, recD, and recB genetic backgrounds. 3’-5’ ssExos activity is dominant in recB1080 mutant compared to RecQ helicase activity. Moreover, 5’-3’ ssExos RecJ and ExoVII are also essential for recB1080/recB1067 survival. Based on the known characteristics of DSB processing in these genetic backgrounds, we conclude that when a fast and processive helicase activity is not coupled to RecA polymerization onto the unwound 3’ tail during DNA-end resection, the tail becomes reactive and facilitates genomic instability unless trimmed by the 3’-5’ ssExos and its aberrant exchanges unwound by the RecQ helicase. 
MATERIALS AND METHODS

      Strains, growth conditions and media. Designations, genotypes and references/ construction of the E. coli K-12 strains used in this study are listed in Table 1. Most of them were AB1157 derivatives and were constructed by P1 transduction, as described earlier (Miller 1992). Transductants that acquired new allele(s) were selected by new antibiotic resistance(s) they obtained. A kanamycin resistance gene was eliminated from ∆exoX769::kan mutation, originating from Keio collection strain, by using pCP20 plasmid, as described (Datsenko and Wanner 2000).   The genotype recBD1080A describes a RecB mutant protein with amino acid aspartate (Asp) substituted with an alanine (Ala) at position 1080 by a point mutation, while recBD1067A mutation changes Asp to an Ala at position 1067 (Yu et al. 1998; Jockovich and Myers 2001). 
Table 1 Bacterial strains used in this study.

	Strain
	Relevant genotype
	Reference or construction

	
	AB1157 and derivatives
	

	AB1157
	Rec+, Pro-, Thr-, Leu-, F-, Strr
	Bachmann (1972)

	RIK174
	recBD1080A
	Jockovich and Myers (2001)

	DE150
	recB1080 (recQ::kan
	Ivanković and Đermić (2012)

	DE151
	recB1080 (xonA300::cat
	Ivanković and Đermić (2012)

	DE356
	recB1080 (xseA18::amp
	P1. STL4537 x RIK174 to Apr

	DE376
	recB1080 (recQ::kan (xseA18::amp
	P1. STL4537 x DE150 to Apr

	DE359
	recB1080 (exoX769::frt
	P1.JW1833 x RIK174 to Kanr/pCP20 to Kms

	DE366
	recB1080 sbcD300::kan
	P1.JJC260 x RIK174 to Kanr

	DE369
	recB1080 (recJ743::kan
	P1.JW2860 x RIK174 to Kanr

	DE363
	recB1080 (xseA18::amp (recJ743::kan
	P1.JW2860 x DE356 to Kanr

	DE357
	recB1080 (xseA18::amp (xonA300::cat
	P1.STL2694 x DE356 to Cmr

	DE377
	recB1080 (recQ::kan (xseA18::amp (xonA300::cat 
	P1.STL2694 x DE376 to Cmr

	DE378 
	recD1903::Tn10d(tet) (xseA18::amp (xonA300::cat (recQ::kan
	P1.SWM1003 x DE1054 to Kanr

	DE379
	recB1080 sbcD300::kan recQ1803::Tn3
	P1.STL4537 x DE366 to Apr

	DE375
	recB1080 (exoX769::frt sbcD300::kan recQ1803::Tn3
	P1.STL4537 x DE365 to Apr

	DE361
	recB1080 (exoX769::frt (xseA18::amp
	P1.STL4537 x DE359 to Apr

	DE360
	recB1080 (exoX769::frt (xonA300::cat
	P1.STL2694 x DE359 to Cmr

	DE362
	recB1080 (exoX769::frt (xseA18::amp (xonA300::cat
	P1.STL2694 x DE361 to Cmr

	DE365
	recB1080 (exoX769::frt sbcD300::kan 
	P1.JJC260 x DE359 to Kanr

	DE374
	recB1080 (exoX769 ::frt sbcD300::kan (xonA300::cat
	P1.STL2694 x DE365 to Cmr

	DE367
	recB1080 sbcD300::kan (xseA18::amp
	P1.STL4537 x DE366 to Apr

	DE364
	recB1080 sbcD300::kan (xonA300::cat
	P1.STL2694 x DE366 to Cmr

	DE373
	recB1080 sbcD300::kan (xseA18::amp (xonA300::cat
	P1.STL2694 x DE367 to Cmr

	DE368
	recB1080 (exoX769::frt sbcD300::kan (xseA18::amp
	P1. STL4537 x DE365 to Apr

	DE370
	recB1080 (exoX769::frt sbcD300::kan (xseA18::amp (xonA300::cat
	P1.STL2694 x DE368 to Cmr

	LMM1780
	proAB+ (sbcB::cam sbcC201 (exoX1::kan (xseA18:: amp
	D. Zahradka

	DE371
	proAB+ (sbcB::cam sbcC201 (exoX1::kan (xseA18:: amp recD1903::Tn10d(tet)
	P1.DE100 x LMM1780 to Tcr

	LMM1804
	proAB+((recC-argA)234 (sbcB::cam sbcC201 (exoX1::kan (xseA18:: amp
	D. Zahradka

	DE105
	rec+ λcI857
	Lysogenization of AB1157

	DE563
	(xonA300::cat (xseA18::amp (recQ::kan λcI857
	Lysogenization of DE562

	DE162
	recD1903 λcI857
	Lysogenization of RIK144

	DE560
	recD1903 (xonA300::cat (xseA18::amp (recQ::kan λcI857
	Lysogenization of DE404

	DE153
	recB1080 λcI857
	Lysogenization of RIK174

	DE557
	recB1080 (xonA300::cat (xseA18::amp (recQ::kan λcI857
	Lysogenization of DE377

	DE102
	recB268 λcI857
	Lysogenization of DE101

	DE573
	recB268 (xonA300::cat (xseA18::amp (recQ::kan λcI857
	Lysogenization of DE575

	
	Other strains
	

	JW1833
	(exoX769::kan
	CGSC#9529a

	JW2860
	(recJ743::kan
	CGSC#10217

	JW0387
	(sbcC761::kan
	CGSC#8563

	STL2694
	(xonA300::cat
	S. T. Lovett

	STL4537
	(xseA18::amp
	S. T. Lovett

	JJC260
	sbcD300::kan
	B. Michel

	SWM1003
	(recQ::kan
	Mendonca et al. (1995)

	Hfr3000
	Hayes PO1 proAB+, Thr+, Leu+, Strs
	Bachmann (1972)

	IRB120
	as Hfr3000 but sbcD300::kan
	P1.JJC260 x Hfr3000 to Kanr

	IRB121
	as Hfr3000 but (sbcC761::kan
	P1.JW0387 x Hfr3000 to Kanr


a Strain obtained from the Escherichia coli Genetic Stock Center, Yale.

Bacteria were grown in Luria-Bertani (LB) broth and on LB plates (Miller 1992) at 37(C, which were, when needed, supplemented with appropriate antibiotics: 20 (g ml-1 chloramphenicol, 40 (g ml-1 kanamycin, 50 (g ml-1 ampicillin, 10 (g ml-1 tetracycline and 100 (g ml-1 rifampicin. All the experiments were done with log-phase cultures at an optical density at 600 nm (OD600) of 0.3, as determined with a Novaspec II colorimeter (Amersham Pharmacia Biotech). 
UV irradiations. A previously described procedure was applied (Đermić et al. 2005). Logarithmic cultures were serially diluted in 67 mM phosphate buffer (pH 7.0) and 0.01 ml aliquots spread onto LB plates. The plates were immediately irradiated with various doses of UV light (254 nm), with a dose rate of 3.0 J m-2 s-1. A low-pressure Hg germicidal lamp was used to irradiate bacteria. The plates were irradiated at room temperature and then incubated in the dark for 24 hours, at 37(C.  Survival of UV irradiated bacteria is expressed as a ratio of survivors’ titer and that of total viable, unirradiated cells. 

