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ARTICLE INFO ABSTRACT

Article history: In vertebrates, double-strand breaks in DNA are primarily repaired by Non-Homologous End-Joining
Received 31 October 2018 (NHE]). The ring-shaped Ku heterodimer rapidly senses and threads onto broken DNA ends forming a
Received in revised form recruiting hub. Through protein-protein contacts eventually reinforced by protein-DNA interactions, the
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Ku-DNA hub attracts a series of specialized proteins with scaffolding and/or enzymatic properties. To
shed light on these dynamic interplays, we review here current knowledge on proteins directly inter-
acting with Ku and on the contact points involved, with a particular accent on the different classes of Ku-
Keywords: binding motif§ identiﬁed in several Ku partners. An integrated structural model of the core NHEJ network
DNA damage at the synapsis step is proposed.

NHE] © 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

DNA double-strand breaks (DSBs) consist in the localized
breakage of both DNA strands. DSBs are genomic lesions particu-
larly deleterious for cell homeostasis since when unrepaired or
misrepaired, they can lead to cell death or to cancer-prone chro-
mosomal aberrations (Mladenov et al., 2016). DSBs can occur from
cell exposure to ionizing radiations or radiomimetic compounds, all
generating breaks with two DNA ends that are generally chemically
heterogeneous (Schipler and Iliakis, 2013). In vertebrates, DSBs
with two ends are also intermediates in physiological processes like
V(D)] recombination in lymphocyte progenitors that rearrange
immunoglobulin and T-cell receptor genes (Alt et al., 2013) or DNA
breakage associated with neural development and the functioning
of mature neurons (Alt and Schwer, 2018). A subclass of DSBs
bearing only one DNA end arises during DNA replication when the
replication fork encounters single-strand breaks, or by cutting of
stalled replication forks by structure-specific endonucleases
(Pasero and Vindigni, 2017).

In vertebrates, the majority of DSBs with two ends is repaired by
Non-Homologous End-Joining (NHE]) (Chang et al., 2017; Lieber,
2010; Waters et al.,, 2014). Dysfunctions in core NHE] factors
translate into syndromes associating immunodeficiency, micro-
cephaly and increased cell radiosensitivity (de Villartay, 2015;
Woodbine et al., 2014). End-joining of DSBs is also active in some
bacterial species (Bertrand et al., 2019; Glickman, 2014), in yeasts
(Emerson and Bertuch, 2016) and in ciliates (Marmignon et al.,
2014).

DSB recognition involves the threading onto the extremities of
the DSB of the ring-shaped Ku heterodimer composed of subunits
Ku70 and Ku80 (Walker et al., 2001) (Figs. 1 and 3). Because of its
nuclear localization, high abundance and strong affinity for free
DNA ends, within seconds, Ku likely associates with any DSB
occurring in a nucleus (Mari et al., 2006). Notably, Ku also binds to
single-ended DSBs occurring during DNA replication (Chanut et al.,
2016) that are repaired by homologous recombination between
sister chromatids (Arnaudeau et al., 2001). Since NHE] on single-
ended DSBs would likely lead to undesirable translocations, cells
employ a complex mechanism to remove Ku from these breaks
before repair by homologous recombination (Chanut et al., 2016).

NHE] is a versatile DNA repair pathway that can accommodate a
wide variety of break ends (Betermier et al., 2014; Pannunzio et al.,
2017). The current view of how the NHE]J components fit into place
to ensure repair is that the Ku-DSB end complex operates as a hub
that brings together a series of specialized proteins with scaffolding
and/or enzymatic activities (Fell and Schild-Poulter, 2015; Grundy
et al., 2014) (Fig. 1). These factors are recruited by the Ku hub via
direct protein-protein contacts and eventually reinforced by
protein-DNA interactions. They are involved in one or several steps
of the NHE] reaction, including DNA end protection and juxtapo-
sition (also called synapsis), DNA end processing (most of the non-
enzymatic breaks are not directly ligatable due to the lack of
mandatory 3'-OH and 5’-phosphate ends), and the final ligation. In
addition to DNA ligase (DNA Ligase 4 (Lig4) within a complex with

XRCC4 and XLF/Cernunnos), enzymatic activities involved in NHE]
fall into several classes that are more or less required depending on
the DNA ends chemical complexity: protein kinase (DNA-depen-
dent protein kinase catalytic subunit - DNA-PKcs), nucleases (APLF,
Artemis, Werner protein (WRN)), DNA helicase (WRN), tyrosyl-
DNA phosphodiesterase (TDP1), polynucleotide Kinase/Phospha-
tase (PNKP), DNA deadenylase (Aprataxin), DNA polymerases (Polp
and Pol}) or terminal deoxynucleotidyl transferase (TdT) (Chang
et al.,, 2017) (Fig. 1).

Although several structures of components of the NHE] ma-
chinery, alone or in a complex, have been determined (Ochi et al.,
2014; Williams et al., 2014) (Fig. 1), a complete view of the dy-
namic interactions between all these components is lacking. Here,
we focus on the human Ku-DNA hub. We review current knowledge
on its direct interactants and on the contact points involved, with a
particular accent on the different classes of Ku-binding motifs
(KBMs) identified so far in several Ku protein partners (Fig. 2).
Comparison with equivalent features or structures in yeast will be
punctually emphasized. Finally, based on the available data, an
integrated structural model of the core NHE] network at the syn-
apsis step is proposed.

