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Abstract

DNA double-strand breaks are genotoxic lesions whose repair can be templated off an intact DNA
duplex through the conserved homologous recombination (HR) pathway. Because it mainly
consists of a succession of non-covalent associations of molecules, HR is intrinsically reversible.
Reversibility serves as an integral property of HR, exploited and tuned at various stages
throughout the pathway with anti- and pro-recombinogenic consequences. Here, we focus on the
reversibility of displacement loops (D-loops), a central DNA joint molecule intermediate whose
dynamics and regulation have recently been physically probed in somatic S. cerevisiae cells. From
homology search to repair completion, we discuss putative roles of D-loop reversibility in repair
fidelity and outcome.
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Homologous recombination is a succession of metastable intermediates

Homologous recombination (HR) is a conserved pathway for the repair of DNA double-
strand breaks (DSBs) (Fig. 1). Nucleolytic resection of the DSB generates long 3’-
protruding single-stranded DNA, uncovering several hundreds to thousands of nucleotide
sequence around the break site (Symington 2016). This sequence information is harnessed
by a multivalent helical filament of RecA (in bacteria), RadA (in archea) or Rad51 (in
eukaryotes, with additional cofactors) using base-pairing principles for the dynamic
genome-wide search for a homologous match (Bell and Kowalczykowski 2016; Bordelet and
Dubrana 2019; Zimmer and Fabre 2019). Once significant homology is identified by the
nucleoprotein filament (NPF), DNA strand invasion can occur, which results in a DNA joint
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molecule called a displacement loop (D-loop) (Wright et al. 2018). A D-loop contains a B-
form heteroduplex DNA (hDNA) region formed between the broken molecule and a
complementary strand in another duplex DNA, a displaced strand, and junctions at both ends
(Fig. 1). If incorporated in the hDNA, the 3" end of the broken molecule can be extended by
a DNA polymerase using the complementary strand as a template to generate an extended
D-loop. This step restores the disrupted sequence information and provides opportunities for
annealing or invasion to the other side of the DSB for repair completion by second end
capture. The various HR sub-pathways and their associated repair outcomes branch-out
depending on the processing of extended D-loops [for more information see (Mehta and
Haber 2014; Piazza and Heyer 2019)]. In somatic cells, the main pathway is termed
synthesis-dependent strand annealing (SDSA) (Mehta and Haber 2014). SDSA entails the
disruption of the extended D-loop and engagement of the second end of the DSB (Fig. 1).

D-loops are decision nodes of HR, acted upon by multiple protein players

D-loops are pivotal intermediates of the HR pathway that are substrate for three main classes
of enzymes (Fig. 2a):

1. DNA polymerases that can extend the 3" extremity of the hDNA and restore the
sequence information disrupted by the DSB (McVey et al. 2016).

2. Helicases and/or topoisomerases that catalyze reversal of nascent and extended
D-loops (Crickard and Greene 2019; Heyer 2015) or promote their extension by
polymerases (Buzovetsky et al. 2017; Wilson et al. 2013).

3. Structure-selective endonucleases (SSEs) that can recognize and cleave the
strand exchange junctions. This can provide a substrate for DNA polymerase or
preclude multi-invasions formation, by cleaving 3" flap upon internal hDNA
formation. Alternatively, nicked strands are substrates for ligases that can
covalently join the invading and the invaded dsDNA. Depending on the cleaved
strands, this reaction can lead either to the formation of half-crossovers (half-
CO) (Deem et al. 2008; Smith et al. 2009) or the formation of a replication fork
(Mayle et al. 2015).

The action of SSEs and polymerases represent milestones in HR because they covalently
alter the DNA substrate, complicating or preventing reversal of the pathway. Notably,
because only few nucleotides suffice for annealing to the opposite end of the DSB, D-loop
extension by a DNA polymerase is a tipping point of HR, converting D-loop disruption from
a mechanism of anti-recombination to a mechanism of maturation towards the non-crossover
(NCO) repair outcome (Fig. 2b). This reaction also inhibits the long-range DNA synthesis
required for BIR and stimulates template-switching (Jain et al. 2016b; Luke-Glaser and

Luke 2012; Ruiz et al. 2009; Stafa et al. 2014). Consequently, despite being of similar
nucleic acids structure, we distinguish nascent D-loop from extended D-loop, and both likely
also differ in the types of proteins bound to them.
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D-loops exist in a dynamic equilibrium in S. cerevisiae cells

