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Recent insights into eukaryotic double-strand
DNA break repair unveiled by single-molecule

methods

Sara De Braganca, ' Mark S. Dilingham,? and Fernando Moreno-Herrero ® '

Genome integrity and maintenance are essential for the viability of all organisms. A
wide variety of DNA damage types have been described, but double-strand breaks
(DSBs) stand out as one of the most toxic DNA lesions. Two major pathways ac-
count for the repair of DSBs: homologous recombination (HR) and non-homologous
end joining (NHEJ). Both pathways involve complex DNA transactions catalyzed by
proteins that sequentially or cooperatively work to repair the damage. Single-
molecule methods allow visualization of these complex transactions and character-
ization of the protein:DNA intermediates of DNA repair, ultimately allowing a
comprehensive breakdown of the mechanisms underlying each pathway. We
review current understanding of the HR and NHEJ responses to DSBs in eukaryotic
cells, with a particular emphasis on recent advances through the use of single-
molecule techniques.

DNA double-strand break repair

DSBs not only arise spontaneously due to replicative stress in all dividing cells but can also be in-
duced by exposure to ionizing radiation or chemotherapeutic agents. Timely and faithful repair of
DSBs is imperative for the maintenance of genome integrity as failure to do so leads to mutagen-
esis or loss of genetic information [1,2]. The DNA damage response (DDR) is composed of several
repair pathways that together ensure high-fidelity repair of DSBs. Mutations in DDR effectors are
implicated in human genetic disease and cancer [3]. There are two major pathways for DNA repair
which differ in their requirement for a homologous template DNA to direct repair: NHEJ and HR.
The NHEJ pathway is fast, and is completed in ~30 min [4], but is also potentially mutagenic
owing to the low-fidelity end processing that may be required to make ends compatible for repair,
leading to undesired localized insertions or deletions [2,5]. The HR pathway is slower, taking 7 h
or longer to complete [4], but potentially repairs DNA with high fidelity. This reflects the use of a
homologous DNA molecule (typically the sister chromatid) as the template for repair, and also re-
stricts this process to the S and G2 phases of the cell cycle. It is now also appreciated that NHEJ
and HR are not mutually exclusive and that repair may in some cases be directed by hybrid path-
ways, a situation that may be especially significant when some repair factors are dysfunctional in
disease states [6]. The main protein components acting in the repair pathways have already been
identified and to some extent characterized [1,2,7—-15]. However, many questions remain con-
cerning how the activities of these proteins are regulated and coordinated in space and time to
ensure that DSBs are efficiently repaired by the optimum available pathway.

In the past few years single-molecule techniques have made an increasingly important contribu-
tion to our mechanistic understanding of the DDR because of their ability to directly visualize the
dynamic interactions between damaged DNA and the protein complexes that direct their repair
[6,16-18]. These methods bypass many complexities of bulk analyses by allowing the study of
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individual enzymatic reactions in unsynchronized populations. In combination with biochemical
reconstitution of the DNA repair process using purified components, these approaches allow re-
searchers to better define the protein:DNA intermediates of DNA repair and the kinetics of the
transitions between them, ultimately allowing complete mechanistic dissection of each pathway.

In this review we discuss current understanding of the HR (up to the strand-invasion step) and
NHEJ responses to DSBs in eukaryotic cells, focusing on recent progress using single-
molecule techniques including optical tweezers, magnetic tweezers, single-molecule fluores-
cence resonance energy transfer (smFRET), DNA curtains, and atomic force microscopy
(AFM). We have also included recent insights from cryogenic electron microscopy (cryo-EM; a
powerful complementary approach to single-molecule methods) which has illuminated important
structural aspects of DNA repair (Box 1). An exhaustive review of DNA repair pathways is beyond
the scope of this work, and we recommend other recent publications [1-3,8,19,20].

Homologous recombination

DSB detection and initiation of the HR pathway

The HR pathway is intrinsically complex and involves a multitude of proteins and several perfectly
synchronized stages (Figure 1 and Table 1). It is restricted to the S and G2 phases of the cell

Box 1. Single-molecule methods to study DNA double-strand break repair

In a typical atomic force microscopy (AFM) setup (Figure |IA), the molecules of interest are adsorbed onto a flat surface and an oscillating cantilever with a nanometer-sized tip
scans over the surface. The movement of the oscillating tip is measured using a laser beam that is reflected at the back of the cantilever and directed to a photodiode. The
interaction of the tip with the sample affects the amplitude of the oscillation, and by keeping this amplitude constant along the scan a 3D image can be reconstructed. AFM
instruments can be operated in a liquid environment with sufficient resolution to visualize individual proteins and nucleic acids at sub-second imaging rates.

In a DNA curtains setup (Figure IB), many DNA molecules are immobilized at one or both ends on the lower surface of a microfluidic chamber. In the case of single-teth-
ered DNAs, application of a flow parallel to the surface extends the molecules. Depending on the biological system under study, either the DNA molecules or the proteins
of interest, or both, are labeled with DNA intercalants or fluorophores. The visualization of the labeled molecules is based on total internal reflection fluorescence (TIRF)
microscopy where only the emission from the particles near the surface is detected. This method is useful to visualize DNA:protein binding events and protein movement
on DNA with a resolution limited by diffraction, ~200-300 nm.

In a combined optical tweezers and confocal fluorescence microscopy setup (Figure IC), a DNA molecule is immobilized in solution between two optically trapped
beads. The molecule can be stretched or relaxed depending on the distance between traps, and the force applied to the molecule can be calculated from the displace-
ments of the optically trapped beads with respect to the center of the trap. Depending on the experiment, DNA or proteins, or both, can be fluorescently labeled. The
visualization of the labeled molecules is based on confocal microscopy in which an excitation laser is scanned along the experimental area while the emitted photons are
collected. This setup facilitates the visualization of a wide variety of DNA-protein interactions and can correlate protein binding and movement on DNA with transitions in
DNA structure such as duplex unwinding (Figure IC). Typical forces in these experiments range from ~1 to 100 pN, and proteins can be localized with a resolution limited
by diffraction, ~200-300 nm.