2. The Ku-DNA hub

The human Ku70 (70 kDa) and Ku80 (80 kDa) subunits present a
common topology and domain organization with an N-terminal a/f
domain that belongs to the von Willebrand (vVWA) family, a central
domain (B-barrel, pillar, bridge), a C-terminal arm and a helical C-
terminal domain (Figs. 1 and 3). Ku is present in yeast (Emerson and
Bertuch, 2016) and in some bacteria (Glickman, 2014). The bacterial
Ku homologues are smaller than their eukaryotic counterparts
(~30—40 kDa). Their sequences align with the heterodimerization
domain and they lack both the vWA domain and large C-terminal
regions (see (Pitcher et al., 2007) for a review (McGovern et al.,
2016)).

Ku binds to DNA ends, as suggested by initial biochemical
studies showing that Ku prefers digested plasmid DNA on which it
binds proportionally to the number of restriction cuts (de Vries
et al, 1989; Mimori and Hardin, 1986). Ku binding to DNA is
sequence independent, identical on blunt ends, short 5- or 3-
overhangs and it requires a minimal size of 14 bp. Ku can recog-
nize a large set of DNA ends since its binding is unaffected by the
presence of hairpins (Arosio et al., 2002), chemically heterogeneous
damage generated by ionizing radiations (Pang et al., 1997) or
cisplatin (Turchi and Henkels, 1996). Regarding Ku affinity for DNA
ends, we measured a 4.0 + 0.7 nM kd between Ku and an 18 bp DNA
using micro-calorimetry, with an entropy driven interaction
(Nemoz et al., 2018), in agreement with previous measurements
(Arosio et al., 2002, 2004; Blier et al., 1993). The same Kd was
measured with a minimal Ku heterodimer lacking the Ku70 and
Ku80 C-terminal regions (unpublished data). Ku interaction with
DNA ends in vitro is stable since a Ko of 1.5+0.8 107% s was
measured using Surface Plasmon Resonance with a 200 bp DNA
anchored via one end on the chip, corresponding to a half-life of
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Fig. 1. Overview of the NHE] pathway and its players. The NHE] pathway can repair DSBs with a large variety of DNA ends (PG stands for Phospho-Glycolate). Ku first recognizes
DSB ends and then the Ku-DNA complex acts as a hub for several NHE] factors. The pathway is considered as an iterative process that recruits different family of enzymes according
to the nature of DNA ends. The review is focused on well-characterized interactions between some of these factors (highlighted in blue) and the human Ku-DNA complex. The 3D
structures of some of these factors are depicted (pdb codes: Ku-DNA (1JEY), XRCC4-Lig4(CTD) (3ii6), Ligd-DNA (6bkf), XLF (2qm4), PAXX (3wtd), DNA-PKcs (5y3r), APLF(FHA)-

XRCC4pep (5w7x), Pol lambda(BRCT) (2jw5)).
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Fig. 2. Amino acid sequence alignments of Ku-Binding Motifs. Conserved Ku-binding motifs (KBM) are framed with dotted lines and classified according to their representative
leader (A-for APLF, X-for XLF and P- for PAXX). B-KBM corresponds to putative Ku-binding motif present in the BRCTs of the X-family polymerases as shown. Within these motifs,
conserved prolines and glycines (brown), basic patches (blue), hydrophobic (green, including aromatic residues in bold characters), and polar (orange) residues are highlighted.

KBMs are positioned on the corresponding protein primary sequences (right).

2.7 h for Ku on DNA under these conditions (unpublished data).
The crystal structures of Ku70-Ku80 reported in 2001 by the
laboratory of J. Goldberg was a milestone in the field (Walker et al.,
2001). However, sixteen years passed between publication of this
seminal initial structure and recent 3D structural data of Ku-DNA
complexed with some Ku partners (Nemoz et al., 2018; Yin et al.,
2017). The Ku construct used for the crystallization comprised the
full-length Ku70 subunit and a Ku80 subunit deleted of its 19 kDa C-

terminal domain. The DNA used contained a 14 bp duplex and a
hairpin by annealing a 21 nt and a 34nt oligonucleotide. The
hairpin is favorable to position Ku on the 14bp duplex in all
structures reported to date (Fig. 3B). The central Ku70-Ku80 do-
mains play a key role in the interactions with DNA. The B-barrel
forms the large base from which a 70 residue insertion loop defines
a thin bridge that encircles the DNA (Figs. 1 and 3). The large
interface between the Ku70 and Ku80 subunits, and the similarities

doi.org/10.1016/j.pbiomolbio.2019.03.001
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Fig. 3. Interactions of Ku with DNA and RNA. (A) Organization of the human Ku80 (yellow) and Ku70 (orange) sequences. The C-terminal domain (CTD) region of Ku80 contains an
helical region and in its extreme C-terminus a motif involved in the interaction with DNA-PKcs. The CTD of Ku70 contains a SAP domain. (B) Crystal structure of Ku with a three-
ways DNA probe (pdb 1jey (Walker et al., 2001)). The Ku70 subunit is close to the free DNA end and the Ku80 close to the distal region of the DNA. The vWA domains are located
away from the DNA interface. Ku encircles the DNA with a thin bridge structure leaving an important accessible surface to potential enzymes on this face. (C) Crystal structure of
yeast Ku with a 35 nt RNA of the TLC1 RNA of the telomerase (pdb 5y58 (Chen et al., 2018),). The TLC1 fragment interacts with yKu through an hairpin structure that fits in the ring of

yKu.