D-loop reversal by various proteins such as the Srs2 and Mph1 3’5" helicases, as well as
the Sgs1-Top3-Rmil (STR) helicasetopoisomerase complex in S. cerevisiae, has long been
postulated from genetic studies and physical end-point assays, and supported by biochemical
evidence (Coic et al. 2011; Ira et al. 2003; Jain et al. 2016b; Liu et al. 2017; Mazon and
Symington 2013; Mitchel et al. 2013; Prakash et al. 2009; Ruiz et al. 2009; Sebesta et al.
2013; Stafa et al. 2014; Sun et al. 2008; Tay et al. 2010; Fasching et al. 2015). However,
pinpointing their precise in vivo substrate(s) and defining their interactions has proven
challenging in the absence of an assay to physically monitor D-loop intermediates of the
pathway. This is in contrast to the double Holliday junction intermediate, which has been
demonstrated by 2D gel electrophoresis in meiotic and somatic cells (Bzymek et al. 2010;
Schwacha and Kleckner 1995). Surprisingly, in meiotic cells the same method that detects
single-end invasions, likely a type of D-loop, fails to detect D-loops in somatic cells
(Bzymek et al. 2010). We recently overcome this limitation by developing a method to
quantify D-loops and provided physical evidence for active reversal of nascent and extended
D-loops in somatic S. cerevisiae cells (Fig. 3) (Piazza et al. 2019).

Two types of nascent D-loop are independently targeted by the Srs2 helicase on the one
hand, and the Mph1 helicase together with the Sgs1-Top3-Rmil (STR)
helicasetopoisomerase complex on the other hand (Fig. 3). These two nascent D-loop
disruption pathways are delineated by Rdh54 (a Rad54 paralog also known as Tid1) by
providing substrates for the Mph1-STR pathway. The nature of these two D-loop types and
the mechanism by which Rdh54 distinguishes them remain to be determined. Extended D-
loops are mainly disrupted by Mph1 and to a lesser extent by Srs2, while STR appears to be
specific for nascent D-loops (Piazza et al. 2019).

Strikingly, these disruption activities targeted the majority of nascent D-loops formed at a 2
kb-long region of perfect homology. Hence, nascent D-loops exist in a dynamic equilibrium
in cells, even in the absence of hDNA mismatch recognition (Coic et al. 2011; Mc\Vey et al.
2004). It suggests the existence of an unsuspected layer of HR quality control at the nascent
D-loop level, which operates in a broader fashion than mismatch-dependent heteroduplex
rejection (Hum and Jinks-Robertson 2019; Spies and Fishel 2015). Possible roles for these
constitutive D-loop reversal activities include suppressing the formation of half-CO and of
multi-invasion-induced rearrangements (MIR) by removing substrates for SSEs (Piazza and
Heyer 2019) as well as eliminating toxic joint molecules (Fig. 2b) (Elango et al. 2017;
Gangloff et al. 2000; Le Breton et al. 2008). Below, we discuss further potential functions of
D-loop reversal in homology search by driving usage of the longest available donor and in
suppressing the CO outcome of recombination.

Role of nascent D-loop reversal in homology search

The presence of repeated sequences in the genome can confound the homology search
process. This may happen at the level of homology sampling with microhomologies or at
short (< 100 bp) repeats (Danilowicz et al. 2015, 2017; Lee et al. 2016; Qi et al. 2015) as
well as at the D-loop level as many repeated DNA elements, even in the yeast genome, are
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larger than the minimal sequence required for efficient HR (Jinks-Robertson et al. 1993,;
Richard et al. 2008). We suggest that D-loop reversal plays a role in the donor selection
process and is thus an integral component of homology search.

First, in the absence of a homologous donor a DSB can be repaired from short (~ 100 nt)
and divergent (~ 80%) sequences with relatively high efficiency (Anand et al. 2017). This
result reveals an astounding mismatch tolerance of homology sampling by the NPF in cells,
which operates by microhomology recognition below the length threshold required for
sequence uniqueness in bacterial and eukaryotic genomes (Danilowicz et al. 2015, 2017; Lee
et al. 2016; Qi et al. 2015). Consequently, the accuracy of homology search not only relies
on the intrinsic homology sampling stringency of the NPF but requires also additional
regulatory mechanisms.

