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Abstract

CRISPR/Cas9-mediated gene editing may involve nonhomologous end-joining to create various 

insertion/deletions (indels) or may employ homologous recombination to modify precisely the 

target DNA sequence. Our understanding of these processes has been guided by earlier studies 

using other site-specific endonucleases, both in model organisms such as budding yeast and in 

mammalian cells. We briefly review what has been gleaned from such studies using the HO and I-

SceI endonucleases and how these findings guide current gene editing strategies.

HO and I-SceI endonucleases

The HO and I-SceI are members of a large family of evolutionarily related site-specific 

endonucleases that create double-strand breaks (DSBs) with 4-nt 3′ overhangs 1, 2. In 

budding yeast, these enzymes provoke specific chromosome rearrangements in which 

sequences from a donor locus are copied by a process known as gene conversion to patch up 

the broken chromosome.

The HO endonuclease causes the switching of yeast mating-types, from MATa to MATα or 

vice versa 3, 4 (Fig. 1A). MAT switching involves the removal of about 700 bp of mating 

type-specific sequences (Ya or Yα) and their replacement by the opposite sequences that are 

copied from one of two heterochromatic and silent donor loci, HMLα and HMRa, that are 

each located >100 kb away from MAT on the same chromosome. HO endonuclease 

(hereafter referred to as HO) efficiently cleaves a degenerate 24-bp sequence, so that either 

MATa and MATα sequences are cut; the same recognition sites in HMLα and HMRa are 

normally not cut because these heterochromatic loci have highly positioned nucleosomes 

that apparently block cleavage. Cleavage at the donors is efficient when the silencing, via the 

Sir2 histone deacetylase, is disabled. The HO cleavage site can be inserted into any other 

euchromatic locus, and is often employed to study various mechanisms of DNA repair 

(discussed below). At its normal location within the MAT locus or when inserted elsewhere, 

the HO cut site is readily cleaved when the HO endonuclease is induced, by placing the HO 

gene under the control of a galactose-inducible promoter 5. Cleavage is quite rapid, with 

>90% of the cells being cleaved in 30–45 min, leaving 4-nt 3′-overhanging DSB ends 6, 7. 

This makes it possible to monitor in real time the sequence of events leading to the 

formation of a repaired DSB for several different types of DSB repair by homologous 

recombination 8–16 (Fig. 2), as well as by nonhomologous end-joining (NHEJ) 17.
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Very little use of HO has been made in metazoans, as the enzyme has never been 

characterized in detail in vitro, unlike I-SceI. 18–20.

I-SceI in yeast and mammals

I-SceI is normally localized in the budding yeast mitochondrion, encoded within an intron 

within the 21S ribosomal DNA. This intron is known as omega and designated ω+. When a 

ω+ strain is crossed to a ω− strain, there is a very efficient conversion of the ω− 

mitochrondrial genome to the intron-containing ω+ 21, 22 by creating a site-specific DSB 

within the ω− 21 S rDNA sequence and then using the ω+ copy as the repair template, 

through homologous recombination. I-SceI cannot cleave the inserted ω+ sequence. This 

example of “intron homing” was the first well-studied example of gene drive, as all the 

many copies of mitochondrial DNA in progeny all become ω+ (Fig. 1B). I-SceI was 

“domesticated” for general use - to study chromosomal repair in the nucleus - by recoding 

the gene and expressing it in the nucleus so that it was compatible with cytoplasmic protein 

synthesis 23. I-SceI has an 18-bp recognition site. Placed under the same galactose-inducible 

promoter as in the case of HO, I-SceI cleavages are reasonably efficient (though markedly 

less than HO) and repair can be monitored both physically and genetically 24. I-SceI also 

makes 4-nt, 3′-overhanging ends and both the homologous recombination events and NHEJ 

outcomes are comparable to what had been shown for HO 18. The I-SceI cleavage site can be 

inserted in different locations to study various aspects of homologous recombination in 

budding yeast 25–30.