between the crystal structures of Ku alone and the Ku-DNA com-
plex, indicate that the Ku ring structure is pre-formed and highly
stable, corroborating reports that both Ku subunits stabilize each
other in cells (Gu et al., 1997). The Ku channel is bordered by pos-
itive charges and can accommodate two turns of DNA (~20 bp) in
agreement with EMSA and footprint studies. The heterodimer
makes no contact with DNA bases and a few interactions with the
sugar-phosphate backbone consistent with the sequence inde-
pendent binding. In Saccharomyces cerevisiae, the yKu70-yKu80
heterodimer contributes to the recruitment at the telomere of the
telomerase by direct interactions with its RNA component TLC1 and
the Sir4 protein. A structural study recently reported that the TLC1
adopts a hairpin structure that occupies the classical aperture of the
yKu ring, but that in this case, the RNA-yKu interaction is confor-
mation and sequence specific (Chen et al., 2018) (Fig. 3). This sug-
gests that in humans, some interactions reported between Ku and
specific RNAs may adopt similar conformations (Lamaa et al., 2016).

The human Ku-DNA structure shows that one DNA face within
the Ku channel is covered by a thin bridge, leaving a largely exposed
DNA surface that likely facilitates the access of NHE] enzymes to
DSB ends bound by Ku. Importantly, the Ku-DNA complex is ori-
ented, with the Ku70 subunit positioned close to the free end and
the Ku80 subunit facing the distal part of the DNA, as previously
proposed from photo-crosslinking analyses (Yoo et al., 1999).

The N-terminal /B domains lie at the periphery of the Ku het-
erodimer (Walker et al., 2001). We and other laboratories recently
characterized the role of the Ku80 vWA domain in its interaction
with several NHE] factors including XLF, APLF, WRN and CYREN (see
the corresponding paragraphs below). The C-terminal domain of
Ku80 (17 kDa) mediates interaction with DNA-PKcs (Gell and
Jackson, 1999; Singleton et al., 1999) (see section 3.). Once bound
to a DNA end, Ku can translocate to internal sites in vitro with
regular patterns of 27 bp (de Vries et al., 1989). Atomic force mi-
croscopy studies confirmed the threading capacities of Ku but also
revealed additional events like DNA looping (Cary et al., 1997) or

DNA bridging (Pang et al., 1997). After re-circularization of Ku-
bound linear DNA, Ku is highly resistant to dissociation, suggest-
ing a “beads on a string” configuration (Paillard and Strauss, 1991).
Ku internal sliding is an energy-free mechanism still poorly un-
derstood. In the Ku-DNA complex structure, the Ku channel fits
sterically with the minor and major DNA grooves so that the
channel is too tight for a linear diffusion of the DNA (Walker et al.,
2001). It remains to be established whether Ku translocation re-
quires a slight enlargement of the channel likely at the bridge level,
or if Ku moves on a helical path through the DNA helix. However, Ku
internal translocation has not been detected at DSBs in cells
(Britton et al., 2013) where it may be limited by nucleosomes
(Roberts and Ramsden, 2007) and/or controlled by interaction with
its DNA-PKcs partner (see section 3.).

3. DNA-PKcs

DNA-dependent protein kinase catalytic subunit (DNA-PKcs)
forms with the Ku heterodimer the DNA-PK holoenzyme (Gottlieb
and Jackson, 1993). DNA-PKcs is the largest human kinase with a
single chain of 4,128 amino acids. It belongs to the family of
phosphatidyl inositol 3-kinase-like serine/threonine kinases (PIKK)
that includes ATM, ATR and mTOR (Jette and Lees-Miller, 2015).
Like other PIKK family members, DNA-PKcs contains a large N-
terminal a-solenoid domain, a FAT domain, and a kinase domain
(KD) followed by a FATC domain (Sibanda et al., 2010). The kinase
activity of DNA-PKcs is activated upon its Ku-mediated recruitment
to DNA ends, as shown in vitro (Chan et al., 1996; Gottlieb and
Jackson, 1993; Suwa et al., 1994) and in cells (Uematsu et al.,
2007). Inhibition of this activity by small molecule inhibitors or
mutation of the kinase domain compromises NHE] (Kienker et al.,
2000; Kurimasa et al., 1999; Zhao et al., 2006). The last 12 aa of
Ku80 are sufficient to pull-down DNA-PKcs (Gell and Jackson,
1999), although not sufficient to activate the kinase (Bennett
et al, 2012), suggesting that other regions of Ku are required

doi.org/10.1016/j.pbiomolbio.2019.03.001
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(Weterings et al., 2009). Indeed, the flexible Ku80 C-terminal
domain (CTD, region 545 to 732) extending from the DNA-bound
core of Ku may be important to retain DNA-PKcs at DSBs
(Hammel et al., 2010).

Structural elucidation of DNA-PKcs and DNA-PK holoenzyme
has been quite elusive due to the size of the machines (Rivera-
Calzada et al., 2006; Sibanda et al., 2010; Spagnolo et al., 2006;
Williams et al., 2008). The first studies defined the overall struc-
tures of these large macromolecules and complexes. The resolution
was pushed recently to pseudo-atomic levels by crystallography
and cryoEM (Sharif et al., 2017; Sibanda et al., 2017; Yin et al., 2017).
In the recently reported 6.6 A resolution of DNA-PK by cryoEM,
several key features of the interaction between DNA-PKcs and Ku-
DNA were determined (Yin et al., 2017). A Y-shape DNA, with a 35
bp duplex region was used to force DNA-PK to adopt a unique
position, as previously used for the crystal structure of the Ku-DNA
complex (Walker et al., 2001). The authors observed a positioning
of DNA-PKcs close to the DNA free end in good agreement with
crosslinking experiments previously reported (Yoo et al., 1999).
DNA-PKcs and Ku cover DNA over 30 bp and kink the DNA with an
angle of 30°. They identified three major interfaces between DNA-
PKcs and Ku (Fig. 4). Interface-1: the «/f domain of Ku70 makes
contact with the convex surface of the middle HEAT region of DNA-
PKcs (M-HEAT, 893-2801); interface-2: the bridge part of Ku70/
Ku80 interacts with the convex part of the N-terminal region of the