Cellular viability and mass doubling time. For the cellular viability assay, a logarithmic-phase culture was grown in LB medium at 37(C, with aeration, until reaching an OD600 of 0.3. Then the culture was serially diluted and 0.1 ml aliquots plated on LB plates to determine the number of colony-forming bacteria in a population. Since practically every wt cell is able to develop a colony, a wt culture was a reference for assessing relative viabilities of mutant strains, i.e. the fraction of their total cell titer that formed colonies. Time needed for a growing bacterial culture to double its OD600 represents its mass doubling time.
Conjugational and transductional crosses. Inheritance of chromosomal Pro+ or Thr/Leu+ marker was determined in both types of crosses and was expressed relative to a wt control strain. The high-frequency recombination (Hfr) conjugational crosses were performed as described earlier (Đermić et al. 2005). Log-phase cultures of Hfr3000 donor and recipient cells were mixed at 1:10 ratio and allowed to mate for 30 min at 37(C. Then, proAB+ transconjugants were selected by plating 0.1 ml samples of serially diluted mating mixture on minimal M9 plates (Miller 1992) containing the growth requirements of the recipient except for proline. The plates also contained streptomycin (100 (g ml-1) to counterselect donors, and were incubated at 37(C for 24-36 h. Recombination rates in Hfr crosses are expressed in relation to the titer of donor cells. In crosses with sbcC or sbcD inactivated recipients, IRB121 and IRB120 donors were used, respectively, to prevent introduction of wt allele into recipients. Crosses with ∆sbcB sbcC ∆xseA ∆exoX recipients lasted for 20 min and transconjugants were selected on minimal M9 plates containing the growth requirements of the recipient except for threonine and leucine. Transductions with P1 phage were performed as described earlier (Đermić 2006). Bacteria were suspended in MC buffer (100 mM MgSO4, 5 mM CaCl2), infected with P1 at multiplicity of ~0.1 and incubated for 30 min at 37(C. Sodium citrate was added to the mixtures, which were then spread onto minimal M9 plates (Miller 1992) containing 5 mM sodium citrate and the growth requirements of the recipient except for proline or leucine (in crosses with ∆sbcB sbcC ∆xseA ∆exoX recipients). 

rpoB/Rifr mutation assay. Mutation rate was determined by measuring the frequency of appearance of mutants resistant to rifampicin, which originate from a base substitution class of mutations in a chromosomally located rpoB gene. At least 10 bacterial cultures for each strain, each grown from a single colony, were grown overnight at 37oC. They were then diluted 105-106 fold into fresh LB medium and allowed to grow at 37oC until reaching saturation. The saturated cultures were serially diluted, plated on LB plates and incubated at 37oC to determine titer of cells able to give rise to a colony. For detection of Rifr mutants, the cultures were plated on rifampicin-containing plates in a non-diluted or barely diluted form and grown at 37oC. Mutation data were analyzed by the Lea-Coulson method of the median using the Fluctuation AnaLysis CalculatOR program (Hall et al. 2009). The 95% confidence intervals were also determined by this program, and were derived from the cumulative binomial distribution of the rank values of mutation rate (Hall et al. 2009).  The significance of differences between mutation rates was estimated using Mann-Whitney U test (Hall et al. 2009). P values lower than 0.05 were considered statistically significant.

λ Spi- phage assay for illegitimate recombination. A procedure developed by Ikeda et al. (1995) was used, wherein we followed excision of λ prophage from a bacterial chromosome. Although generally precise, sometimes the excision is aberrant, producing λ phage that carries the bacterial bio gene (containing Chi sequence) instead of the phage's own red and gam genes. Such a phage produces a large infective center on P2 lysogenic E. coli, i.e the Spi- phenotype (Kumagai and Ikeda 1991). Hence, the frequency of Spi- phage arising from thermoinduction of λcI857 prophage represents an illegitimate recombination frequency (Ikeda et al. 1995). Lysogenic strains were grown at 30oC in LB medium supplemented with 10 mM MgSO4 until reaching OD600~0.4 and then incubated at 42oC for 15 min to induce λcI857 prophage lytic cycle. The culture was then incubated for 120 min at 37 oC. Total phage titer was determined using AB1157, and λ Spi- phage titer on P2 lysogenic strain NM767. The frequency of illegitimate recombination was obtained by dividing the titer of λ Spi- phage by the total phage titer, and was expressed relative to the illegitimate recombination frequency of a wt strain. Burst size was calculated by dividing total phage titer by the titer of infectious centers.  
Sequencing of recB gene. Genomic DNA isolated from the mutant strain DE363 was used as template for PCR to amplify three overlapping DNA fragments covering the RecB gene region (3543 bp). Purified DNA fragments were submitted to Macrogen for sequencing. Each fragment (~1.5 kb) was sequenced from both direction using the same primers as in PCR reaction and a pair of reverse and forward primers positioned internally (Table S1). Sequence chromatograms were visually checked and the sequences were assembled in Geneious 8.1.4. and BioEdit 7.2.5 programs (Kearse et al. 2012; Hall 1999). 
RESULTS
The activities of ssExos of 5' polarity are essential for recB1080/recB1067 mutants. E. coli possesses two ssExos that degrade a 5'-overhang: RecJ and ExoVII (Lovett 2012). Introduction of a ∆recJ mutation into the recB1080 mutant (RIK174) rendered the resulting double mutant DE369 about 60-fold less viable than the parental strain, and increased its generation time about 1.4-fold (Table 2). Inheritance of a chromosomal proAB+ marker in conjugal crosses was almost completely abolished in a recB1080 ∆recJ mutant, while in P1 transductional crosses it was reduced to a level slightly above that in a recB null mutant (Table 2). These results are in accord with a previous report that showed a large reduction in recombination of λ phage in a recB1067 recJ mutant, whose mass doubling time is increased about 1.4-fold compared to a recB1067 strain (Jockovich and Myers 2001). Inactivation of ExoVII in the recB1080 ∆recJ mutant increased the generation time of a resulting recB1080 ∆recJ ∆xseA mutant (DE363) so much that it developed visible colonies on LB plate only after four days of incubation at 37(C. Furthermore, it was impossible to work with that mutant as it instantaneously developed a fast-growing variant that lost the ability to propagate T4 2 phage, i.e. it became recB+ phenocopy. Sequencing of the recB gene from the fast-growing strain revealed the reversion of Ala to Asp at the codon 1080, thus restoring the wild type locus. Our data thus suggest that although RecJ is the dominant 5’-3’ ssExo, ExoVII can partially substitute for it in preserving cellular viability and avoiding mutations, thus increasing the stability of the recB1080 phenotype. A recB1067 ∆recJ ∆xseA mutant showed the same sickly, unstable phenotype as its recB1080 ∆recJ ∆xseA counterpart.
Table 2 Mass doubling time, relative cellular viability and homologous recombination proficiency of  recB1080 mutant derivatives deficient in ssExos and RecQ helicase.