In mammalian cells, I-SceI became the principal means to induce site-specific DSBs and to 

learn about DSB repair in detail. 31, 32 Although site-specific nucleases (Zinc-Finger 

Nucleases, TALENs, and of course CRISPR/Cas9) have emerged to facilitate gene targeting, 

most of the mechanistic understanding of DSB repair in mammals has continued to rely on 

I-SceI. Maria Jasin’s lab led the way in developing assays for both homologous 

recombination and NHEJ, demonstrating that both gene conversions and NHEJ-mediated 

indels could be recovered after I-SceI cleavage 33–37. Many labs have contributed to a 

number of different assays that make it possible to study gene conversions, SSA, and end-

joinings 38–42. Assays that mimic break-induced replication (BIR) have also been developed 
43. One important distinction between yeast and mammals is that interchromosomal ectopic 

recombination events are quite rare. However, recovery of reciprocal translocations from two 

DSBs on different chromosomes – one pair of ends using single-strand annealing (SSA) and 

the other pair using NHEJ – can readily be recovered 44–46. Also, it should be noted that, 

compared to budding yeast, NHEJ is much more efficient relative to homologous in 

mammalian cells; however often about half of all detectable recombination/repair events in 

Cas9 or I-SceI-mediated repair are still via homologous recombination 47–49. Another 

distinction between events in yeast and those in mammals is that, even when both sides of 

the DSB share homology with a donor sequence, many events begin as homologous 

recombination but terminate by some sort of NHEJ event. The capacity of mammalian cells 
to shift from one mode of repair to the other may pose problems in the fidelity of gene 
editing.
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Defining and monitoring multiple pathways of DNA repair in yeast

DSB repair by gene conversion

MAT switching is perhaps the best-studied example of double-strand break repair that is 

rarely associated with crossing-over; one set of sequences at MAT are replaced by another, 

copied from a donor. The synchronous cleavage by HO allowed us to identify a number of 

surprisingly slow steps in DSB repair (Fig. 2A), including:

a. 5′ to 3′ resection of DNA ends by several exonucleases, including the Mre11-

Rad50 complex, ExoI and Sgs1-Rmi1-Top3-Dna2, as well as the chromatin 

remodeler, Fun30 which interacts with nucleosomes proximal to the DSB to 

facilitate exonuclease digestion of the DNA (illustrated by the Pacman in Fig 2A) 
14, 50–56

b. assembly of single-strand DNA binding protein RPA on the 3′-ended single-

strand DNA (ssDNA), facilitating the formation of the Rad51 filament that will 

search the genome for a homologous region 57

c. rapid association of Rad51 with the donor sequence and the slower formation of 

base pairs between the invading 3′ ssDNA with the dsDNA donor, creating a 

displacement loop (D-loop) (Figure 2A, top line)58, 59

d. initiation of new DNA synthesis, principally by DNA polymerase δ (Figure 2A, 

second line, blue arrow)14, 60

e. capture of the newly copied and displaced DNA by the homologous sequences of 

the second DSB end (Figure 2A, third line), by strand annealing of the newly 

copied DNA with the resected second end 61, 62

f. completion of repair, which takes about 1–2 h. The sequence of DNA synthesis 

events results in all the newly copied DNA in the recipient locus and the donor is 

unchanged (Figure 2A, bottom line) 63.

More detailed descriptions of the molecular mechanisms of this and other repair processes 

can be found in recent reviews 4, 16.

Interchromosomal DSB repair is also accompanied by crossing-over in a small fraction of 

cases, as detected by novel restriction fragments on Southern blots 64. The proportion of 

crossovers is markedly increased by deleting components of a double-Holliday junction 

“dissolvase” (the 3′ to 5′ helicase Sgs1, homologous to human BLM or Topoisomerase 3α) 
6564. Thus intermediates are frequently formed that could lead to reciprocal exchanges (Fig. 

2B) but these are usually defeated by their dissolution. Crossovers also increase after 

deleting another 3′ to 5′ helicase, Mph1 (related to human FANCM) 66. Mph1 apparently 

directs repair to the non-crossover synthesis-dependent strand annealing (SDSA) pathway 

described above and away from double-Holiday junction intermediates.

A surprising discovery was that – although gene conversion events are the most faithful way 

to repair a DSB, without the alterations that would arise by crossing-over without the 

creation of insertion/deletions by nonhomologous end-joining – the rate of mutation in the 
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newly copied sequences is 1000 times that of normal replication 67–69. Many of the 

mutations result from DNA polymerase δ errors, including simple DNA polymerase 

slippage errors such as -1 frameshifts in homonucleotide sequences (i.e. CCCC becoming 

CCC) but including more dramatic interchromosomal template switches between highly 

divergent sequences 70. Whether mammalian gene editing is likewise associated with such 
errors remains to be learned.