X-KBM opening

HEAT domain (N-HEAT, 1-892); interface-3: the second a-helix in
the C-terminal region of Ku80 interacts with the concave side of the
M-HEAT and is located close to the free DNA end. The interaction
between DNA-PKcs, Ku and DNA induces allosteric conformational
changes up to the catalytic domain of the kinase. These recent
structural data explain why DNA-PKcs kinase activation requires a
concomitant binding of DNA-PKcs to Ku and DNA at most DNA ends
(Falck et al., 2005; Gell and Jackson, 1999; Singleton et al., 1999).
However, it remains to be determined how the C-terminus of Ku80
precisely interacts with DNA-PKcs as well as how DNA-PKcs is
partially activated in the absence of Ku80 CTD on some DNA ends,
like those with a poly-pyrimidine single-stranded DNA extension
(Pawelczak et al, 2005; Radhakrishnan and Lees-Miller, 2017;
Weterings et al., 2009; Woods et al., 2015).

4. Proteins containing a unique Ku-binding Motif (KBM)

Biochemical and structural studies on direct interactions of Ku
with NHE] players have helped to define three classes of bona fide
KBMs (Fig. 2). In addition, sequence and structure comparisons
together with mutagenesis data suggest a fourth KBM class within
the BRCT domain of three DNA polymerases from the X-family
(Fig. 2). Current knowledge on proteins containing only one KBM
belonging to these classes is detailed below. APLF illustrates the A-
KBM, XLF/Cernunnos the X-KBM, PAXX the P-KBM and X-family

KD

FAT

Interface2
(Ku bridge)
N-HEAT

DNA
(free end)

Interface1

M-HEAT (Ku70)

Interface3
(Ku8O0ct a2)

Fig. 4. Integrated model for the interactions between Ku70-Ku80-DNA and DNA-PKcs, APLF and XLF. (A)The cryoEM structure of DNA-PKcs in complex with Ku and a 35bp DNA
identified three interactions sites between the kinase and Ku (pdb 5y3r (Yin et al., 2017),). The patches of Ku involved in these interfaces are colored in blue. They comprise the N-
HEAT domain of PKcs with Ku70 subunit (interface 1), the M-HEAT domain of PKcs with the bridge region of Ku70 and Ku80 (interface 2) and the helix @2 of the Cter region of Ku80
that interacts with the free end of the DNA (interface 3). The interactions sites with the KBMs are located on the opposite face of Ku. The Ku80 site that interacts with the A-KBM of
APLF is positioned on the periphery of the VWA domain (red surface and APLF peptide in stick representation and pink color). The Ku site for the X-KBM of XLF is formed upon a
rotation of the VWA domain (dark green surface and XLF peptide in light green; the curved arrow indicates the outward swing of the Ku80 vWA domain). The two KBMs are located
on the Ku80 face situated towards the distal part of the DNA compare to the DNA-PKcs sites that are located towards the free end of the DNA. (B) Overall view of the position of the
KBMs of APLF (red) and XLF (green) on human Ku heterodimer (Ku80 in yellow and Ku70 in orange).
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DNA polymerases the B-KBM class, respectively.
4.1. APLF

The present view of the APTX and PNKP-like factor (APLF) is that
it behaves as an intrinsically disordered scaffold that binds various
components of the DSB repair machinery through several domains,
stabilizing the assembly of NHE] factors around the break (Hammel
et al.,, 2016). In addition, APLF has been reported to have nuclease
activity possibly involved in limited processing of DNA ends (Kanno
et al., 2007; Rulten et al., 2008).

APLF domains include at the N-terminus a forkhead associated
(FHA) domain that interacts with phospho-T233 of XRCC4 (Kanno
et al, 2007; Macrae et al.,, 2008), at the C-terminus two PAR-
binding zinc finger (PBZ) domains that bind poly(ADP)-
ribosylated proteins near DSB sites (Ahel et al., 2008; Rulten
et al., 2008), and in the C-terminal tail, an acidic nucleosome as-
sembly protein 1-like (NAP1L) domain that binds to (H3-H4), and
H2A-H2B histones (Corbeski et al., 2018; Mehrotra et al., 2011). In
addition, the APLF central region contains an A-KBM that tightly
interacts with Ku and is necessary for APLF recruitment to laser-
induced DSBs in cells (Grundy et al., 2013; Shirodkar et al., 2013)
(Fig. 2). This A-KBM interaction site has been mapped in the Ku80
VWA domain (Rulten and Grundy, 2017). We reported recently the
structure of the A-KBM of APLF bound to Ku80 in a Ku-DNA com-
plex, showing that the L68, Y74 and 1112 positions in Ku80, known
to disrupt the interaction with APLF when mutated (Grundy et al.,
2013), indeed make tight interactions with the I;g5sLPTWML19q
hydrophobic part of the A-KBM motif (Nemoz et al., 2018) (Fig. 4A
and B). We characterized the W189 residue as a key determinant for
APLF specific interaction with the A-KBM binding site in Ku80 and
moreover, we demonstrated that the replacement of Leu297 by a
tryptophan in the XLF X-KBM (Fig. 2) was sufficient to redirect the
mutated XLF peptide to the APLF binding site in Ku80 (Nemoz et al.,
2018). This result suggests a common KBM ancestor in a primitive
NHE] complex that may have diverged to distinct KBM motifs while
the repair process complexity increased. In Saccharomyces cer-
evisiae, Sir4 is a structural component of a histone deacetylase
complex that establishes telomeric silent chromatin. Interestingly,
the crystal structure between the VWA domain of yKu80 and a Sir4
peptide was recently reported (Chen et al., 2018) (Fig. 5A). Sir4
forms an amphipathic helix that interacts with a hydrophobic
pocket of the yKu80 vWA. Strikingly, the Sir4-KBM adopts a similar
position compared to the APLF KBM with human Ku, and some
conserved hydrophobic residues of Ku80 are involved in both
binding sites although the two KBMs bind with a reverse N-ter
towards C-ter orientation (Fig. 5A and B). Therefore, it appears that
two evolutionary distant proteins involved in transactions with
histones share a similar mode of binding to the yeast and human Ku
heterodimer (Chen et al., 2018; Corbeski et al., 2018).