	Strain
	Relevant genotype
	Mass doubling time (min)
	Relative  viabilitya
	Relative Pro+ recombinationb

	
	
	
	
	Transconjugants  
	Transductans

	AB1157
	wt
	27.4 ± 1.58
	1.0
	1.0
	1.0

	RIK174
	recB1080
	32.3 ± 1.46
	0.62 ± 0.13
	0.155 ± 0.046
	0.352 ± 0.045

	DE150c
	recB1080 (recQ
	n.d.
	0.43 ± 0.096
	0.097 ± 0.024
	0.127 ± 0.007

	DE369
	recB1080 (recJ
	43.7 ± 1.53
	0.01 ± 0.0032
	0.008 ± 0.0062
	0.022 ± 0.010

	DE151c
	recB1080 (xonA
	36.7 ± 3.2
	0.30 ± 0.039
	0.023 ± 0.008
	0.106 ± 0,007

	DE356 
	recB1080 (xseA 
	28.7 ± 2.1
	0.77 ± 0.066
	0.020 ± 0.004
	0.415 ± 0.044

	DE152c
	recB1080 (xonA (recQ
	n.d.
	0.13 ± 0.025
	0.014 ± 0.003
	0.037 ± 0.007

	DE376
	recB1080 (xseA (recQ
	33.3 ± 1.54
	0.37 ± 0.035
	0.042 ± 0.035
	0.111 ± 0.011

	DE357
	recB1080 (xseA (xonA 
	41 ± 1.41
	0.72 ± 0.135
	0.0027 ± 0.0009
	0.029 ± 0.008

	DE377
	recB1080 (xseA (xonA (recQ
	140 ± 43.59 
	0.02 ± 0.0084
	0.0075 ± 0.0037
	0.0031

	DE378
	recD (xseA (xonA (recQ
	26.3 ± 1.2
	0.565 ± 0.125
	0.235 ± 0.117
	2.88 ± 0.39

	DE359
	recB1080 (exoX
	32.7 ± 2.3
	0.68 ± 0.10
	0.094 ± 0.0275
	0.332 ± 0.043

	DE361
	recB1080 (exoX (xseA
	28.7 ± 1.53
	0.67 ± 0.0683
	0.023 ± 0.0041
	0.182 ± 0.056

	DE360
	recB1080 (exoX (xonA
	36 ± 3
	0.52 ± 0.064
	0.0095 ± 0.0029
	0.071 ± 0.025

	DE362
	recB1080 (exoX (xonA (xseA  
	39.7 ± 0.58
	0.80 ± 0.102
	0.0013 ± 0.0001
	0.026 ± 0.016

	DE366
	recB1080 sbcD
	33.3 ± 1.53
	0.60 ± 0.046
	0.055 ± 0.023
	0.59 ± 0.099

	DE379
	recB1080 sbcD recQ
	32.7 ± 2.08
	0.36 ± 0.028
	0.032 ± 0.0068
	0.39 ± 0.018

	DE365
	recB1080 sbcD (exoX
	32 ± 1
	0.61 ± 0.044
	0.085 ± 0.021
	0.573 ± 0.076

	DE364
	recB1080 sbcD (xonA
	34.8 ± 2.3
	0.52 ± 0.111
	0.032 ± 0.015
	0.366 ± 0.133

	DE374
	recB1080 sbcD (exoX (xonA
	36 ± 0.5
	0.43 ± 0.055
	0. 0018 ± 0.0002
	0.3 ± 0.13

	DE375
	recB1080 sbcD (exoX (xonA recQ
	38 ± 3.37
	0.162 ± 0.022
	0.0025 ± 0.0007
	0.126 ± 0.039

	DE367
	recB1080 sbcD (xseA 
	35 ± 2.6
	0.52 ± 0.111
	0.111 ± 0.043
	0.543 ± 0.11

	DE368
	recB1080 sbcD (exoX  (xseA 
	35.8 ± 1.6
	0.56 ± 0.049
	0.065 ± 0.0085
	0.553 ± 0.061


a Wild-type cellular viability of 1.0 corresponds to 1.4 x 108 of colony formers per ml at OD600 of 0.3.

b Wild-type frequency of 1.0 corresponds to 11.1 Pro+ transconjugants per 100 Hfr3000 cells, and 2.5 x 10-5 Pro+ transcductants per P1 plaque forming unit. Recombination efficiency is corrected for the viability of the recipients. IRB120 was used as a donor for matings with sbcD recipients. 

c Viability and recombination data are taken from Ivanković and Đermić (2012).
n.d. Not determined.
Values shown represent the mean of at least three independent experiments ± standard deviation, except for transduction with DE377, which is the average of two determinations.