Break-induced replication (BIR)

When only one end of a DSB is homologous to a donor sequence, repair shifts to a 

recombination-dependent initiation of DNA synthesis that – at least in yeast – can copy 

several hundred kb to the end of a chromosome, resulting in a nonreciprocal translocation 
8, 71, 72 (Fig. 2C). Such events are believed to occur naturally in the restart of stalled and 

broken DNA replication forks or at eroded telomeres. When both ends of a DSB share 

homology with a donor sequence, gene conversion overshadows BIR by the agency of a 

recombination execution checkpoint that delays BIR and apparently allows cells the 

opportunity to complete gene conversion instead 73.

Although BIR appears to be the establishment of a normal leading/lagging-strand replication 

fork, evidence from yeast argues that the synthesis of the two strands is dis-coordinated, 

with a long single-strand tail being generated behind a moving replication bubble copying 

the leading strand; only later is the lagging strand added 74. As in SDSA, all the newly 

copied DNA is found in the recipient and there is again a 1000-fold increase in mutations, 

with a great sensitivity to agents that deaminate or modify the ssDNA before it is made 

double-stranded 75. The replication process in BIR requires two proteins that are not 

essential for normal replication, the Polδ-associated Pol32 protein and the 5′ to 3′ helicase 

Pif1 76–78. A dominant mutation in PCNA also blocks BIR without affecting gene 

conversion or S-phase replication 79.

In fact, there are two BIR processes. There is an efficient Rad51-dependent event that 

requires the Rad55/57 paralogs and the Rad54 chromatin remodeler, but there is also a much 

less efficient Rad51-independent BIR process 78. Rad51-independent BIR requires the 

strand annealing protein Rad52, as well as its “cousin”, Rad59, which promotes strand 

annealing. This pathway also requires the Mre11-Rad50-Xrs2 (MRX) complex and Rdh54 

(a homolog of Rad54). Rad51-dependent repair is strongly Rad54-dependent but Rdh54-

independent, although error-prone template switching events during gene conversion do rely 

on Rdh54. How these proteins would cooperate to initiate new DNA synthesis to repair the 

DSB end is not at all evident. This Rad51-independent pathway also acts preferentially when 

only short homologous sequences are available, including at yeast’s highly irregular 

telomeres 78, 80. The nonessential Pol32 protein is also needed for Rad51-independent 

telomere maintenance without telomerase 76. An important question to be considered is 
whether Rad51-independent single-strand template repair (SSTR) in gene editing resembles 
this Rad51-independent process or represents an entirely different mechanism.
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Single-strand annealing (SSA)

The simplest homologous recombination process is single-strand annealing (SSA) where 

homologous sequences flanking a single DSB are resected to reveal complementary single 

strands that can anneal, after which nonhomologous 3′-ended tails need to be clipped off 

and the remaining single-stranded regions are filled in. In budding yeast, 1kb sequences that 

are ≥ 25 kb can be annealed in this way, creating large deletions 73, 81. Interchromosomal 

rearrangements can be achieved by creating DSBs on two different chromosomes, with 

appropriate adjacent homologous sequences to force reciprocal translocations 82. These 

processes are Rad51-independent, but require the Rad52 and Rad59 strand annealing 

proteins, as well as an Slx4, Rad1-Rad10, Msh2-Msh3-dependent apparatus to clip off the 

nonhomologous tails 83–88. How terminal nonhomologies are dealt with in SSTR is also not 
known.

Nonhomologous end-joining (NHEJ) and microhomology-mediated end-joining (MMEJ)

“Classic” NHEJ (c-NHEJ) is highly conserved from yeast to humans, requiring the Ku70 

and Ku80 proteins, DNA ligase 4 and its associated XRCC4 89–91. Another DNL4-

associated protein, Nej1 is surprisingly divergent among species, sharing only a few limited 

motifs with its presumed mammalian homolog, XLF/Cernunnos 92. Most NHEJ events in 

budding yeast require the MRX complex 17, whereas the mammalian Mre11-Rad50-Nbs1 

(MRN) complex appears to be most important for alternative end-joining 93, 94.

Alternative end-joining (also called microhomology-mediated mediated end-joining 

(MMEJ)), is a hybrid pathway which also entails annealing between very short sequences 

exposed by exonucleases; but MMEJ is distinct from SSA and from c-NHEJ 95, 96. MMEJ is 

independent of Rad52; whether Rad59 is required needs to be tested. Unlike SSA, MMEJ in 

budding yeast is partially dependent on DNA ligase4, but unlike c-NHEJ, this process is Ku-

independent. In mammals, alternative end-joining is independent of Ku, DNA ligase IV and 

XRCC4, but is impaired both by inhibiting poly(ADP-ribose) polymerase (PARP) and DNA 

ligase III (both of which are absent in budding yeast). Because many “classic” (Ku-

dependent) NHEJ events are found to have a few bases of microhomology at the junctions of 

deletions 97, it is difficult to specify precisely how much microhomology is required to result 

MMEJ, but experimental models have used microhomologies of 6 or more bases 98.