The apparent multitask attribute of APLF in DSB repair contrasts
with a minor repair defect upon APLF depletion in human cells
(Bekker-Jensen et al., 2007; Grundy et al., 2013; Iles et al., 2007;
Macrae et al., 2008). Even though the Ku-APLF interaction helps
recruit XRCC4 to damaged sites (Grundy et al., 2013), we showed
that a Ku80 mutation that prevents APLF binding did not abolish
XRCC4 recruitment at DSBs and only partially sensitizes to IR. Since
XLF recruitment to its own binding site on Ku80 is independent of
APLF, XLF interaction with XRCC4 by their head domains (see
paragraph below) may compensate for the absence of APLF in
recruiting XRCC4 to DSBs (Nemoz et al., 2018). In this view, the
intricacy of protein-protein and protein-DNA interactions within
the NHE] machinery is an advantage guaranteeing a robust DSB
repair activity even in the presence of defects in some individual
components.

4.2. XLF/Cernunnos

XRCC4-Like Factor (XLF), also called Cernunnos, was discovered
independently in 2006 by functional cDNA cloning through
complementation of cells from an immunodeficient patient, and by
yeast two-hybrid screening for XRCC4 partners ((Ahnesorg et al.,
2006; Buck et al., 2006); see (Menon and Povirk, 2017) for a
recent review). Human XLF-deficient cells are radiosensitive and
exhibit impaired end-joining and V(D)] recombination activities,
although lymphocyte development is only mildly affected in XLF~/-
mice models (Li et al.,, 2008; Vera et al., 2012). This indicates an
important role for XLF in NHEJ, but suggests the existence of
compensatory mechanisms for XLF deficiency in particular situa-
tions (reviewed in (Menon and Povirk, 2017)) (see sections 4.3 and
5.1). Despite low sequence homology, XLF and XRCC4 display
structural similarity with an amino-terminal globular head domain
followed by a coiled-coil stalk required for homodimerization of
each protein (Andres et al., 2007; Junop et al., 2000; Li et al., 2007)
and for XRCC4 to interact with Lig4 (Sibanda et al., 2001; Wu et al.,
2009).

XLF physically interacts with both components of the NHE]
ligation complex. First, XLF and XRCC4 interact together via their
head domains and tend to form filaments of alternating homo-
dimers in vitro, as established by structural studies (Andres et al.,
2012; Hammel et al., 2011; Malivert et al., 2010; Ropars et al.,
2011; Wu et al., 2011)(reviewed in (Mahaney et al., 2013)). Fila-
mentous structures containing XRCC4, XLF and Lig4 seemed to
spread from Ku-bound DNA ends at DSBs in cells as seen by super-
resolution microscopy (Reid et al., 2015). Second, XLF is able to co-
immunoprecipitate with Lig4 fragments expressed in human cells
in an XRCC4-independent manner and through an interaction
requiring the BRCT1 domain of Lig4 (Wu et al., 2009).