Redundant functions of ssExos of 3' polarity are essential for recB1080/recB1067 mutants. There are four main ssExos of 3’ polarity in E. coli: processive ExoI, ExoVII, SbcCD and a distributive ExoX (Lovett 2012). We inactivated each of them alone or in combination with the others and assessed recombination and DNA repair capacity of the resulting recB1080 derivatives. Earlier, we showed that an ExoI deficient recB1080/1067 mutant (DE151) is severely impaired in viability, homologous recombination and DNA repair (Ivanković and Đermić 2012, Table 2); and here we demonstrate that its generation time is ~10% longer than that of its parental strain (Table 2). In contrast, inactivation of ExoVII improved generation time (to the level of a wt strain), viability and transductional homologous recombination (Table 2), as well as UV survival (not significantly different from a wt strain, P>0.05, two-tailed t-test) (Figure 1) of the respective recB1080 ∆xseA mutant (DE356) compared to its parental recB1080 strain. Only the yield of transconjugants in the double mutant was lower than in its parental strain (Table 2). This antirecombination activity of ExoVII is in accord with hyperrecombination phenotype of ExoVII- derivatives of either wt (Chase and Richardson 1977; Viswanathan and Lovett 1998), or recD strains (Đermić 2006). The stimulatory effect of ExoVII inactivation was alleviated by inactivation of ExoI, with a triple recB1080 ∆xseA ∆xonA mutant (DE357) being completely deficient in conjugational recombination and almost completely deficient in transductional recombination (Table 2). Its mass doubling time was almost 50% longer than that of recB1080 ∆xseA mutant (Table 2), while UV survival was reduced about 20-fold at 90 Jm-2 (Figure 1), which is significant (P<0.01, two-tailed t-test). 
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Figure 1 UV survival of the recB1080 mutant derivatives devoid of 3’-5’ ssExos and RecQ. Fraction survival is given as a fraction of unirradiated culture. Each value is a mean of three independent experiments, with error bars representing standard deviation. *P<0.01, two-tailed t-test.
Inactivation of ExoX, the only distributive enzyme among the four ssExos (Lovett 2012), did not produce any effect in the recB1080 mutant except for an approximately 40% reduction in conjugational recombination (Table 2, Figure 1). Introduction of a ∆exoX mutation into recB1080 ∆xonA and recB1080 ∆xseA mutants led to about 33% and 50% reduction in   transductional recombination, respectively, and about a 60% reduction in conjugational recombination in the former (Table 2), whereas their UV survivals were unaffected (P>0.05, two-tailed t-test) (Figure 1). A quadruple recB1080 ∆xseA ∆xonA ∆exoX mutant (DE362) did not have any different phenotype compared to the triple recB1080 ∆xseA ∆xonA mutant (Table 2, Figure 1). Since addition of the ∆exoX mutation to a recB1080 sbcD mutant also did not yield any effect (Table 2, Figure 2), we conclude that ExoX has only a marginal role in the recB1080 genetic background; it is only moderately required for homologous recombination in mutants lacking either ExoI or ExoVII ssExos.
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Figure 2 UV survival of the recB1080 mutant derivatives lacking 3’-5’ ssExos. Fraction survival is given as a fraction of unirradiated culture. Each value is an average of three independent experiments, with error bars representing standard deviation. *P<0.01, two-tailed t-test. 
The effect of SbcCD nuclease inactivation in the recB1080 strain was moderate. While mass doubling time, viability and UV survival of the recB1080 sbcD mutant (DE366) were unaffected, its conjugational recombination was reduced by about 65% and transduction increased to about 68% compared to the parental strain (Table 2, Figure 2). A triple mutant, recB1080 ∆xonA sbcD (DE364), showed intermediary effects compared to the two parental strains; its mass doubling time, viability and homologous recombination efficiency were improved in comparison to recB1080 ∆xonA, but worse than those of recB1080 sbcD mutant (Table 2). A ∆exoX derivative of recB1080 ∆xonA sbcD mutant was completely deficient for conjugational recombination, whereas the other monitored phenotypes were mostly unaffected in comparison to the parental stain DE374 (Table 2, Figure 1). These results suggest that ExoVII interferes with the activity ofSbcCD and ExoI. When both SbcCD and ExoVII ssExos were inactivated in the recB1080 strain, the stimulatory effect of ExoVII inactivation was lost in mass doubling time, viability and UV survival assays (Table 2, Figure 2), but not in recombinational assays, where it was actually enhanced (Table 2). Inactivation of ExoX in a recB1080 ∆xseA sbcD mutant reduced the efficiency of conjugational recombination in the resulting DE368 strain by about 40%, while rendering other assayed phenotypes unaffected (Table 2, Figure 2). These results suggest that the activity of ExoI is sufficient to preserve all assayed phenotypes (except conjugational recombination) when the three other exonucleases are missing.
A mutant recB1080 ∆xseA sbcD ∆xonA (DE373), with all three processive 3’-5’ ssExos inactivated, managed to develop visible colonies after three days of growth on LB plates at 37(C, suggesting poor viability.  However, this mutant was unstable, just like the recB1080 ∆recJ ∆xseA mutant, for it rapidly developed a fast growing recB+ variant. This unstable, sickly phenotype was further exacerbated upon ExoX inactivation, and a recB1080 ∆xseA sbcD ∆xonA ∆exoX mutant (DE368) was unable to give rise to visible colonies in less than four days, which upon sub-cultivation promptly regained the fast-growing recBCD+ character. A recB1067 analog lacking all four ssExos of 3’ polarity behaved in the same manner. 
Our collective results thus reveal that overlapping activities of 3’-5’ ssExos are essential for preserving viability, DNA repair and HR in nuclease and RecA-loading deficient recB1080/1067 mutants.
SOS induction lowers viability of recB1080 derivative lacking 3’-5’ ssExos. Since in a recB1080 genetic background, the SOS system is permanently subinduced (Ivančić-Baće et al. 2006), we surmised it could be even more so in cells lacking 3’-5’ ssExos, thus causing at least a part of the viability/growth reduction we observed (due to the SOS-dependent expression of SulA). In order to check this assumption, we constructed a ∆sulA derivative of the recB1080 ∆xseA sbcD ∆xonA ∆exoX mutant, which grew faster than the parental strain; its colonies appeared after three days of incubation, suggesting that the slow growth phenotype is indeed in part due to an SOS-dependent SulA inhibition of cell division. However, as expected, SulA inactivation did not increase stability of the recB1080 phenotype.
3’-5’ ssExos suppress mutation in recB1080 mutant by blocking SOS induction. As the results of this study indicate a strong induction of (mutagenic) SOS system in recB1080 mutant lacking four 3’-5’ ssExos, as well as a high rate of reversion of recB1080 mutation, we determined the role of ssExos in mutation avoidance in a recB1080 genetic background. The AB1157 strain had about a 50% lower rate (9.8 × 10-9) of rpoB/RifR base substitution mutation than the recB1080 mutant, which is not significantly different (P=0.064) (Figure 3). A single inactivation of any of the tested 3’-5’ ssExos (or RecQ helicase) did not change mutation rate compared to the parental strain (Figure 3). On the other hand, the recB1080 mutant lacking ExoI and ExoVII had a nearly 10 fold increased mutation rate compared to the parental recB1080 mutant, which is significant (P=0.00015).  However, an ExoX- derivative of the recB1080 ∆xseA ∆xonA mutant showed about a 10fold lower mutation rate compared to the parental ExoX+ strain (Figure 3), indicating that ExoX interferes with SbcCD activity in mutation suppression. The recB1080 ∆xonA ∆exoX sbcD mutant had the highest mutation rate, about 17 fold higher than that of recB1080 mutant, while mutation rate of the recB1080 ∆xseA ∆exoX sbcD   mutant was about 8 fold higher than that of the recB1080 mutant (Figure 3). The increased mutation rate in strains lacking ssExos can be attributed mostly or solely to SOS induction, since introduction of the lexA3 (SOS uninducible) allele into the recB1080 ∆xseA ∆exoX sbcD mutant significantly (P=0.000157) lowered its mutation rate about 15-fold (Figure 3), rendering it essentially equal to that of the wt strain. We can therefore conclude that 3’-5’ ssExos prevent mutation appearance in a recB1080 genetic background by suppressing SOS induction. In comparison, inactivation of the four 3’-5’ ssExos in a wt genetic background produced only about a 3-fold increase in mutation rate (Figure 3).