Single-molecule fluorescence resonance energy transfer (smFRET) assays (Figure ID) employ a pair of fluorophores with overlapping emission and excitation spectra,
from donor and acceptor, respectively (e.g., Cy3 and Cy5). Excitation of the donor fluorophore results in the nonradiative transfer of energy to the acceptor fluorophore
which can be detected as an increase in acceptor emission. Because the efficiency of energy transfer between fluorophores is distance-dependent within a 1-10 nm
range, this technique has proved to be useful for studying DNA:protein binding and associated conformational changes, as well as protein-mediated DNA bridging
(Figure ID).

In a magnetic tweezers setup (Figure |E), a microfluidic chamber is placed above an inverted microscope and below a pair of magnets and a source of light. In the micro-
fluidic chamber, multiple DNA molecules are tethered between the lower surface and a superparamagnetic bead which is attracted towards the magnetic field produced by
a pair of permanent magnets. In this manner, the DNA molecules can not only be stretched or relaxed depending on the force applied but can also be supercoiled or un-
wound by applying positive or negative rotations. This technique is useful for studying protein-mediated changes in DNA structure that affect its extension, including dsDNA
unwinding, rewinding, supercoiling, or condensation, as well as protein-mediated DNA bridging or looping (Figure |E). Typical forces in these experiments range from ~0.1 to
30 pN. Changes in the extension of the DNA tether can be determined within a few to tens of nanometers depending on the stretching force.

In cryo-electron microscopy (cryo-EM; Figure IF), the sample of interest is deposited onto a mesh and vitrified by rapid cooling. The non-crystalline frozen sample is then
bombarded with electrons and those that go through the sample are collected onto an electron detector. The resulting images show randomly oriented 2D projections of the
particles within the frozen sample. Computational processing transforms these projections into density maps that reveal the 3D structures of protein/complexes and the intra/
inter-molecule interactions. Cryo-EM can resolve the atomic structure of proteins and nucleic acids, and is a powerful complementary technique to single-molecule methods be-
cause it provides mechanistic insights into the function of proteins. Additional details on the single-molecule methodologies described here can be found in [102-107].
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Figure I. lllustration of single-molecule methods and cryo-EM. Abbreviations: ds, double strand; FRET, fluorescence resonance energy transfer; TIRF, total
internal reflection fluorescence.

cycle, and is predominant only during S phase [21]. Upon formation of a DSB, the MRE11-
RAD50-NBS1 complex (MRN) localizes at the break site and activates ATM (Tel1 in yeast) that
orchestrates a signaling cascade [14,22]. This response promotes the accumulation of the
NHEJ positive regulator 53BP1 at the damaged chromatin. Among other functions, 53BP1 pro-
tects the break site against resection [14,23,24]. A positive feedback loop caused by the accu-
mulation of 53BP1 and cofactors amplifies ATM activity [14]. During the S and G2 phases, the
BRCA1-BARD1 complex antagonizes 53BP1, inhibiting NHEJ and enabling end resection,
thereby initiating the HR pathway [23,25]. This effect of BRCA1-BARD1 in promoting HR is am-
plified by the activation of its interaction partner CtIP by cyclin-dependent kinases (CDKs), which
in turn triggers MRN cleavage events that initiate resection (discussed later) [26].

End recognition and short-range end resection
MRN and CtIP (Sae2 in yeast) cooperate to perform short-range resection of the DNA ends and
remove secondary DNA structures and DNA-bound protein blocks [10,27] (Figure 1A). It was
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Figure 1. Cartoon showing early steps of the homologous recombination (HR) pathway. (A) End recognition and
short-range end resection. The HR repair pathway initiates when BRCA1-BARD1 and MRN localize at the site of the double-
strand break (DSB) and recruit the cofactor CtIP. MRN and CtIP then perform short-range resection that removes complex
secondary structures and/or protein blocks from the DNA ends. (B) Long-range resection. This stage is performed by the
nucleases EXO1 or nuclease/helicase DNA2 with assistance from the helicases BLM or WRN. This prepares the DNA
ends for the downstream homology search and results in long 3" ssDNA overhangs. As soon as the ssDNA tracks are
exposed, RPA recognizes and binds, efficiently covering the entire ssDNA overhang. (C) Recombinase loading. This stage
results in the replacement of RPA by the recombinase RAD51. RAD51 forms a nucleoprotein filament around the ssDNA
tail and, although it can evict RPA from the ssDNA overhangs, this exchange is only efficient in the presence of positive
mediators such as BRCAZ2. In turn, negative mediators such as RADX regulate filament formation. HELB efficiently evicts
RPA from ssDNA and inhibits long-range resection. (D) Strand invasion and homology search. The recombinase RAD51 is
responsible for this stage, which is mediated by several factors, such as RAD54, RAD52, and HELQ. Finally, HR
polymerases drive template-based synthesis of the 3’ end. The repair pathway continues by either (i) the double Holliday
junction sub-pathway (dHJ) in which the second end is captured and a double Holliday junction is formed and resolved, or
by (i) the synthesis-dependent single-strand annealing sub-pathway (SDSA), in which the invading strand unbinds from
the donor through branch migration, and this newly extended 3' strand anneals with the second end through
complementary base pairing. Abbreviations: dsDNA, double-stranded DNA; MRN, MRE11-RAD50-NBS1 complex; RPA,
replication protein A; ssDNA, single-stranded DNA.
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Table 1. HR factors addressed in this review