Nevertheless, XLF recruitment to DSBs primarily relies on its
interaction with Ku (Yano et al.,, 2007, 2011), even though the
XRCC4-Lig4 complex stabilizes assembled NHE] factors (Wu et al.,
2007; Yano and Chen, 2008). The Ku-XLF interface involves the
very C-terminus of XLF, as deletion of its last ten residues
completely abolished its co-immunoprecipitation with Ku as well
as its recruitment at laser-induced DSBs in living cells (Yano et al.,
2011). The C-terminal region of XLF was independently character-
ized as a Ku-binding motif through sequence homology with the
KBM found in APLF (Grundy et al., 2013). This notion was subse-
quently refined into A and X variants of KBM motifs. The highly
conserved Pro-X-Trp sequence found in the A-KBM is changed into
a conserved phenylalanine residue in the Ku-binding motif of XLF
(hereinafter referred as X-KBM) (Fig. 2). Moreover, the presence of
both an A-KBM and an X-KBM in tandem at the C-terminus of WRN
(see below section 5.2) that cooperatively interact with the Ku
heterodimer further suggests distinct binding sites in Ku for these
two KBMs (Grundy et al., 2016). Recently, we definitely established
the existence of separate binding sites for both A-KBM and X-KBM
by determining their crystal structures in complex with the Ku
heterodimer bound to DNA (Nemoz et al.,, 2018) (Fig. 4A and B).
While the A-KBM interacts with a pocket positioned at the pe-
riphery of the Ku80 vWA domain, in agreement with previous
biochemical and cellular data obtained with Ku80 point mutants
((Grundy et al., 2013) see above), the X-KBM binds unexpectedly to
an internal site of the Ku80 vWA domain, resulting in a substantial
outward rotation of this domain which is moved apart from the
remainder of the Ku heterodimer (Nemoz et al., 2018) (Fig. 5C). Both
the A-KBM and the X-KBM can independently interact with Ku, but
the functional consequences of the unprecedented open confor-
mation of Ku elicited by X-KBM binding are still unclear and
deserve further investigation. Nonetheless, the accurate delinea-
tion of the Ku-XLF interface may help define at the molecular level
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Fig. 5. Interactions of Ku with the KBMs. (A) The superimposition of the crystal structures of yKu80 vWA (light grey) with the Sir4 KBM (dark grey) (pdb 5y59) and of hKu80
(yellow) with the APLF KBM (red) (pdb 6erf) shows that the two KBMs bind in the same hydrophobic pocket of the yeast and human Ku80 vWA domains. The two peptides have an
inverse orientation (Nt to Ct direction). (B) Sequence alignments of VWA regions of Ku80 involved in the binding of the human KBMs. The amino acids in contact with APLF and XLF
KBMs are highlighted by respectively red and green stars. The positions of yKu80 involved in ySir4 are highlighted in grey. The sequence are colored according to degree of
similarity. (C) Interaction between hKu80 (yellow) and XLF KBM (dark green) (pdb 6erg) (D) Model for the interaction between the C-terminal tandem A- and X-KBM of WRN with
Ku80 by positioning the two KBMs in the positions observed with APLF and XLF KBMs, respectively.

the role of XLF in the NHE] process that is still not fully understood.
XLF stabilizes the synapsis of DNA ends mediated by DNA-PK and
XRCC4-Lig4 (Cottarel et al., 2013), a single XLF homodimer being
sufficient in a reconstituted reaction in vitro (Graham et al., 2018).
XLF has been shown to activate Ligd by different mechanisms
including direct interaction with XRCC4-Lig4-DNA complexes that
may result in promotion of Lig4 readenylation (Riballo et al., 2008)
and stimulation of Lig4 activity, especially on incompatible DNA
ends (Gu et al., 2007; Hentges et al., 2006; Lu et al., 2007; Tsai et al.,
2007). Alternatively, but not exclusively, the ability of XLF-XRCC4
filaments to bridge and align DNA molecules was also proposed
as a mode of action for XLF in NHE] (Andres et al., 2012; Brouwer

et al., 2016; Reid et al., 2015; Roy et al., 2012, 2015). However, an
XLF-L115A mutant impaired for its ability to form DNA bridging
filaments, could still support Lig4 stimulation in vitro or NHE] and
V(D)J recombination when expressed in various XLF /- cell lines
(Roy et al., 2015). Likewise, an X-KBM mutant of XLF (L297E)
impaired for its stable interaction with Ku80, exhibited also
partially altered filament formation in cells while still fully func-
tional in restoring NHE] when expressed in XLF-deficient cells
(Nemoz et al., 2018). These results clearly suggest the existence of
backup processes that can compensate for defective XRCC4-XLF
filaments.
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4.3. PAXX

PAXX (XLS or C9orf142) was first predicted as a structural
paralog of XRCC4 and XLF (Ochi et al., 2015) and then identified in
co-IP experiments in cell extracts as a new partner of tagged DNA-
PKcs (Craxton et al., 2015) or of various tagged NHE] proteins (Xing
et al,, 2015). PAXX organizes as a dimer with a globular head
domain highly similar to those of XLF and XRCC4, followed by a
coiled-coil (Ochi et al., 2015; Xing et al., 2015). The precise function
of PAXX in NHE] is still unclear but most data indicate that PAXX is
an accessory NHE] factor under normal conditions in that PAXX
deficiency leads to no or mild cell sensitivity to DNA breakage
(Craxton et al., 2015; Dewan et al., 2018; Kumar et al., 2016; Lescale
et al., 2016; Ochi et al., 2015; Tadi et al., 2016; Xing et al., 2015) and
no or mild phenotypes in mice regarding IR sensitivity or immune
defects (Abramowski et al., 2017; Balmus et al., 2016; Gago-Fuentes
etal,, 2018; Liu et al., 2017). Nevertheless, several data demonstrate
that PAXX has overlapping functions with XLF during mice devel-
opment since each single knock-out has no phenotype while the
double KO is embryonically lethal with genomic instability,
neuronal apoptosis and a lymphogenesis block due to a severe
defect in V(D)] recombination (Abramowski et al., 2017; Balmus
et al., 2016; Liu et al., 2017); the latter being also reproduced by
double PAXX-XLF KO in pre-B and pro-B murine cells (Hung et al.,
2016; Kumar et al., 2016; Lescale et al., 2016). More recently, in
single DNA molecule experiments with purified components, PAXX
was shown to facilitate the (XRCC4-XLF-Lig4)-dependent synapsis
of DNA ends bound to DNA-PK (Wang et al., 2018). In addition,
PAXX, XLF and XRCC4 N-termini interact with a subdomain of DNA
Pol) and promote its recruitment to laser tracks in cells (Craxton
et al,, 2018).