Second, DNA strand invasion can occur away from the filament terminus in vitro (Adzuma
1992; Piazza et al. 2017; Umlauf et al. 1990; Wright and Heyer 2014). Consistently,
sequences located away from the DSB site are efficiently used for HR repair in vivo (Hoang
et al. 2010; Inbar and Kupiec 1999; Jain et al. 2016a; Piazza et al. 2017). Hence, in contrast
to previous models requiring the DSB to fall into the repeat to initiate ectopic
recombination, repeats located in the span of resection are competent for ectopic repair with
the risk of causing chromosomal rearrangements (Fig. 4a). This view greatly expands the
sequence space in which repeats pose a threat to genomic stability (Fig. 4b) (see Piazza and
Heyer 2018 for details). In S. cerevisiae, where the repeated DNA content is relatively low
(7%) compared to metazoan and plants, the occurrence of at least one repeat in the resection
tract will occur for more than half of DSBs, assuming a resection tract of 8 kb (i.e.
equivalent of 2 h of resection; Fig. 4b). Hence, competition of an ectopic homologous match
to an internal repeat is presumably a common situation encountered in wild type cells.
Constitutive D-loop reversal may limit the use of dispersed repeats, akin to that proposed for
RecA synaptic pairing at short (< 100 bp) repeats (Danilowicz et al. 2017). Consistently, D-
loop reversal mutants exhibit strongly elevated rates of repeat-mediated chromosomal
rearrangements (Argueso et al. 2008; Chan and Kolodner 2011; Hoang et al. 2010; Putnam
et al. 2009; Putnam and Kolodner 2017) (reviewed in Piazza and Heyer 2019). This barrier is
not absolute and likely involves competition between the dispersed repeats and the allelic
donor (or the longest available in the genome).

We propose that reversal of nascent D-loops acts as a second stringency step in the
homology search process with the consequence of funneling the searching molecule towards
the longest available donor through iterative cycles of recognition/invasion/disruption (Fig.
4c¢). This seemingly wasteful strategy resembles kinetic proofreading, which increases the
specificity of a variety of complex biochemical reactions (Hopfield 1974). It exploits the
delay between the binding of two interactors (e.g. the invading strand and the donor) and the
initiation of the reaction (e.g. D-loop extension) (Coic et al. 2011). If either the DNA strand
re-invasion, the protection against disruption, or the initiation of DNA synthesis is favored
by increasing homology length, these cycles will provide bias towards for usage of the
longest available homology at each iteration (Fig. 4c). This view broadens the definition of
homology search from the sampling by the NPF to include D-loop metabolism up to the
initiation of recombination-associated DNA synthesis.
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Role of nascent D-loop reversal in promoting a conservative repair

outcome

Non-crossover (NCO) is the most conservative HR outcome, because it has no structural or
extensive genetic consequences in the subsequent cell generations, contrary to CO, BIR and
MIR (Piazza and Heyer 2019). Since the double Holliday Junction (dHJ) intermediate
provides opportunity for the formation of CO upon endonucleolytic resolution, avoidance of
dHJs represents an anti-CO mechanism. Hence, extended D-loop reversal is both an anti-CO
and a pro-NCO reaction by, respectively, directing the pathway away from the dHJ
intermediate and towards SDSA. In addition, nascent D-loop reversal may also serve an anti-
CO purpose by preventing dual nascent D-loop formation (Fig. 1). Dual nascent D-loops can
be directly converted to a dHJ intermediate upon D-loop extension (Fig. 1). They are likely
intermediates of the HR pathway owing to the spatial tethering of the two ends of the DSB
in somatic cells (Jain et al. 2016a; Lisby et al. 2003), which is expected to favor invasion by
the second DSB end upon pioneer invasion by the first end. Hence, limiting the lifetime of
nascent D-loops is expected to disproportionately decrease chances for dual nascent D-loops
and, hence, disfavor formation of dHJ and subsequent CO. Consistently, nucleo-protein
determinants that inhibit ectopic recombination presumably by destabilizing nascent D-loops
(such as sequence divergence (Tay et al. 2010; Welz-Voegele and Jinks-Robertson 2008),
homology length (Inbar et al. 2000; Jinks-Robertson et al. 1993), and the aforementioned D-
loop disruption activities (Chan and Kolodner 2011; Myung et al. 2001; Putnam et al. 2009;
Putnam and Kolodner 2017) also inhibit CO.