Eukaryotic™ Function Refs
BRCA1-BARD1 HR promoter [23,25,26,28]
MRE11-RAD50-NBS1 Nuclease [7,10,14,22,26-30,36-38,40-43]
(MRN) Structural role
DSB sensor
CtlP MRN activation [7,10,26-28,31-34,36-39,44,45]
DNA bridging
Regulation
EXO1 Exonuclease [28,37,40-43,46,59]
DNA2 Helicase, [28,40-42,44-46,59]
Nuclease
BLM Helicase [28,40-43,45-48,59]
WRN Helicase [40,41]
RPA ssDNA-binding protein [9,11,40,41,44,46-48,52,54-56,58,60-63,71]
ssDNA protection
RAD51 Recombinase [9,11,13,51-57,60-63,71,92]
RAD52 Positive recombinase mediator [9,11,13,53,683,65]
BRCA2 Positive recombinase mediator [9,11,54-56]
Rad55-Rad57 Rad51 paralogs [67]
(yeast)
HELB Translocase [68,59]

Strand-exchange promoter
Resection inhibitor

RADX Negative recombinase [60,61]
mediator

RAD54 Chromatin remodeler [13,66,67]
Stimulates D-loop formation

Srs2 Negative recombinase [62,63]

(yeast) mediator

@Al the proteins listed are human except those indicated as yeast.

recently shown using single-molecule fluorescence localization and super-resolution imaging of
cells that CtIP and MRN localize at DSBs through interactions with each other and BRCA1
[28]. Recently, the structure of Chaetomium thermophilum MRN was determined using cryo-
EM, and has provided new insights into the different DNA binding modes and activities of the
complex [29]. The MRN complex comprises a dimer of MRE11-RAD50 and monomeric NBS1
(Xrs2 in yeast) that assemble in a unique structure with a globular ATP-dependent DNA binding
and nuclease head domain and two 60 nm coiled-coils, ending in zinc-hook motifs. MRE11-
RADS50 dimerization occurs via the MRE11 globular domain as well as via the zinc-hook motifs
at the tip of the RAD50 coiled-coils. This particular arrangement has inspired a variety of models
to account for its function in the processing and linkage of DNA [29,30]. The MRE11 subunit
physically interacts with CDK2 that is required for CtIP phosphorylation and BRCA1 interaction,
resulting in the recruitment of CtIP by MRN [26]. MRE11 displays both 5'-3" endonuclease and
3'-5" exonuclease activity, and DNA end resection occurs in a two-step manner. The CtIP-
stimulated MRE11 first nicks the 5' terminated strand at an internal position proximal to the
end, then the 3'-5" exonucleolytic activity of MRE11 removes the 5’ strand towards the break
locus [7,10,27]. An intrinsic endonuclease activity of CtIP has been reported [31-33]. However,
other studies did not detect significant nuclease activity for CtIP [7,34], and its putative nuclease
activity requires further validation. Experiments have shown that MBN and CtIP play a role in
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removing blocked ends (extensively discussed in [10]). The NHEJ factor Ku is present in the nu-
cleus at high concentrations [35], and the HR machinery often encounters Ku-blocked DNA ends.
Single-molecule experiments, in which DNA molecules are extended and exposed to fluores-
cently labeled Ku and MRN, indicate that Ku-blocked ends can be successfully cut by MRN
alone or in complex with CtIP [36,37] (Figure 2A). Moreover, there is now evidence in vivo that
the initial step of NHEJ involving DSB recognition by Ku-DNA-dependent protein kinase catalytic
subunit (DNA-PKcs) is a target for MRN-CtIP-mediated cleavage, thereby diverting the damage
response towards HR [38]. A role in DNA bridging of these protein complexes is also appealing
given the particular structure of the MRN and CtIP complexes. MRN complexes can oligomerize
bridging DNA molecules ~120 nm apart [29,30]. Similarly, CtIP assembles as a tetrameric
dumbbell-shaped particle that can bridge DNA ends, as assessed from AFM imaging and bio-
chemical studies [34] as well as nanofluidic assays [39]. How MRN and CtIP might combine func-
tions in DNA bridging, and as a recruitment hub in short-range resection is not well understood.

Long-range end resection

The main function of the short-range resection step is to remove complex DNA end structures. How-
ever, for DNA recombination a long 3'-terminated single-stranded (ss)DNA must be generated, and
this is achieved by a set of helicases and nucleases working together (Figure 1B). Two routes have
been reported for long-range resection. On the one hand, the EXO1 exonuclease can act alone to
degrade the DNA with 5-3' polarity. On the other hand, Bloom syndrome helicase (BLM; Sgs1 in
budding yeast) and Werner helicase (WRN) can act as a lead helicase to unwind the DNA ends, pro-
ducing replication protein A (RPA)-coated ssDNA. Then, RPA directs the DNAZ2 helicase-nuclease to
digest the 5-terminated strand by moving on ssDNA with 5'-3" polarity [40,41].

Although resection has been described as occurring in two different stages catalyzed by distinct fac-
tors, there is interplay between the short and long-range resection steps. DNA curtains assays have
shown that MRN plays a nuclease-independent structural role in promoting track resection by
recruiting EXO1 and enhancing its processivity [37]. This is consistent with biochemical assays show-
ing that MRN promotes both the DNA2-BLM- and EXO1-mediated routes [40-42]. Furthermore,
some studies support a model in which the two resection stages are coupled. In this scenario, the in-
cision resutting from MRE11 endonuclease activity initiates the resection, followed by digestion of the 3
to 5'track towards the DNA end by the MRE11 exonuclease activity while the 5'to 3' track is digested
by EXO1/BLM away from the DNA end [43]. Similarly, magnetic tweezer experiments have showed
that CtIP phosphorylation strongly stimulates the motor activity of DNA2 to promote the displacement
of RPA that is needed for ssDNA degradation [44]. These results are in agreement with previous bio-
chemical work which showed that CtIP stimulates the BLM-DNA2-mediated route by enhancing the
helicase activity of BLM, as well as the nuclease activity of DNA2 [45]. Moreover, experiments using
single-molecule fluorescence localization and super-resolution imaging of cells showed that the nucle-
ases EXO1 and DNA2 are recruited to the DSB site and colocalize with each other and the BLM
helicase, suggesting that multiple resection strategies might occur simultaneously [28].