PAXX, but not a truncated form lacking the C-terminus, interacts
with Ku in complex with DNA in vitro, but not with Ku or DNA
separately (Hung et al., 2016; Ochi et al., 2015; Roy et al., 2015; Xing
et al, 2015), and is recruited via Ku in cells to nuclear laser-
damaged sites (Liu et al.,, 2017; Ochi et al., 2015; Xing et al., 2015).
Notably, the C-terminus contains a KBM-like pattern that diverges
enough from the A- and X-KBM consensus to define a third KBM
class of motifs that we name P-KBM (Fig. 2). Mutations in this motif,
especially F201A alone or combined with V199A in human, or
V200A/F202A in mouse, compromised PAXX binding to Ku-DNA,
synapsis facilitation in vitro, nuclear localization and recruitment
at laser damaged-sites in cells, and complementation of IR sensi-
tivity in PAXX KO DT40cells or V(D)] defects in XLF and PAXX
double KO lymphocytes (Hung et al., 2016; Lescale et al., 2016; Ochi
et al, 2015; Wang et al., 2018; Xing et al., 2015). What is the target
site of the P-KBM in Ku? The observation of ternary Ku-PAXX-XLF
complexes on DNA suggests that XLF and PAXX may bind Ku
simultaneously on distinct sites. Indeed, Tadi et al. showed that
PAXX is able to bind Ku70 homodimers with the same affinity as Ku
heterodimers and with the same PAXX C-terminal requirement
(Tadi et al., 2016). This supports distinct binding sites on Ku for
PAXX (Ku70) and XLF (Ku80) and thereby, distinct X- and P-KBM
classes. Interestingly, RRR177-179AAA mutations in the C-terminus
upstream of this motif also impact association with Ku in co-IP and
with Ku-DNA in EMSA (Tadi et al., 2016; Xing et al., 2015). PAXX
association with Ku-DNA requires a protruding single-stranded or
double-stranded DNA (Tadi et al., 2016) and interaction with Ku-
DNA in ITC experiments of a PAXX peptide containing the P-KBM
requires extension of the sequence to these RRR residues ((Tadi
et al., 2016), unpublished results), while a peptide restricted to P-
KBM accumulated very weakly at localized laser DNA damage
(Grundy et al., 2016). These data suggest that the optimal condi-
tions for PAXX engagement in NHE]J may be its concomitant asso-
ciation with Ku through the P-KBM and with DNA through at least

the C-terminal region upstream of the P-KBM.
4.4. The X-family DNA polymerases

Three of the four X-family DNA polymerases are implicated in
DSB processing associated with NHE], namely DNA polymerase
lambda (Pol}), DNA polymerase mu (Polp) and the terminal deox-
ynucleotidyl transferase (TdT) (for review (Ramsden and Asagoshi,
2012),). While the two former enzymes are ubiquitously expressed,
expression of TdT is restricted to early developing lymphocytes
when its full template-independent DNA synthesis capacity en-
sures diversification of immunoglobulins and T-cell receptors dur-
ing the V(D)J recombination process (Loc’h and Delarue, 2018). It
has been proposed that the three polymerases distribute over a
gradient of template strand dependence, with Pol\ being template
dependent, Polp intermediate and TdT template independent
(Andrade et al., 2009; Nick McElhinny et al., 2005; Ramsden, 2010).
In addition, Polp and TdT have the intrinsic property to promote
close physical association of the two broken ends (Gouge et al.,
2015) and to incorporate ribonucleotides during NHE] at a subset
of DNA ends (Pryor et al., 2018). All three polymerases possess an N-
terminal BRCT domain (Fig. 2), that was originally found in the C-
terminus of the breast cancer associated BRCA1 protein and that is
known to promote phosphorylation-dependent and independent
protein interactions (Leung and Glover, 2011).

These X-family DNA polymerases most likely enter the NHE]
mechanism through interaction with Ku, possibly together with
DNA, as inferred from co-IP or EMSA experiments with purified
proteins, which also pointed out a similar requirement of the BRCT
domain for interaction of each of the three polymerases with the
Ku-DNA complex (Craxton et al., 2018; Ma et al., 2004; Mahajan
et al., 1999). Additional contacts with XRCC4-Lig4 may also favor
full activity in NHE] (Boubakour-Azzouz et al., 2012; Mahajan et al.,
2002). Sequence and structure comparisons reveal a conserved
pattern in the a-helix1 of the three BRCT domains containing R
residues together with F and L hydrophobic residues that are sol-
vent exposed and may support interactions with protein partners
(Fig. 2) (DeRose et al., 2007; Mueller et al., 2008). Indeed, R, For L to
A substitutions at the corresponding positions in Polu (R43, F46,
L50) and PolX (R57, L60) compromised interaction with the Ku-
XRCC4-Lig4-DNA complex and NHE] function in vitro (DeRose et al.,
2007; Mueller et al., 2008). In addition, combined R57A/L60A
mutation of Pol) abolished interaction with Ku-DNA (Craxton et al.,
2018). Extending the latter result suggests that, in all three poly-
merases, this pattern could define a common KBM of a specific class
that we propose to call the BRCT-KBM (B-KBM) (Fig. 2). The func-
tionality of this KBM awaits confirmation with dedicated biophys-
ical, biochemical or structural experiments with purified
components.

5. Proteins containing several KBMs

Among Ku partners and apart from the proteins described above
containing only one class of KBM, the following two proteins have
been characterized as containing a mixture of two types of KBMs or
KBM-like motifs.