When HO is induced and then shut off, the enzyme is rapidly degraded and one can 

visualize rejoining of the 4-nt, 3′ overhanging ends to re-form the original cleavage site 99. 

In a strain lacking homologous donors, simple re-ligation of the overhanging ends is an 

efficient process, requiring Ku proteins, Dnl4 and other parts of the c-NHEJ machinery 17. 

Whether Cas9-mediated perfect rejoinings have the same genetic requirements isn’t yet 
known, because it is necessary both to induce synchronous cleavage and then to turn off 
further enzyme activity. Alternatively, one could assay the blunt-end joining of two 
efficiently cleaved sites 100. Such assays have not been done yet to look at the kinetics of the 
process.

If HO expression is maintained, resection of the ends renders precise end-joining less and 

less efficient. In the face of continuous HO expression, survivors emerge; these have mutated 
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the cleavage site and therefore can no longer be cut. Insertions and deletions (indels) 

predominate over single base-pair mutations. The great majority of these indels result from 

various mis-pairings of the 4-nt overhanging ends to produce 2 and 3-bp insertions and 3 bp 

deletions 17. These events all involve single base pairings, trimming overhanging unpaired 

ends and the filling-in the small gaps, by the PolX polymerase, Pol4. Other deletions of 

varying size are recovered at lower rates. Importantly, the overall spectrum of NHEJ events 

created by HO is not different from that created by inducing chromosome breakage using a 

conditionally dicentric chromosome 101.

The age of CRISPR/Cas9

Although CRISPR/Cas9 has been studied biochemically and in vivo, there are still a number 

of questions that we wish to answer. Does Cas9 stay bound persistently to one end of the 
DSB, blocking its resection? Given that at least most Cas9 cleavages leave blunt ends, how 
efficient are their rejoinings? How long-lived is the protein::gRNA complex? What is the 
mechanism of gene editing by single-strand template repair (SSTR)? To monitor such events 

in vivo, it is first necessary to have synchronous cleavage of the target sequence. In 

mammalian systems, the highest level of cleavage has been accomplished by introducing an 

in vitro-assembled ribonucleoprotein particle (RNP), but this approach has not yet lent itself 

to following a detailed kinetics of repair, as electroporation is followed by an 

uncharacterized period of recovery. In budding yeast, it has been possible to accomplish 

nearly compete and rapid (within 1–2 h) cleavage using an inducible gRNA and 

constitutively expressed protein, as developed by Smith and St Onge 102. Several strategies 

have been used to promote Cas9 activity in a synchronous fashion 103, 104.

How persistent is enzyme activity after induction is turned off? To address this question one 

needs to induce cleavage of a conditionally-accessible site. Neither HO nor a Cas9 directed 

to the same location will cleave a sequence inside the heterochomatic HMLα locus; but 

cleavage is efficient once silencing is blocked, by inhibiting the Sir2 histone deacetylase 

with nicotinamide. Hence it should be possible to ask how long is the enzyme still active, 

after induction is stopped, by examining cleavage after the desilencing of the target at 2, 4, 6 

h. In mammalian cells, Cas9 cleavage also dependent on the chromatin context of the target 

sequence 105, 106. Cleavage is apparently impaired in heterochromatic regions (although a 

small fraction of sites in major satellite DNA are apparently cleaved 107. It might be possible 
to enhance cleavage in such regions by using histone deacetylase inhibitors or other means 
to block heterochromatin formation.

Because Cas9 is long-lived, ends that are joined can be re-cut, making it difficult to assess 

the efficiency of end-joining of the cut locus; hence it is necessary to inactivate the Cas9 

protein. This can be accomplished through the use of an auxin-inducible degron 108, as has 

also been done for the site-specific AsiSI endonuclease in mammalian cells 109, 110. Another 

way to destabilize Cas9 has been to fuse it to the FKBP12-L106P domain 100. In this way, 

one can observe in budding yeast the cleaved ends re-join in real time, as was first done with 

HO. Whether this can be done in mammals remains to be seen. It should also be noted that 
there is substantial evidence in mammals111 and in yeast112 that some fraction of Cas9 
cleavages in vivo, as well as in vitro113, are not blunt-ended but leave a 1-nt 5’ overhang that 
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can be filled in (in yeast by a PolX polymerase, Pol4) and then the new blunt ends joined to 
create a templated +1 base pair insertion112. Whether the overhanging ends are more rapidly 
rejoined in vivo will be challenging to determine.