On a different note, compelling single-molecule imaging studies using DNA curtains have re-
vealed that the BLM helicase forms a large transient ssDNA loop during unwinding of double-
stranded (ds)DNA [46] (Figure 2B). The selection of the technique in this case is highly appropri-
ate, as single-tethered DNA curtains enable direct visualization of fluorescently labeled protein ac-
tivity on the exposed DNA ends. By labeling the 3’ ends of the DNA, the authors demonstrated
that BLM helicase secures the unwound 3'-ssDNA end while translocating and unwinding the
dsDNA in the presence of RPA or both DNA2 and RPA [46]. The loop might be generated either
as a result of BLM maintaining a direct contact to the 3'-ssDNA end or by an interaction between
BLM and RPA tethered to the ssDNA end. However, an earlier report demonstrated that BLM
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Figure 2. Representative single-molecule studies on the homologous recombination (HR) pathway. (A) (Left
panel) Cartoon of a single DNA molecule in a DNA curtains assay where the accessible end is blocked by the Ku
heterodimer. MRN binds and slides along the DNA molecule, and eventually cuts the DNA end, removing the Ku block.
(Right panel) Kymograph of a single DNA molecule, displaying labeled MRN and Ku emission on the y axis (top position for
the anchored DNA end, bottom position for accessible DNA) over time (x axis) (reproduced from [37]). (B) (Left panel)
Cartoon of a DNA curtains assay using 3'-labeled DNA molecules. The 5’ end is accessible for processing by GFP-labeled
BLM. (Right panel) Kymograph of a single DNA molecule, demonstrating looping of 3'-terminated single-stranded (ss)DNA
by the BLM helicase, followed by successive loop release (adapted from [46]). (C) (Left panel) Cartoon of a double-
stranded (ds)DNA-ssDNA hybrid molecule immobilized between two optically trapped beads in a setup that combines
optical tweezers and fluorescence microscopy. (Right panel) The first frame displays the emission of the dsDNA-
intercalating dye YOYO-1, allowing visualization of the hybrid DNA molecule. The second and third frames show the
individual emissions of labeled BRCA2 and labeled RAD51, and the last frame shows the colocalization of both emissions.
BRCA2 mediates the nucleation of RAD51 on RPA-covered ssDNA (adapted from [54]). (D) (Left panel) Cartoon of a dual
trap optical tweezers setup in which a single DNA molecule is immobilized between two optically trapped beads, and
emissions from labeled proteins are detected by confocal scanning along the DNA. (Right panel) Frames showing binding
of labeled RPA and labeled HELB to the DNA. (Bottom panel) Kymographs demonstrating the movement of the proteins
along the DNA and revealing that HELB removes RPA from ssDNA (adapted from [58]). (E) (Left panel) Cryo-EM
projections of individual protein complexes with different orientations. (Right panel) Cryo-EM solved protein complex
structure of the HR mediator RAD52 (adapted from [65]). Panels (B-E) were adapted from open access articles under CC-
BY license (HYPERLINK "http://creativecommons.org/licenses/by/4.0/"http://creativecommons.org/licenses/by/4.0/).
Abbreviations: Cryo-EM, cryogenic electron microscopy; MRN, MRE11-RAD50-NBS1 complex; RPA, replication protein A.
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was unable to interact with RPA-coated ssDNA [47], although a stimulatory effect on dsDNA un-
winding was observed with RPA free in solution [48]. ssDNA-binding proteins are known to help
stabilize the nascent single strands produced by the activity of helicases, including during bacte-
rial DNA break resection [49,50]. Thus, it is tempting to speculate that a similar effect occurs with
RPA and BLM.

Recombinase loading

The long-range resection stage results in a 3'-overhang strand covered by RPA. A complex process of
replacement of RPA by recombinase RAD51, that is responsible for downstream homology search,
then takes place (Figure 1C). RAD51 assembles as a helical nucleoprotein filament on ssDNA [51].
The higher binding affinity of RPA for ssDNA compared with RAD51 does not favor the formation of
the RAD51 nucleoprotein filament [52] and this is facilitated by the action of positive mediators such
as BRCA2 and RAD52 [53-55]. BRCA2 binds to RAD51, ssDNA, and dsDNA with different affinities,
and it has been shown using AFM imaging and biochemical assays that BRCA2 catalyzes the loading
of RAD51 onto RPA-covered ssDNA [56]. In a recent single-molecule assay, Bell et al. used optical
tweezers and fluorescence to directly visualize the BRCA2-mediated nucleation of RAD51 on RPA-
covered ssDNA [54] (Figure 2C). In turn, this work complements earlier studies that used similar sin-
gle-molecule imaging methods to evaluate the rate of RPA displacement in the presence and absence
of BRCA2 [55]. From these results it was evident that BRCA2 stimulates the replacement of RPA by
RAD51 filaments. The current view is that BRCA2 assembles several RAD51 molecules through direct
binding, and chaperones this small RAD51 nucleation filament to the RPA-covered ssDNA. It then
loads and secures the RAD51 nucleation filament onto the ssDNA, thus stimulating the filament
growth with 53" polarity [54]. In budding yeast, Rad52 is the major mediator of Rad51 loading onto
RPA-covered ssDNA and plays a role analogous to that of BRCA2 [9,11]. The Saccharomyces
cerevisiae Rad51 paralog complex Rad55-Rad57 has recently been the subject of a study using
DNA curtains in which both ends of single DNA molecules are immobilized on a surface and the bind-
ing of proteins is assessed through fluorescence [57]. These proteins are positive recombination me-
diators that promote the nucleation of RAD51 filaments through transient interactions during the
earliest stages of filament assembly. It is plausible that the action of these RAD51 filament catalysts
might be coupled to the action of mediators that efficiently remove RPA from ssDNA. In support, re-
cent experiments using fluorescence microscopy-correlated optical trapping showed that HELB, a
DNA replication and HR regulatory factor, can efficiently evict RPA from ssDNA while translocating
in a 53" direction (Figure 2D). The helicase activity of HELB was also measured, but it was weak in
the absence of an assisting force. Additional experiments with magnetic and optical tweezers also re-
vealed loop formation by HELB [58]. By contrast, HELB has been reported to limit long-range resection
by antagonizing the processive resection nucleases EXO1 and DNA2/BLM [59]. Together these re-
sults might suggest that the presence of RPA is important for resection processivity.