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Figure 3 3’-5’ ssExos inhibit mutation appearance in recB1080 mutant by preventing SOS induction.  rpoB/RifR base substitution mutation assay was used to determine mutation rate of at least ten cultures for each strain. Mutation frequency was shown as a median, with variation expressed as 95% confidence intervals.
Viability and homologous recombination in wt, recD and recB strains lacking 3’-5’ ssExos. The aforementioned finding that recB1080/recB1067 mutants lacking functions of the four main 3’-5’ ssExos are barely viable led us to explore the effect of their deficiency in genetic contexts where other DSB processing mechanisms (i.e. recombination pathways) are active. Hence, we inactivated ExoI, ExoVII, SbcCD and ExoX exonucleases in wt, recD null and recB null strains and determined viability and homologous recombination proficiency of the resulting mutant derivatives. 
Inactivation of four 3’-5’ ssExos in an otherwise wt strain halved AB1157 derivative’s viability while increasing its homologous recombination proficiency in both conjugational and transductional crosses more than two-fold (Figure 4), suggesting that 3’-5’ ssExos’ activity is antirecombinogenic, but nevertheless is required for maintaining cellular viability. When compared with a triple ExoI- ExoVII- SbcCD- mutant from a recent study (Thoms et al. 2008), the recombination frequency of our quadruple mutant is about 1.2 and 2.3-fold higher in conjugation and transduction, respectively. This suggests that even the distributive nuclease ExoX can quite efficiently suppress transductional recombination in wt cells lacking processive 3’-5’ ssExos. 
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Figure 4 Cell viability, Hfr conjugation and P1 transduction recombination in wt, recD and recB strains lacking 3’-5’ ssExos.  Values are expressed in relation to the parental strain in wt and recD backgrounds, whereas in a recB genetic background in relation to the wt strain. Each value is an average of three independent experiments, with error bars representing standard deviation. Conjugation was performed with an IRB121 donor. N.a. not applicable.
A RecD- ExoI- ExoVII- SbcCD- ExoX- mutant had about 40% of viability of a RecD- strain (which is equal to that of wt), whereas its transductional recombination was about 2.3-fold higher than that of the already hyper-recombinogenic RecD- strain (Figure 4). On the other hand, the yield of transconjugants was about 3-fold lower in the quintuple mutant compared to the RecD- mutant (Figure 4). Hence, the functions of the four ssExos of 3’-5’ polarity are required for maintaining cellular viability and for recombination in conjugational crosses in the RecD- strain, whereas their activity is antirecombinogenic in transductional crosses. In comparison, mutants RecD- ExoI- ExoVII- SbcCD- and RecD- ExoI- ExoVII- ExoX- have about 55% and 72% viability, respectively, and their conjugational recombination is 0.41 and 0.8, respectively, and transductional value of the latter is 1.13 (Đermić 2006). One can notice stronger effects of SbcCD inactivation compared to ExoX deficiency.
A RecBCD- ExoI- ExoVII- SbcCD- ExoX- mutant had about 55% viability compared to the wt strain (and about 200% of that of a RecBCD- mutant) and showed a hyper-recombination phenotype (~3-fold increase) in transduction, but in conjugational crosses recombination was about 3-fold lower than in wt strain (Figure 4). When compared to the RecBCD- mutant, the quintuple mutant showed much healthier phenotypes, not just in relation to viability but also to recombination, which was increased about 300 fold in transduction and about 30 fold in conjugation. We may thus conclude that 3’-5’ ssExos exert a deleterious effect in the RecBCD deficient mutant. In an earlier study, RecBCD- ExoI- ExoVII- SbcCD- and RecBCD- ExoI- SbcCD- ExoX- displayed viability of 0.62 and 0.54, and 2.54 and 0.17 transductional recombination, respectively, compared to the wt strain (Buljubašić et al. 2012). When comparing these results to ours, we may conclude that ExoX moderately improves viability of the RecBCD- strain lacking functions of the three processive ssExos of 3’-5’ polarity, while ExoVII does not. Also, activity of ExoX only slightly inhibits transductional recombination, whereas ExoVII reduces it strongly (about 20-fold), when the three other 3’-5’ ssExos are missing. 
These data thus show that 3’-5’ ssExos are much less required for viability and HR in wt, recD and recB genetic background compared to recB1080 mutant. In fact, 3’-5’ ssExos actually inhibit HR in wt, recB and partially inhibit HR in the recD mutant.
Synergistic action of RecQ helicase and ssExos of 3’-5’ polarity enable cellular viability, DNA repair and homologous recombination in recB1080 mutant. Based on our earlier observation that RecQ and ExoI act synergistically in recB1080/recB1067 mutants (Ivanković and Đermić 2012), and the finding in this study that 3’-5’ ssExos act in synergy in these mutants, we determined the effect of RecQ inactivation in combination with deficiency in 3’-5’ ssExos. When a recQ mutation was introduced in the recB1080 ∆xseA mutant, the resulting triple mutant displayed about 20% longer generation time as well as about 2-fold reduced viability, 4-fold reduced transduction recombination and about 53 fold lower UV survival at 30 Jm-2 (P<0.01, two-tailed t-test) (compare DE376 with DE356, Table 2, Figure 1). We may thus conclude that an advantageous effect of ExoVII inactivation on recB1080 strain depends on RecQ helicase function, as well as that of ExoI (as shown above). A recB1080 mutant lacking RecQ, ExoVII and ExoI (DE377) was about 15 and 36-fold less viable than recB1080 ∆xseA ∆recQ and recB1080 ∆xseA ∆xonA mutant, respectively (Table 2), while its generation time was about 4-fold longer than that of recB1080 ∆xseA ∆recQ mutant and it was completely recombination deficient (Table 2) and extremely UV sensitive (Figure 1 and 5). At 30 Jm-2 dose, recB1080 ∆xseA ∆xonA ∆recQ mutant had ~17-fold lower survival than recB1080 ∆xseA ∆xonA strain (Figure 1), which is significant (P<0.01, two-tailed t-test). These results indicate that the synergistic activity of ExoI, ExoVII and RecQ are required for homologous recombination, DNA repair and viability maintenance in a recB1080 mutant.
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Figure 5 UV survival of the recB1080 mutant derivatives lacking 3’-5’ ssExos and RecQ helicase. Fraction survival is given as a fraction of unirradiated culture. Each value is an average of three independent experiments, with error bars representing standard deviation. *P<0.01, two-tailed t-test.
To explore the underlying mechanism for impaired DSB repair in recB1080 mutants lacking ExoI ExoVII and RecQ, we made use of a recD mutant, which codes for a RecBC enzyme possessing coordinated helicase and RecA polymerization activities. When compared to the recB1080 ∆xseA ∆xonA ∆recQ mutant, a recD ∆xseA ∆xonA ∆recQ mutant (DE378) was about 28-fold more viable, its generation time was about 5-fold shorter (and similar to that of the wt) and homologous recombination frequency was about 31 and 929-fold higher in conjugational and transductional crosses, respectively (Table 2). Also, UV survival of the recD ∆xseA ∆xonA ∆recQ mutant was about 57-fold higher at 40 Jm-2 than that of the recB1080 ∆xseA ∆xonA ∆recQ mutant (Figure 5), which is significant (P<0.01, two-tailed t-test). We may thus conclude that a synergistic action of RecQ, ExoVII and ExoI is required for DSB repair in cells that exhibit only the helicase activity of RecBCD while lacking its coordinated RecA loading activity. Functions of the remaining 3’-5’ ssExos SbcCD and ExoX merely enable basic viability and stability of the recB1080 mutant phenotype in the DE377 strain. SbcCD also acts in synergy with RecQ, since the phenotype of the strain DE357 is much healthier than that of the DE377, with whom it is isogenic except for being RecQ+ (Table 2, Figure 1).  
Next, we inactivated the SbcCD nuclease in a recB1080 ∆recQ mutant and observed about three fold increased transductional and decreased conjugational recombination and practically unaffected viability compared to the parental strain DE150 (Table 2). This is in accord with the aforementioned moderate role of SbcCD in recB1080 mutant. A mutant recB1080 sbcD (exoX (xonA recQ, in which only ExoVII is active, showed complete deficiency in conjugational recombination (Table 2) and extreme sensitivity to UV (Figure 5), whereas its viability, generation time and transductional recombination were moderately impaired (Table 2). These results suggest that ExoVII alone is quite capable of handling replication defects and transductional recombination in a recB1080 mutant lacking RecQ and the other main 3’-5’ ssExos. However, ExoVII functions more efficiently when acting in concert with RecQ and ExoI enzymes (compare DE375 with DE374 and DE379, Table 2).