Efficient cleavage also allows us to assess the resection of the DSB ends by exonucleases. In 

vitro studies have suggested that Cas9 remains asymmetrically bound to one end 114. Using 

the same strategies we had developed for measuring resection of HO-cut ends, it should be 

possible to assess whether one end is retarded in its resection. Whether removal of Cas9 

from an end will require the activity of the Mre11 complex (MRX) as do covalently-attached 

ends 115, can readily be determined.

SSTR versus other mechanisms of DSB repair

Single strand template repair (SSTR) appears to be a novel process, distinct from other 

homologous repair events (Fig. 2D). It is possible that this pathway was intended to repair 

DNA via single-stranded RNA templates 116, but has now been exploited to facilitate use of 

ssDNA repair templates provided in excess, along with the programed endonuclease 
48, 117–122. Whether induced by the HO endonuclease or CRISPR/Cas9, a DSB can be 

repaired (and gene-edited) by single stranded DNA oligonucleotides. SSTR is possible even 

if the region to be modified is encoded on several similarly oriented oligonucleotides, each 

partially overlapping the homology on the chromosome or a ssDNA template 122. Budding 

yeast is particularly adept in this type of gene editing, as it is possible to create, at 

efficiencies on the order of 80% of all transformants, simple mutations such as base-pair 

substitutions, deletions of varying size or insertions of epitope tags, fluorescent protein 

fusions or degrons 123. Models of SSTR share some similarities with both SDSA and BIR 

mechanisms that engage double-stranded DNA (dsDNA templates), but SSTR has proven to 

occur independent of the Rad51 strand exchange protein that is required for almost all 

dsDNA templates 119. Storici’s initial observation in budding yeast was extended to 

mammals in the context of repairing DNA nicks produced by the CRISPR/Cas9D10A nickase 
121, and has now been found for SSTR in both worms and mammals 48, 122.

As noted above, only one Rad51-independent DSB repair pathway has been identified 

before, a rather inefficient Rad51-independent variant of BIR 11, 78. Rad51-independent BIR 

depends Rad52 and Rad59; the MRX complex (MRN in mammals), Rdh54 (a Swi2/Snf2 

chromatin remodeler), and Srs2, a 3′ to 5′ helicase that acts as a Rad51 antagonist. Our 

initial studies have indicated that SSTR has distinctly different requirements from Rad51-

independent BIR and hence is a new and still largely uncharacterized pathway. A resected 
DSB end can apparently anneal with ssDNA without the agency of Rad51. How the second 
end is captured, in both SSTR and Rad51-independent BIR, and how is homology 
recognized without the canonical homology recognition protein Rad51 remains unanswered.

The incredibly rapid development of CRISPR/Cas9 in gene editing has been made possible 

by relying on a long and rich history of studying DSB repair using a few very site-specific 

endonucleases. There are still important lessons to be learned by studying these earlier 

paradigms. The ability in yeast to create DSBs in a highly synchronous fashion and to follow 

their repair in real time provides an opportunity to address a number of outstanding issues 
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concerning Cas9 and to provide a guide for determining if these processes are indeed 

preserved in mammals, as has been the case for many aspects of DSB repair 4. Given that 

Cas9 evolved in a non-eukaryotic context it is likely that the rules of DSB repair and gene 

targeting in eukaryotes will generally be independent of the source of cleavage; but the 

special features of Cas9 or other Cas proteins may yield surprises.
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Keywords

Gene editing
Alteration of a gene by homologous recombination to change a protein open reading frame 

or adjacent regulatory sequences.

Homologous recombination
A set of replication-dependent processes to repair a double-strand chromosome break (DSB) 

that are mediated by copying identical or similar DNA sequences from an intact template 

that shares homology with one or both sides of the break.

Single-strand template repair (SSTR)
A process of gene editing in which a site-directed double-strand break on a chromosome is 

repaired by copying sequences from a single-stranded DNA sequence that alters the guide 

RNA recognition sequence and may introduce other changes as well. Gene alterations may 

include single base alterations, deletions, or insertions of epitopes or other additional protein 

motifs.

Gene conversion (GC)
A process of homologous recombination in which both ends of a double-strand chromosome 

break are able to recombine with a donor template, patching up the break by copying the 

sequences from the donor, which can be located on a sister chromatid, an homologous 

chromosome or at an ectopic location. Gene conversion can occur with or without crossing-

over.