By contrast, negative recombination mediator proteins disrupt RAD51-ssDNA filament formation
as a regulatory mechanism to moderate the action of RAD51. Recent studies using single-
molecule assays have revealed that RADX condenses ssDNA and antagonizes RAD51 functions
by disturbing the RAD51 nucleofilament [60,61]. Employing a DNA curtains assay, Adolph et al.
found that, with increasing concentrations of RADX, RAD51 assembly on RPA-covered ssDNA
diminishes as RADX competes for ssDNA binding [60]. Moreover, a RAD51 ATPase assay
showed that RADX induces ATP hydrolysis by ssDNA-bound RAD51, which leads to
nucleofilament destabilization. An alternative mechanism for disturbing the formation of the
RAD51 nucleoprotein filament was proposed by Zhang et al. [61]. Using DNA curtains, the
authors demonstrated that RADX condenses RPA-covered ssDNA, which in turn prevents
RPA displacement and inhibits RAD51 binding [61]. The yeast helicase Srs2 is another example
of a negative regulator, or anti-recombinase, that efficiently removes the RAD51 filament from
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ssDNA. In DNA curtains experiments, Srs2 was seen translocating along RAD51-covered
ssDNA, thus removing RAD51 and allowing RPA loading onto the newly exposed ssDNA [62].
Similar single-molecule experiments also demonstrated that Srs2 is a powerful helicase that
can remove other ssDNA binding proteins such as RPA and RAD52 while translocating [63].

Strand invasion and homology search

Finally, the nucleoprotein filament of RAD51 initiates downstream strand invasion and homology
search, which facilitates template-based DNA synthesis driven by polymerases (Figure 1D). The ho-
mology search by RAD51 has been addressed by Brouwer et al. in a combined single-molecule
confocal-optical tweezers and X-ray crystallography study that described how RAD51 can exist in
two interconvertible ATP-dependent conformational states [64]. RAD54 and RAD52 are major factors
involved in this strand-invasion stage. RAD52 promotes the annealing of complementary DNA, and
in vitro experiments have shown that human RAD52 can catalyze the formation of D-loops [11,13].
The cryo-EM structure of full-length human RAD52, at an average resolution of 3.5 A, has been re-
cently published and reveals more details of an intrinsically complex assembly [65] (Figure 2E).
RAD54 is an ATP-dependent protein motor with DNA translocation, DNA supercoiling, and chromatin
remodeling activities. RAD54 interacts with RAD51 at several stages from promoting homology
search to facilitating D-loop formation and dissolving the D-loop upon completion of DNA synthesis
[18,66,67].

In contrast to the multiple single-molecule studies that address different aspects of DSB recogni-
tion and end processing, few have addressed homology search and recombination. This probably
reflects the difficulty of manipulating several DNA molecules simultaneously. A few single-molecule
studies using bacterial recombinase RecA have been reported [68-70]. A manipulation system
combining magnetic and optical tweezers enabled the manipulation of two molecules simulta-
neously. The molecules could be locally contacted, allowing protein-mediated DNA binding. The
strength of these interactions could then be investigated by pulling the molecules apart [68].
Another study using magnetic tweezers and complex DNA substrates with hairpins showed that
strand invasion is blocked by homology mismatches [69]. Recently, in a study using smFRET,
the authors were able to resolve the donor strand-separation step from base-pair formation [70].
An elegant recent report described the contribution of human HELQ to the annealing of comple-
mentary DNA [71]. In this work, single-molecule assays using combined optical trapping and fluo-
rescence microscopy showed that DNA unwinding by HELQ is strongly stimulated by RAD51,
whereas RPA promoted strand annealing of labeled oligonucleotides to RPA-covered ssDNA [71].

Once the strand invasion and homology search steps are completed, the invading strand un-
dergoes elongation via HR polymerases that mediate template-driven synthesis from the 3’
end. At this point the HR pathway follows two main subpathways: double Holliday junction
(dHJ) and synthesis-dependent single-strand annealing (SDSA) (reviewed in detail in [72,73]).
Few single-molecule studies have addressed the reactions of these subpathways. However, are-
cent single-molecule study using optical tweezers and confocal microscopy investigated the pro-
cessing of Holliday junctions by junction-resolving enzymes [74]. As single-molecule assays
become more sophisticated and combine several techniques, addressing the intermediate
steps of these complex intermolecular reactions will become increasingly feasible, and we expect
to see an increase of reported findings.