The existence of dual nascent D-loop might be specifically suppressed during meiosis, in
which the CO number per chromosome is tightly regulated. Indeed, contrary to somatic HR,
the two DSB ends do not remain associated in meiosis, with one end carrying out the
homology search while the other remains localized at the chromosome axis (Brown et al.
2015; Zickler and Kleckner 2015). This sequestration of one of the two DSB ends by
cohesin (and its release) might be part of the regulation of the NCO/CO decision, which
remains poorly understood (Hong et al. 2013; Kim et al. 2010).

Conclusion

The core steps of HR (i.e. from the NPF assembly onwards up to the initiation of
recombinational DNA synthesis) involve transient and mainly non-covalent protein-DNA
and DNA-DNA interactions. Reversibility of these associations is likely paramount at
multiple steps of the pathway. We propose that nascent D-loop reversibility plays key roles
in two aspects of HR fidelity: in homology search by kinetic proofreading and in the
regulation of the repair outcome by disfavoring the occurrence of the dHJ intermediate to
avoid CO formation.
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Break-induced replication (BIR)
The long-range DNA synthesis initiated at a DSB site that involves extension of a D-loop

Crossover (CO) and non-crossover (NCO)
The outcomes of HR repair that, respectively, involves or not the physical exchange of DNA
strands between the broken and the donor molecule

D-loop (or displacement loop)
A DNA joint molecule formed upon pairing of a single-stranded DNA to its complement
present in a duplex DNA

Homologous recombination (HR)
A conserved DSB repair pathway that uses an intact DNA molecule as a template for repair

Helicase
A protein that uses the energy of ATP hydrolysis to translocate directionally on single-
stranded DNA and separate the two strands of duplex DNA

Multi-invasion-induced rearrangement (MIR)
A tripartite recombination pathway initiated by a DSB end and that causes rearrangement of
two independent donor molecules upon endonucleolytic cleavage of D-loops

Nucleo-protein filament (NPF)
A helical filament formed by the oligomerization of Rad51 (in eukaryotes) and associated
proteins onto the single-stranded DNA formed on each side of the break by resection

Structure-selective endonuclease (SSE)
A protein that recognizes and selectively cleaves DNA structures that are more complex than
single-stranded DNA or duplex DNA (such as flaps, D-loops, Holliday junctions, and forks)
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Fig. 1.
Homologous recombination is a complex pathway involving multiple meta-stable reversible

intermediates. Resection can be reverted by fill-in by Pola-dependent DNA synthesis
(Mirman et al. 2018), the NPF can be disassembled by the action of helicases and ubiquitin
ligases (Branzei and Szakal 2017), and D-loops can be disrupted (see text). Second end
capture can be accomplished by two different mechanisms, annealing of two single-strand
DNAs or invasion of duplex DNA of the second end (past the resection junction) by the
extended first end (not shown)
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Fig. 2.

Multiple proteins affect D-loop metabolism, with consequences for HR execution and
outcome. a D-loop metabolism is controlled by three main classes of enzymes. b
Consequences of nascent and extended D-loop reversal for HR execution, fidelity, and
outcome. B/R break-induced replication, M/R multi-invasion induced rearrangement, NCO

non-crossover, CO crossover
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Fig. 3.
Model for the regulation of nascent D-loop stability in S. cerevisiae. The mechanism by

which Rdh54 demarcates these two pathways and/or D-loop types is not known. The human
homologs of STR (Sgs1-Top3-Rmil) is BLM-TOPOIlla-RMI1/2, of Mphl is FANCM, and
of Rdh54 is possibly RAD54B. Putative functional homologs of Srs2 in human include
BLM, FANCJ, FBH1, PARI, RECQ1, RECQ5 and RTEL1. The thickness of the arrows
reflects pathway usage
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How D-loop reversal can promote repeat bypass during homology search. a Resection can
expose DNA sequences that are present in multiple copy in the genome, and efficiently
compete against the main (allelic) homologous donor. b Proportion of DSB exposing a
repeated region as a function of resection tract length in the S. cerevisiae genome. ¢
Rationale of a kinetic proofreading strategy in which homology length favors (re-)invasion

Curr Genet. Author manuscript; available in PMC 2020 February 18.



	Abstract
	Homologous recombination is a succession of metastable intermediates
	D-loops are decision nodes of HR, acted upon by multiple protein players
	D-loops exist in a dynamic equilibrium in S. cerevisiae cells
	Role of nascent D-loop reversal in homology search
	Role of nascent D-loop reversal in promoting a conservative repair outcome
	Conclusion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4