Break-induced replication (BIR)
A process of homologous recombination in which homology near one end of a double-strand 

break recombines with a template and establishes a modified unidirectional DNA replication 

fork that can extend hundreds of kilobase pairs, to a chromosome end. Repair can occur 

between homologous chromosomes or between sequences located at ectopic locations, 

resulting in non-reciprocal translocations.

CRISPR/Cas9
An RNA-directed, site-specific endonuclease derived from Streptococcus pyrogenes that has 

been widely used to create double-strand chromosome breaks in a wide variety of 
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organisms, allowing both the creation on small insertion/deletion mutations as well as 

template-directed gene editing.

HO endonuclease
A site-specific endonuclease, recognizing a degenerate 24-base pair sequence, expressed in 

budding yeast cells to initiate a homologous recombination process that results in mating-

type switching.

I-SceI endonuclease
A site-specific endonuclease expressed in the mitochondria of budding yeast cells to initiate 

a homologous recombination process that results in the insertion of an intron containing the 

DNA sequence of the endonuclease. A synthetically created version of the I-SceI gene has 

been used to induce site-specific double-strand breaks at an 18-base pair recognition site, in 

both budding yeast and metazoan.
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Figure 1. 
HO and I-SceI-mediated recombination in budding yeast. A. Mating-type (MAT) gene 

switching. Prior to S phase, budding yeast express HO endonuclease, resulting in the 

cleavage of either MATa or MATα on chromosome 3. The silent, heterochromatic structure 

(hatched lines) of the two donors, HMLα and HMRa, located 200 and 100 kb from MAT, 

respectively, are resistant to cleavage, but serve as efficient donors to repair the DSB. Donor 

preference is regulated by the cis-acting Recombination Enhancer (RE); in MATa cells, 

proteins bound to RE also bind near the DSB end and promotes use of HML. In MATα, RE 

is itself silenced, allowing HMRa to be the default donor. Repair of the DSB involves 

removal of the original mating type-specific Ya or Yα sequences and their replacement with 

the opposite mating type. DSB repair by gene conversion without an accompanying 

exchange (see Fig. 2A) is the predominant mechanism of repair. B. Intron homing of the 

omega ω+ intron within the mitochondrial 21S ribosomal DNA. When an ω+ budding yeast 

mates with an ω− cell of opposite mating type, I-SceI endonuclease, encoded within the 

intron, cleaves its target site in the ω− locus and promotes repair by gene conversion. Details 

of the molecular events that lead to repair have not been established in detail. As there are 
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often multiple copies of each mitochondrial genome, the global replacement of ω− by ω+ is 

the first example of gene drive.
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Figure 2. 
Mechanisms to repair a double-strand break. A. Gene conversion by synthesis-dependent 

strand annealing (SDSA) allows repair by patching up a DSB without chromosomal 

rearrangement. Key steps include 5′ to 3′ resection of DSB ends, recruitment of Rad51 

recombinase as a filament on the 3′-ended single-stranded DNA (ssDNA), a homology 

search culminating in the formation of a displacement loop (D-loop) by base-pairing 

between the invading strand and the complementary homologous strand in the donor locus, 

initiation of new DNA synthesis, displacement of the newly synthesized DNA to anneal with 

the second end of the DSB (second end-capture), and completion of repair by second-end 

DNA synthesis and ligation of the strands. B. Gene conversion via a double-Holliday 

junction (dHJ) intermediate follows the same initial steps but an extended D-loop is 

annealed by the second end. New DNA synthesis and ligation lead to a dHJ structure that 

can be “dissolved” to a non-crossover outcome or resolved by structure-specific nucleases to 

produce a crossover outcome. C. Break-induced replication (BIR) begins similarly to SDSA, 

but new DNA synthesis requires all of the normal replication apparatus plus at least two 

proteins not needed for gene conversion or normal DNA replication. Although both leading- 

and lagging-strand synthesis must occur, they are not coordinated as in normal replication 

and all the newly copied DNA is conservatively inherited at the initially broken end. D. In 

single-strand template repair (SSTR), only one resected end of the DSB can pair with the 

ssDNA template and initiate new DNA synthesis, but there is apparently no need for Rad51 

and strand invasion to accomplish this step. The newly extended DNA is apparently 
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displaced from the template and can anneal with the second end – analogous to second-end 

capture – and second end synthesis can complete the repair of the DSB.
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