Non-homologous end joining

DSB detection and initiation of the NHEJ pathway

NHEJ is the predominant pathway for DSB repair in humans [75]. This dynamic pathway involves
a multitude of proteins which recognize the break, bridge and process the two free ends, and
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finally ligate them (Figure 3 and Table 2). Understanding the dynamics of the NHEJ
supercomplexes and how they cooperate or are modulated by additional factors is a subject of
intensive research. Upon formation of a DSB, 53BP1 is recruited to the damaged chromatin.
53BP1 is an important positive regulator of the NHEJ pathway that accumulates as a response
to ATM activation. It promotes NHEJ throughout the cell cycle, and during the G1 phase it
protects DSB ends from resection by the HR machinery [14,23,24].

7 dsDNA

Double-strand break TR TEITIIIIIT

53BP1 ¢
-Ku80

(A) End recognition :::::::::@ g)m::

Minimal synaptic complexes

DNA-PKcs

APLF

XRCC4 H
End bridging
(B) & processing &A j

Long-range synaptic complex Short-range synaptic complex

DNA-PKcs ~115A

DNA-PKcs

Compatible ends

(C) End ligation
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Figure 3. Cartoon of the current view on the non-homologous end joining (NHEJ) pathway. (A) End recognition.
The NHEJ repair pathway initiates with the accumulation of 53BP1 at the damaged chromatin followed by recognition of the
DNA ends by the Ku heterodimer This pathway is an interactive and dynamic process which promotes the fastest repair
possible while minimizing mutagenesis. (B) End bridging and processing. Several minimal synaptic complexes have been
described. These minimal complexes position the two DNA ends in close proximity, probably to immobilize to some extent
the break site while the core NHEJ factors are being recruited. NHEJ supercomplexes are composed of a multitude of
factors with structural and catalytic roles. NHEJ accessory factors include nucleases, polymerases, and damage-correction
enzymes that can process the DNA ends. Two major synaptic configurations have been defined: the long- and the short-
range synaptic configurations. The former is composed of all core NHEJ factors and the DNA ends are kept 115 A apart.
The latter contains all core factors except for DNA-PKcs, and the DNA ends are aligned and ready for ligation as soon as the
DNA ends are compatible. (C) End ligation. DNA ligase IV (LiglV) seals the nicks at both strands, thus completing the repair
of the double-strand break. Abbreviations: DNA-PKcs, DNA-dependent protein kinase catalytic subunit; dsDNA, double-
stranded DNA; P, phosphorylation; XRCC4, X-ray repair cross complementing 4; XLF, XRCC4-like factor.
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Table 2. NHEJ factors addressed in this review?®

Eukaryotic* Function Refs

53BP1 NHEJ promoter [14,23-25]

Ku70-Ku80 DSB recognition [2,35-38,76,77,80-89,97]
(Ku) Recruitment of the repair hub

DNA-PKcs Kinase activity [38,76,77,80,83-90]

Structural role in synapsis
End-processing mediator

XRCC4 Structural role [78-80,82-88,92-94]
Ku, XLF, and LiglV interactor

XLF XRCC4 and Ku interactor [64,78,80-88,93,94]
Structural role in synapsis

DNA ligase IV Catalytic role in ligation [83-85,87,88,99-101]

(LiglV) Structural role in synapsis

APLF Structural role in synapsis [84]

Scaffolding role

PAXX Structural role in synapsis [82,83]

aAll the proteins listed are human.

DNA end recognition and repair hub recruitment

The first NHEJ core factor to arrive at the DSB is the Ku70/Ku80 heterodimer (Ku) that binds to
dsDNA ends with high affinity (Figure 3A). Ku assembles as a ring that threads onto the DSB
ends with Ku70 subunit facing the free end [35]. Ku offers protection against the action of nucle-
ases and acts as a recruiting hub for the rest of the core factors responsible for end bridging and
processing [2].

Next, a set of core proteins including DNA-PKcs, X-ray repair cross complementing 4 (XRCC4),
XRCC4-like factor (XLF), and DNA ligase IV (LiglV) assemble around the Ku-bound DNA ends,
constituting a repair hub whose mission is to keep the two DNA ends joined while attempting
to generate compatible DNA ends for ligation. DNA-PKcs is a recent evolutionary addition to
NHEJ, as yeast lacks this protein. It forms a complex with Ku and DNA and has been described
to interact with several accessory factors to offer structural support to the bridged DNA ends
while also making them accessible for processing [76,77]. XRCC4 and XLF share structural sim-
ilarities: both harbor a globular head domain followed by an elongated a-helical stalk, a disor-
dered C-terminal region, and assemble as dimers [78,79]. The flexible C-terminal tail of XLF
contains a Ku-binding motif (X-KBM) that anchors XLF to Ku-DNA and allows it to scavenge for
interactions within the synaptic complex [80,81] The N terminal coiled-coil stalks of XRCC4
form a constitutive complex with LiglV. This complex is responsible for the covalent ligation of
the DNA ends and offers structural support to the synaptic complex [79].

DNA end bridging and processing

Several works have reported different minimal combinations of proteins that support end bridging
(Figure 3B). In smFRET experiments with purified Ku, XRCC4-LiglV, and XLF, Zhao et al. reported
that Ku and XRCC4-LiglV are sufficient to obtain a flexible lateral bridging of DNA ends and that
the further addition of XLF or PAXX, an accessory factor, drives the dsDNA ends into an end-to-
end configuration [82]. The smFRET configuration used in this study is well suited for the biology
investigated, as two accessible DNA ends are required for a single end-bridging event. Moreover,
the distance-dependent intensity of the FRET signal provides valuable insights into the composi-
tion of the bridging complex formed. Employing a compelling magnetic tweezers assay, in which
a DSB is mimicked, and the bridging of DNA ends is detected as a reduction in DNA extension,
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Wang et al. revealed that PAXX makes a structural contribution to the synapsis of DNA ends.
PAXX robustly stabilizes the bridge mediated by Ku and DNA-PKcs, and further supports the syn-
apsis mediated by all the core factors, Ku-DNA-PKcs-XRCC4-LiglV-XLF [83]. Recently, a further
study using a similar approach revealed the ability of APLF, another accessory factor, to bridge
Ku-bound DNA ends and maintain the synapsis for several minutes under applied forces of 2
pN [84] (Figure 4A). A scavenger role for APLF in searching for Ku-bound DNA ends was
proposed in addition to its previously defined scaffolding role. Both PAXX and APLF had been
considered accessory factors, but their contributions to end bridging, which had been obscured
by the other core factors, have now been unveiled using single-molecule methods.