Illegitimate recombination in wt, recD, recB1080 and recB strains lacking ExoI and ExoVII ssExos and RecQ helicase. In an earlier study, we showed that IR is much higher in recB1080 mutant deficient in ExoI ssExo and RecQ helicase than in its wt analogue (Ivanković and Đermić 2012). In order to determine whether ssExos have an overlapping role in inhibiting IR, we inactivated ExoVII in wt, recD, recB1080 and recB bacteria lacking ExoI and RecQ. 
Using the λ Spi- phage assay (Ikeda et al. 1995), we revealed that a wt strain had an IR frequency of 3.33 × 10-10 (TableS2), essentially equaling the one observed in the earlier study (Ivanković and Đermić 2012). An ExoVII- ExoI- RecQ- derivative of the wt strain had a 15 fold higher IR frequency (Figure 6), which is similar to the earlier-observed frequency of the ExoI- RecQ- mutant (Ivanković and Đermić 2012). This is not surprising considering that a great majority of IR suppression in wt strain is due to RecQ activity rather than that of ExoI (Ivanković and Đermić 2012).  
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Figure 6 Illegitimate recombination in wt, recD, recB1080 and recB strains lacking RecQ helicase and ExoI and ExoVII exonucleases and carrying λcI857 prophage. IR frequency was expressed relative to the wild-type strain. The data represent the mean from three independent experiments ± standard deviation. *P<0.05 relative to wt, two-tailed t-test.
A RecD deficient strain showed a comparable IR frequency to that of the wt strain, while its ExoVII- ExoI- RecQ- derivative showed an ~9-fold increase in IR (Figure 6, Table S2). Notably, the IR frequency of ExoVII- ExoI- RecQ- RecD- mutant is moderately higher than in its RecD+ analogue (Table S2).
Illegitimate recombination frequency of a recB1080 mutant was ~6.5 fold higher than that of wt (Figure 6, Table S2), which is in accord with the earlier study (Ivanković and Đermić 2012). A ExoVII- ExoI- RecQ- derivative of recB1080 had ~1050 fold higher IR frequency than the wt strain (Figure 6, TableS2). Compared to its ExoVII+ counterpart (Ivanković and Đermić 2012), IR frequency of an ExoVII- ExoI- RecQ- recB1080 mutant is ~2.7 fold higher, suggesting that ExoI and ExoVII ssExos have an overlapping role in IR suppression in the recB1080 mutant background, in contrast to wt cells, where inactivation of ExoI and ExoVII did not produce an additive effect. 
A RecB- mutant had essentially the same IR frequency as the wt strain, while its ExoVII- ExoI- RecQ- derivative showed an ~80-fold increase in IR (Figure 6, TableS2). 
We may thus infer that in wt and recD genetic backgrounds inactivation of ExoI and ExoVII ssExos, as well as RecQ helicase, leads to a moderate increase in the rate of IR, whereas their deficiency in recB1080 and recB mutants results in a much stronger IR increase. Also, in a recB1080 mutant ExoI and ExoVII have overlapping roles in inhibition of IR, unlike in the wt strain, where their inactivation produces minor, non-additive effects.
DISCUSSION

The prevailing models of genetic recombination initiation posit a 3'-ending overhang as a central recombination intermediate, and the degradation of its complement of 5' polarity in a universal and evolutionary conserved process called DNA-end resection (Symington 2014). In this study we analyzed the exonuclease requirements for DNA-end resection in recB1080/recB1067 mutants, whose RecB1080CD (RecB1067CD) enzyme possesses fast and processive helicase activity, but lacks nuclease and RecA loading activities, and compared them to the exonuclease requirements in wt, recD and recB genetic backgrounds. A comparison of several genetic backgrounds is particularly informative in deducing DNA-end resection requirements in E. coli, as it reveals the effect of the removal or alteration of one RecBCD activity at a time (Table 3).

Table 3 DNA-end resection requirements in various E. coli genetic backgrounds.
	Strain
	DNA-end resection machine
	RecBCD functions
	ssExo requirements
	RecQ requirements

	
	
	
	5'-3'
	3'-5'
	

	wt
	RecBCD
	helicase
RecA loading
nuclease
	-
	-
	-

	recD
	RecBC
	helicase
RecA loading
	+
	-
	-

	recB1080
(recB1067)
	RecB1080CD
(RecB1067CD)
	helicase
	+
	+
	+

	 recB
	RecQ
	none
	+
	-
	+


 We confirmed the necessity of elimination of the unwound 5’ tail by RecJ in recB1080/recB1067 mutants (Jockovich and Myers 2001) and, additionally by another 5’-3’ ssExo, ExoVII, which has a minor role, similar to that in the recD mutants (Đermić at al. 2006; Đermić 2006). Our results thus indicate that nucleolytic degradation of the 5’ tail is essential for survival of recB1080 mutant. However, in contrast to the current models of genetic recombination initiation we show that in recB1080/recB1067 mutants degradation of the unwound 3' tail is as essential for a cell as is degradation of its 5'-ending complement. A synergistic action of ExoI, ExoVII, SbcCD and ExoX, 3’-5’ ssExos, was essential for maintaining cell viability, HR and DNA repair proficiency and for suppression of mutations and IR in the recB1080 mutant, but not in wt, recD and recB strains. A recB1080 derivative lacking the four 3’-5’ ssExos was barely viable and had an unstable phenotype due to increased reversion of the recB1080 mutation conferred by a heavily induced mutagenic SOS response. In contrast, inactivation of the four 3’-5’ ssExos in wt and recD mutants halved viability of the resultant mutants, while mostly increasing HR frequency.  These results indicate that 3’-5’ ssExos are moderately required for maintaining cell viability in wt and recD strains, whereas they have anti-recombination activity in these bacteria. The exception is a requirement for 3’-5’ ssExos in conjugation in a recD mutant, which corroborates an earlier observation and is explained therein (Đermić 2006). Interestingly, the increased HR proficiency and reduced cell viability that we observed in wt derivative lacking four 3’-5’ ssExos resembles the phenotypes of RecA mutants selected for increased HR frequency, which is accompanied with growth deficiency (Kim et al. 2015), suggesting that increased HR activity may be deleterious for a cell. The hyper-recombination phenotype of the mutant lacking four 3’-5’ ssExos indicate that the post-Chi 3’ tail made by the RecBCD enzyme is regularly trimmed by 3’-5’ ssExos.  Inactivation of 3’-5’ ssExos greatly increased viability and HR proficiency of the recB null mutant, suggesting that poor viability and recombination deficiency of this mutant is due to trimming of its unwound 3’ tail by 3’-5’ ssExos. 
Remarkably, in all the assays used, we observed a synergism of 3’-5’ ssExos with RecQ (a helicase of 3'-5' polarity) in the recB1080 mutant, thus suggesting that synergism of ExoI and RecQ in recB1080, that we observed earlier (Ivanković and Đermić 2012), was not due to a putative specific protein-protein interaction but is rather a functional interaction.  Inactivation of RecQ had much milder effects on HR, IR and DNA repair in recD and recB strains than in a recB1080 mutant. The RecQ helicase has a dual role in recombination processes, it initiates HR by unwinding DNA duplex in cells lacking RecBCD (as described in the Introduction), and also acts post-synaptically to disrupt nascent joint molecules arising from aberrant, nonhomologous joint exchanges (Harmon and Kowalczykowski 1998) that result in IR (Hanada et al. 1997). Our results are consistent with the latter function of RecQ because of the observed strong increase of IR and decrease of HR (and cell viability) in the recB1080 mutant lacking RecQ and ExoI and ExoVII ssExos, where a powerful RecB1080CD helicase processes DSBs (Figure 7). Interestingly, a similar dual role of E. coli RecQ was revealed recently in Holliday junction formation, wherein RecQ promotes HR-dependent junctions, while inhibiting nonHR junctions, thus acting as a “junction guardian” (Xia at al. 2016).
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Figure 7 DNA-end resection pathways in E. coli. In wt bacteria (A) RecBCD enzyme binds (nearly) blunt-ended DNA duplex and unwinds DNA duplex with its helicase activity, concomitantly degrading both unwound strands. Upon interaction with DNA regulatory sequence Chi (χ), RecBCD is modified in a way that it retains helicase and 5’-3’ exonuclease activity, while ceasing degradation of the 3’ overhang, onto which it facilitates RecA polymerization. (B) Mutant lacking RecBCD enzyme processes DNA ends by combining the helicase activity of RecQ helicase with 5’-3’ exonuclease activity of RecJ and RecA loading activity of RecFOR onto the unwound 3’ tail. An effective DNA-end resection in RecBCD- mutant is possible only when 3’-5’ ssExos are inactive, which preserves 3’ overhang. Cells carrying recB1080 mutation (C) produce RecB1080CD helicase, which is nuclease and RecA-loading free. The enzyme unwinds DNA with high speed and processivity, creating two long overhangs, both of which are acted upon by ssExos. The 3’-terminated strand is trimmed by ExoI, ExoVII, SbcCD and ExoX ssExos, while the 5’-terminated strand is degraded by RecJ and ExoVII ssExos. Due to great difference in the speed and processivity of RecB1080CD helicase and 3’-5’ ssExos, the unwound 3’ tail is likely tens of kilobases long. Furthermore, the 3’ tail is mostly RecA free, as RecFOR-mediated RecA polymerization proceeds from ssDNA-dsDNA junction at the 5’ end of the tail (i) towards its 3’ tip (Morimatsu and Kowalczykowski 2003), while only RecA filament on the 3’ tip of the tail produces productive, plectonemic joint. Consequently, 3’ overhangs in recB1080 mutant are very reactive and prone to engaging into aberrant, unproductive exchanges (ii) that inhibit their further trimming unless these joints are unwound by RecQ helicase (depicted by a hatched arrow). When recB1080 mutant lacks 3’-5’ ssExos (D), the unwound 3’ overhang is overly long and reactive and thus increasingly prone of making irregular exchanges that result in IR. Even RecQ elimination of aberrant joint structures (depicted by a hatched arrow) cannot enable efficient DNA-end resection since no shortening of the 3’ overhang occurs. As a result, SOS response is strongly induced and death ensues. Hatched arrows depict nonobligatory, sporadic reaction steps.
Although our previous study (Ivanković and Đermić 2012) indicates that 3’-overhang metabolism matters for DNA-end resection in the recB1080 mutant, this study reveals that trimming of a 3’ tail is actually vital for DSB repair, while also deciphering the particular roles of ssExos and RecQ helicase in that process. We show that 3’-5’ ssExos are indispensable for a recB1080 mutant survival, unlike RecQ whose role is just accessory (compare the phenotypes of DE370 and DE150 mutants), but may increase when one or more 3’-5’ ssExos are missing. Hence, we can conclude that trimming of long 3’ tails is essential for survival of the recB1080 mutant, with RecQ helicase augmenting this process apparently by unwinding the aberrant joints made by these reactive overhangs (which would otherwise lead to IR). Disruption of aberrant joints then enables 3’-5’ ssExos to continue degradation of the 3’ overhangs until their reactivity is reduced by RecA polymerization onto them, funneling them into productive exchanges that result in HR.   
Since cell viability, HR and DNA repair are much less impaired, while IR is much less frequent in the RecD- RecQ- ExoI- ExoVII​- mutant, whose RecBC enzyme differs from RecB1080CD helicase by its ability to facilitate RecA loading onto a 3’ tail (Table 3), we conclude that coupling of helicase and RecA loading activity of a DSB-processing enzyme is crucial in reducing reactivity of 3’overhang. Accordingly, cells lacking ExoI, ExoVII and RecQ, suppressors of IR, show moderately increased IR when their DSB-processing enzymes directly load RecA onto unwound 3’ tail (wt and recD strains), whereas bacteria with uncoupled helicase and RecA loading activities show highly increased IR (recB1080 and recB mutants). 
However, uncoupling the helicase and RecA loading activity may not be enough to impair DNA-end resection in E. coli, as shown in the recB mutant. The recB mutant lacking 3’-5’ ssExos is fairly viable, and HR and DNA repair proficient, because in it the slow and poorly processive RecQ helicase produces a 3’ tail long and stable enough to enable RecFOR proteins to turn it into a RecA nucleofilament. Therefore, coordination of a helicase and a 3’-5’ exonuclease activity is also important for an efficient DNA-end resection reaction (Figure 7).
 Our results thus indicate that the presence of a long, reactive 3'-overhang, free of RecA, can be as toxic for a cell as its complete absence, i.e. it may completely prevent DSB repair, unless degraded by ssExos. 3’ tail toxicity (especially in RecQ deficient cells) stems from its engaging into aberrant nonproductive exchanges leading to IR, instead of creating productive exchanges that enable HR and DNA repair (as discussed earlier, Ivanković and Đermić 2012; Đermić 2015). Our results point to strong cytotoxic effects of a long RecA-free ss 3’ tail and thus provide a rationale for a strong 3’-exonuclease activity of the RecBCD enzyme before its interaction with a Chi site and subsequent facilitation of RecA loading onto unwound post-Chi 3’ overhang. Since no coupling of helicase and recombinase loading activities is observed in eukaryotes, it is certainly not surprising (in light of our results) that increased DNA-end resection processivity, resulting in longer 3’ tails, increases genomic instability of eukaryotic cells and sensitizes them to DNA damage (Huertas et al. 2008; Huertas et al. 2009; Coleman and Greenberg 2011). Moreover, excessive ss tails produced by unregulated resection during meiosis impair repair of meiotic DSBs (Johnson et al. 2007). Interestingly, RecBCD seems to be unique among DNA-resection machines in its coupling of recombinase polymerizing activity with helicase/nuclease activities, as its AddAB and AdnAB analogs do not facilitate RecA loading onto a 3’ tail (Lenhart et al. 2014; Gupta et al. 2015). AdnAB helicase/nuclease efficiently catalyze HR in mycobacteria even when devoid of its nuclease activity (Gupta et al. 2017), mimicking E. coli recB1080 mutant and strongly indicating a backup nuclease activity in these cells.
It is certain that all DNA-resection machines, from bacteria to humans, that do not directly load recombinase protein onto a 3’ tail have to rely on other factors, such as ssExos, recombinase mediators (e.g. RecFOR proteins, BRCA2, Rad52 etc.), and caretaking proteins (e.g. RecQ and its homologs) to achieve efficient and precise DSB repair and hence effectively preserve cell viability and genome stability.
ACKNOWLEDGEMENTS

We are grateful to Mary Sopta, Nikola Paić and Dušica Ivanković for their help with manuscript preparation. This work was supported by the Croatian Science Foundation, project HRZZ-IP-11-2013- 2978.

REFERENCES

Anderson DG, Churchill JJ, Kowalczykowski SC. A single mutation, RecBD1080A, eliminates RecA protein loading but not Chi recognition by RecBCD enzyme. J Biol Chem. 1999;274: 27139-27144.

Anderson DG, Kowalczykowski SC. The recombination hot spot, Chi, is a regulatory element that switches the polarity of DNA degradation by the RecBCD enzyme. Genes Dev. 1997;11: 571-581.

Anderson DG, Kowalczykowski SC. The translocating RecBCD enzyme stimulates recombination by directing RecA protein onto ssDNA in a (-regulated manner. Cell. 1997a;90: 77-86.

Bachmann BJ. Pedigrees of some mutant strains of Escherichia coli K-12. Bacteriol Rev. 1972;36: 525–557.

Buljubašić M, Repar J, Zahradka K, Đermić D, Zahradka D. RecF recombination pathway in Escherichia coli cells lacking RecQ, UvrD and HelD helicases. DNA Repair. 2012;11: 419–430.
Chase JW, Richardson CC. Escherichia coli mutants deficient in exonuclease VII. J Bacteriol. 1977;129:934-947.

Churchill JJ, Anderson DG, Kowalczykowski SC. The RecBC enzyme loads RecA protein onto ssDNA asymmetrically and independently of Chi, resulting in constitutive recombination activation. Genes Dev. 1999;13: 901-911.