The core NHEJ proteins form supercomplexes (Figure 3B). In Graham et al. the synapsis of DNA
ends by Xenopus laevis egg extracts was studied by combining single-molecule colocalization
fluorescence microscopy and smFRET. This work suggested the coexistence of two conforma-
tional states in end synapsis that consist of either long-range or short-range complexes [85]
(Figure 4B). In the long-range configuration, the bridged DNA ends are visualized by colocalization
fluorescence, but the donor and the acceptor dyes are too far apart to induce FRET. By contrast,
in the short-range configuration, FRET is detected between the dyes, indicating a close configu-
ration. The conversion from the long-range to the short-range configuration required the pres-
ence of XLF, XRCC4, and LiglV, as well as the catalytic activity of DNA-PKcs [85]. A follow-up
study using smFRET revealed that the bridging of DNA ends in the short-range configuration is
mediated by a single XLF dimer [80]. Using the same smFRET technique, Carney et al. demon-
strated that the XLF C-terminal tail is necessary to form the short-range complex [86]. It was pro-
posed that the Ku-binding motif in XLF is responsible for linking XLF to Ku while the flexibility of the
XLF C-terminal tail scavenges for interactions with XRCC4 [86]. Structural studies by Chen et al.
using single-particle cryo-EM reported the structure of the long-range synaptic complex. The two
ends of the DNA break are bridged by a protein scaffold consisting of LiglV-XRCC4-XLF-XRCC4-
LiglV and the intermolecular interactions between the DNA-PK catalytic subunits. The DNA ends
in this configuration are kept ~115 A apart [87]. Chen et al. also reported the structure of the
short-range synaptic complex composed of the same protein scaffold, LiglV-XRCC4-XLF-
XRCC4-LiglV, that binds to both Ku-bound ends, but DNA-PKcs is absent. This XLF-mediated
synaptic structure confirmed that a single dimer of XLF supports the bridging. Interestingly, the
absence of DNA-PKcs in the short-range synaptic complex suggested that the transition to the
short-range configuration requires DNA-PKcs autophosphorylation in trans and its subsequent
release from the DNA ends [87]. A contemporaneous publication by Chaplin et al. [88] validated
the configuration of the long-range synaptic complex reported by Chen et al. [87] (Figure 4C). In
previous work they reported an alternative long-range synaptic complex consisting of only Ku and
DNA-PKcs [89]. In this alternative supercomplex, the synapsis of the DNA ends is mediated by a
domain swap of the Ku80 subunits on both sides of the break. Interestingly, the DNA ends in this
complex are also ~115 A apart. However, this alternative configuration would not seem to facili-
tate ligation. Using cellular models, this alternative long-range complex has recently been associ-
ated with specific types of DNA-end chemistry [90].

In contrast to the HR pathway, NHEJ prioritizes end ligation over end processing [2], and as soon
as the DNA ends are compatible for ligation, LiglV seals the nicks on both strands, thus repairing
the break. However, broken ends are not always compatible with direct ligation, and minimal pro-
cessing of DNA ends might be required. This includes the activity of end-processing enzymes
such as nucleases and polymerases which modify DNA ends to prepare them for ligation [2]. In-
terestingly, FRET experiments show that the processing of the DNA ends occurs preferentially in
the short-range configuration, possibly to ensure that the DNA ends undergo ligation as soon as
they become compatible [91]. In agreement with these single-molecule experiments, Chen et al.
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Figure 4. Representative single-molecule studies on the non-homologous end joining (NHEJ) pathway. (A) (Left
panel) Cartoon of a single DNA molecule tethered to a glass surface and connected to a magnetic bead within a magnetic
tweezers setup. Applying magnetic force to the bead extends the DNA molecule ‘E’. Releasing the force allows the DNA
to relax ‘R’. This unique molecule has two DNA branches that proteins in the solution can bridge when the DNA is relaxed.
Applying tension to the bridged DNA leads to an apparent reduction in DNA extension in a synaptic state ‘S’. (Right panel)
Timecourse of a DNA molecule being alternately relaxed and stretched in the presence of Ku and APLF, illustrating end-
bridging facilitated by these two proteins (reprinted, with permission, from [84]). (B) (Left panel) Cartoon depicting a
fluorescence resonance energy transfer (FRET) assay in which a Cy3-labeled DNA molecule is tethered to a surface, and
untethered Cy5-labeled DNA molecules are present in solution. When proteins capable of bridging DNA are introduced,
the two DNA molecules can be joined. (Right panel) By exciting the separate fluorophores, their colocalization becomes
possible. In a specific close configuration, excitation of the Cy3 fluorophore results in Cy5 fluorophore emission as a result
of energy transfer between them. The two distinct synaptic configurations, short- and long-range, were first identified in
FRET experiments (reprinted, with permission, from [85]). (C) (Left panel) Cryo-electron microscopy (cryo-EM) resolved
XRCC4-like factor (XLF)-mediated synaptic complex bridging two DNA ends. (Right panel) Cryo-EM reconstruction of the
Ku80-mediated DNA end bridging (adapted, with permission, from [88]). (D) Atomic force microscopy (AFM) imaging
shows localized collection of long noncoding (Inc)RNA NIHCOLE promoted by the Ku heterodimer (adapted, with
permission, from [97]). Abbreviations: DNA-PKcs, DNA-dependent protein kinase catalytic subunit; PDB, Protein Data
Base; XRCC4, X-ray repair cross complementing 4.
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showed that the transition to the short-range configuration aligns the Ku-bound ends to enable
processing and ligation [87].