Coleman KA, Greenberg RA. The BRCA1-RAP80 complex regulates DNA repair mechanism utilization by restricting end resection. J Biol Chem. 2011;286: 13669–13680.
Datsenko KA, Wanner BL. One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR products. Proc Natl Acad Sci USA. 2000;97: 6640-6645.

Dillingham MS, Kowalczykowski SC. RecBCD enzyme and the repair of double-stranded DNA breaks. Microbiol Mol Biol Rev. 2008;72: 642-671.

Đermić D, Halupecki E, Zahradka D, Petranović M. RecBCD enzyme overproduction impairs DNA repair and homologous recombination in Escherichia coli. Res Microbiol. 2005;156: 304-311.

Đermić D, Zahradka D, Petranović M. Exonuclease requirements for recombination of λ-phage in recD mutants of Escherichia coli. Genetics. 2006;173: 2399-2402.
Đermić D. Functions of multiple exonucleases are essential for cell viability, DNA repair and homologous recombination in recD mutants of Escherichia coli. Genetics. 2006;172: 2057-2069.

Đermić D. Double-strand break repair mechanisms in Escherichia coli: recent insights. Adv Genomics Genet. 2015;5: 35-42.

Gupta R, Shuman S, Glickman MS. RecF and RecR Play Critical Roles in the Homologous Recombination and Single-Strand Annealing Pathways of Mycobacteria. J Bacteriol. 2015;197: 3121-3132. 

Gupta R, Unciuleac MC, Shuman S, Glickman MS. Homologous recombination mediated by the mycobacterial AdnAB helicase without end resection by the AdnAB nucleases. Nucleic Acids Res. 2017; 45: 762-774.
Hall TA, BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT.  Nucl Acids Symp Ser. 1999; 41:95-98.
Hall BM, Ma CX, Liang P, Singh KK. Fluctuation AnaLysis CalculatOR: a web tool for the determination of mutation rate using Luria–Delbrück fluctuation analysis. Bioinformatics. 2009;25: 1564-1565.
Hanada K, Toshiyuki U, Kohno Y, Saito K, Kato J, Ikeda H. RecQ DNA helicase is a suppressor of illegitimate recombination in Escherichia coli. Proc Natl Acad Sci USA. 1997;94: 3860–3865.

Harmon FG, Kowalczykowski SC. RecQ helicase, in concert with RecA and SSB proteins, initiates and disrupts DNA recombination. Genes Dev. 1998;12: 1134-1144.

Huertas P, Cortés-Ledesma F, Sartori AA, Aguilera A, Jackson SP. CDK targets Sae2 to control DNA-end resection and homologous recombination. Nature. 2008;455: 689–692.

Huertas P, Jackson SP. Human CtIP mediates cell cycle control of DNA end resection and double strand break repair. J Biol Chem. 2009;284: 9558–9565.
Ikeda H, Shimizu H, Ukita T, Kumagai M. A novel assay for illegitimate recombination in Escherichia coli: stimulation of λbio transducing phage formation by ultraviolet light and its independence from RecA function. Adv Biophys. 1995;31: 197-208.

Ivančić-Baće I, Peharec P, Moslavac S, Škrobot N, Salaj-Šmic E, Brčić-Kostić K. RecFOR function is required for DNA repair and recombination in a RecA loading-deficient recB mutant of Escherichia coli. Genetics. 2003;163: 485-494.

Ivančić-Baće I, Vlašić I, Salaj-Šmic E, Brčić-Kostić K. Genetic Evidence for the Requirement of RecA Loading Activity in SOS Induction after UV Irradiation in Escherichia coli. J Bacteriol. 2006;188: 5024-5032.
Ivanković S, Đermić D. DNA end resection controls the balance between homologous and illegitimate recombination in Escherichia coli. PloS One. 2012;7: e39030. doi: 10.1371/journal.pone.0039030.
Jockovich ME, Myers RS. Nuclease activity is essential for RecBCD recombination in Escherichia coli. Mol Microbiol. 2001;41: 949-962.

Johnson R, Borde V, Neale MJ, Bishop-Bailey A, North M, Harris S, Nicolas A, Goldman ASH. Excess Single-Stranded DNA Inhibits Meiotic Double-Strand Break Repair. PLoS Genet. 2007;3: e223. doi:10.1371/journal.pgen.0030223
Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, Buxton S, Cooper A, Markowitz S, Duran C, Thierer T, Ashton B, Mentjies P, Drummond, A, Geneious Basic: an integrated and extendable desktop software platform for the organization and analysis of sequence data. Bioinformatics. 2012; 28: 1647-1649.
Kim T, Chitteni-Pattu S, Cox BL, Wood EA, Sandler SJ, Cox MM. Directed Evolution of RecA Variants with Enhanced Capacity for Conjugational Recombination. PLoS Genetics. 2015;11:e1005278. doi:10.1371/journal.pgen.1005278.
Kowalczykowski SC. An Overview of the Molecular Mechanisms of Recombinational DNA Repair. Cold Spring Harb Perspect Biol. 2015;7: a016410. doi: 10.1101/cshperspect.a016410.
Kumagai M, Ikeda H. Molecular analysis of the recombination junctions of λbio transducing phages. Mol Gen Genet. 1991;230: 60-64.

Lenhart JS, Brandes ER, Schroeder JW, Sorenson RJ, Showalter HD, Simmons LA. RecO and RecR are necessary for RecA loading in response to DNA damage and replication fork stress. J Bacteriol. 2014;196: 2851–2860.
Lovett ST. The DNA exonucleases of Escherichia coli. Ecosal Plus. 2011. doi: 10.1128/ecosalplus.4.4.7.

Mendonca VM, Klepin HD, Matson SW. DNA helicases in recombination and repair: construction of a delta uvrD delta helD delta recQ mutant deficient in recombination and repair. J Bacteriol. 1995;177: 1326-1335.

Miller JH. A short course in bacterial genetics. Cold Spring Harbor: Cold Spring Harbor Laboratory Press; 1992.
Morimatsu K, Kowalczykowski SC. RecFOR proteins load RecA protein onto gapped DNA to accelerate DNA strand exchange. A universal step of recombinational repair. Mol. Cell. 2003;11: 1337–1347.
Persky NS, Lovett ST. Mechanisms of recombination: Lessons from E. coli. Crit Rev Biochem Mol Bio. 2008;43: 347-370.

Symington LS. End resection at double-strand breaks: Mechanism and regulation. Cold Spring Harb Perspect Biol. 2014;6: a016436.

Thoms B, Borchers I, Wackernagel W. Effects of single-strand DNases ExoI, RecJ, ExoVII, and SbcCD on homologous recombination of recBCD+ strains of Escherichia coli and roles of SbcB15 and XonA2 ExoI mutant enzymes. J Bacteriol. 2008;190: 179–192.
Viswanathan M, Lovett ST. Single-strand DNA-specific exonucleases in Escherichia coli. Roles in repair and mutation avoidance. Genetics. 1998;149:7-16.
Xia J, Chen L-T, Mei Q, Ma QH, Halliday JA, Lin HY, et al. Holliday junction trap shows how cells use recombination and a junction-guardian role of RecQ helicase. Science Adv. 2016;2:e1601605. doi:10.1126/sciadv.1601605.
Yu M, Souaya J, Julin DA. Identification of the nuclease active site in the multifunctional RecBCD enzyme by creation of a chimeric enzyme. J Mol Biol. 1998;283: 797-808.
1