It is now well established that the step of end bridging and processing involves supercomplexes
working cooperatively. Nevertheless, there are still many open questions related to recent discov-
eries. Filaments of XRCC4 and XLF have been described in vitro and visualized by single-molecule
assays [92-94], but the relevance of these filaments to DNA repair is unclear. Using dual-trap and
quadrupole-trap optical tweezers combined with fluorescence microscopy, Brouwer et al. showed
that both XRCC4 and XLF transiently bind and diffuse along dsDNA, and that XRCC4 binding to
DNA is stimulated by XLF [92]. Another interesting line of research involves noncoding (NC)RNAs.
Several ncRNAs have been associated with NHEJ [95-98]. LINP1, a long noncoding RNA (IncRNA)
that is overexpressed in breast cancer, was shown in magnetic tweezers experiments to increase
the lifetime of synaptic complexes [96]. Similarly, a recent study also using magnetic tweezers
showed that INcRNA NIHCOLE, an RNA overexpressed in hepatocellular carcinoma cells, fortifies
the synaptic complex [84]. The interaction of NIHCOLE and Ku was visualized by AFM imaging
(Figure 4D), and NIHCOLE has been defined as a mediator that promotes the efficiency of
the ligation by LiglV, as observed in in vitro assays [97]. The selection of the single-molecule
approach in this instance is notably fitting as AFM imaging enables the direct observation of
biological complexes without the need for manipulation that might inadvertently disturb their
intricate structure.

DNA end ligation

The final stage of the NHEJ pathway is the ligation of the two nicks, one on each strand of the
DSB (Figure 3C). This is performed by two LiglV molecules present in the short-range
supercomplex, each dealing with one nick [87]. Several single-molecule studies have addressed
the impact of diverse end structures on the catalysis of end-ligation by LiglV [99-101]. Recently,
smMFRET studies showed that a mutation in the LiglV DNA-binding domain blocks the conversion
from the long- to the short-range configuration, which indicates that the presence of the LiglV
near the DSB break is imperative for the short-range processing of DNA ends. Additional exper-
iments also showed that a single LiglV can bind to both DNA ends at the same time in the closest
configuration [101].

Concluding remarks and future directions

Single-molecule assays are becoming more sophisticated and continue to push technological
and experimental boundaries by combining several techniques. The most versatile methods
combine manipulation and visualization. Single-molecule methods are unique in that they offer
the possibility to manipulate individual DNA molecules and to engineer constructs that mimic re-
pair intermediates. Importantly, they also allow one to probe the interaction with proteins. More-
over, direct visualization provides mechanistic insights and access to dynamic information such
as diffusion rates, motor protein translocation and unwinding rates, directionality, dwell times,
pause kinetics, stall forces, and so forth. In turn, creativity plays an important role in the design
and development of new single-molecule assays to address cryptic questions in DNA repair.
This involves not only technical improvements to the setups but also the construction of increas-
ingly complex DNA structures. Some DNA configurations of particular biological interest include
those containing DNA ends, ss—dsDNA interfaces, and D-loop and Holliday junction structures,
among others. DNA nanotechnology can also potentially solve some of the structural challenges
in the development of new single-molecule assays. For example, DNA origami structures com-
posed of two perfectly aligned equivalent molecules, that are sufficiently close to allow strand in-
vasion and homology search in the presence of the appropriate machinery, could reveal how the
damaged strand interacts with the donor strand in the HR pathway.
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Outstanding questions

What molecular mechanisms are
involved in preventing the separation
of the two DNA ends to ensure precise
repair by HR?

Do short-range and long-range resec-
tion events occur concurrently during
HR?

What specific molecular mechanisms
are responsible for the homology
search of the damaged DNA within
the sister chromatid during HR?

What are the mechanisms by which
IncRNAs regulate the repair process
through the NHEJ pathway?

Are DNA repair reactions a series of in-
dependent sequential steps or a series
of linked DNA transactions that are or-
chestrated by dynamically interacting
proteins?

Is it possible to reproduce at the single-
molecule level the entire DSB repair
pathways from purified components?
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Although considerable progress has been made in the production of diverse DNA structures for
single-molecule experiments, new experimental challenges continually arise, including the need to
make the assays more efficient and high-throughput. AFM is a high-throughput technique and
could in principle solve this problem. However, AFM cannot distinguish between two different proteins
of similar topology or protein components within a complex. The combination of AFM with super-
resolution fluorescence methods might help to overcome this challenge as one could identify a
particular labeled protein from the AFM image. The ultimate combination of fast AFM imaging with
super-resolution fluorescence could be insightful for investigating, for instance, whether short-range
and long-range resection events occur concurrently during HR by directly observing the activity of
MRN and/or EXO1/DNA2-BLM. A similar approach could be envisaged to investigate the iterative
nature of the DNA repair machinery in NHEJ. Overall, the combination of single-molecule manipulation
techniques with super-resolution fluorescence microscopy represents a very interesting developing
route to increase spatial resolution. However, this improvement will come at the expense of time
resolution, a factor that might be essential in some processes involving molecular motors.

We believe that in the coming years we will witness the development of new assays designed to
specifically address outstanding questions in the field, such as the homology search and strand
invasion steps in HR, or the interplay between the different components of the NHEJ machinery
(see Outstanding questions). These new assays will involve the construction of more sophisti-
cated instruments with improved spatial and temporal resolution, as well as high-throughput
data acquisition and analysis.
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