5.1. CYREN/MRI

MRI (CYREN or C70rf49) is a small protein (157 aa) that was
initially identified as able to suppress resistance to retroviral
infection of a mutant hamster cell line when overexpressed and
was shown to be required for HIV-1 viral vector infection in human
cells (Agarwal et al., 2006). It was then discovered that this protein
was able to bind to Ku and that among the three isoforms resulting
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from alternative splicing, only the two isoforms sharing the 46 aa
N-terminus interacted with Ku (Slavoff et al., 2014). The MRI
sequence contains an N-terminal A-KBM like motif (Fig. 2). Grundy
et al. showed that the corresponding peptide bound to Ku in vitro
with the same affinity than the equivalent peptides bearing an A-
KBM in APLF and in WRN. Accordingly, a W16A mutation abolished
this binding and an excess of the APLF A-KBM peptide displaced it
from Ku, supporting that all these A-KBM motifs target the same
site in the VWA domain of Ku80 (Grundy et al., 2016). Likewise, an
L68R mutation in the APLF binding site of Ku80 reduced MRI A-
KBM peptide recruitment to laser-damaged sites in cells (Grundy
et al., 2016). Arnoult et al. confirmed the Ku-binding property of
the MRI N-terminal A-KBM, but also identified a new function of
MRI as a cell-cycle regulator of NHEJ (CYREN) acting as an NHE]
inhibitor at deprotected telomeres in the S and G2 phases (Arnoult
et al., 2017). Interestingly, NHE] inhibition relies on CYREN binding
to Ku since mutation of P14A or W16A in the A-KBM prevents this
function (Arnoult et al., 2017), suggesting that a cell-cycle depen-
dent modification of either or both partners would prevent CYREN
binding to Ku in G1.

Sequence inspection shows that the C-terminus of the longest
MRI isoform may contain a X-KBM like pattern (Fig. 2). However,
the corresponding peptide does not interact with Ku in vitro and is
cytoplasmic in cells (Grundy et al., 2016). These data suggest that
only the A-KBM at the N-terminus actually interacts with Ku. In
agreement with this notion, only immunoprecipitation with the
MRI N-terminus retrieves Ku and associated NHE] proteins from
cell lysates while the MRI C-terminal fragment rather attracts DDR
proteins including ATM, KAP1 and the MRN complex (Hung et al.,
2018). This specificity of N- and C-termini in protein interactions
likely contributes to stabilize both NHE] and DDR proteins at
damaged chromatin in cells as shown with full length MRI (Hung
et al., 2018). In contrast to CYREN/MRI as an NHE] inhibitor, this
factor was more recently found to be required for optimal resis-
tance to ionizing radiation and class-switch recombination and to
overcome XLF deficiency in NHE], as revealed by the embryonic
lethality of the XLF-MRI double knock-out mutant and the associ-
ated profound defect in V(D)] recombination (Hung et al., 2018).
Therefore, deciphering what controls CYREN/MRI negative and
positive roles in NHE] awaits further exploration, as well as estab-
lishing the precise molecular contacts engaged by the C-terminal
KBM-like motif.

5.2. WRN

The Werner protein (WRN) belongs to the RecQ-like family of
DNA helicases that fulfill important cellular functions involved in
DNA transactions and genome maintenance (Croteau et al., 2014).
Unlike other RecQ-like helicase members, WRN exhibits an addi-
tional 3’—5’ exonuclease activity driven by its amino-terminal
domain. Loss-of-function mutations in the WRN gene are causa-
tive of Werner Syndrome (WS), an autosomal recessive inherited
disorder typified by premature aging commonly featuring bilateral
cataract, graying and loss of hair, atrophic skin, atherosclerosis and
cancer predisposition (Oshima et al., 2017; Shamanna et al., 2017;
Yokote et al., 2017). At the cellular level, WS cells exhibit a slow
proliferation rate, telomere maintenance deficiency, genomic
instability and sensitivity to genotoxic agents such as ROS inducers
and Top1 inhibitors (Rossi et al., 2010).

WRN generally appears in the top list of Ku partners found in
large-scale interactome analyses (Brown et al., 2015; Hein et al,,
2015; Lachapelle et al., 2011; Xing et al., 2015). Ku-WRN protein
interaction was first characterized in the early 2000s by Bohr's and
Comai's groups. The interaction was initially demonstrated by pull-
down and co-immunoprecipitation assays and was shown to

specifically stimulate WRN exonuclease activity (Cooper et al.,
2000; Li and Comai, 2000). Early observations with truncated
proteins revealed a physical interaction between both N-terminal
regions of WRN (WRN'38 or even WRN!—) and of Ku80
(Ku80'27) (Li and Comai, 2000, 2001; Li and Comai, 2001).
Further mapping of Ku-WRN interface by co-IP and far-western
analysis revealed that the WRN N-terminus (WRN!—3%8) inter-
acted instead with the carboxy-terminal region of Ku70
(Ku70>43-699) while the WRN C-terminus (WRN%49-1432) inter-
acted with the Ku80 C-terminus of (Ku80°72~732) (Karmakar et al,,
2002). A way to reconcile these results regarding the WRN N-ter-
minus is to consider that the amino-terminal exonuclease domain
of WRN would be able to interact with both the Ku70 C-terminus
and the Ku80 N-terminus; a likely possibility owing to spatial
proximity of these domains in the crystal structure of Ku (Walker
et al,, 2001). Notably, the finding of an A-KBM at the N-terminus
of WRN, which was critical for the binding to the N-terminal vWA
domain of Ku80 and for the stimulation of WRN exonuclease ac-
tivity by Ku, further supports this model (Grundy et al., 2016)
(Fig. 2). However, the presence of two additional A- and X-KBMs in
tandem at the very C-terminus of WRN that were able to bind
cooperatively to the N-terminal VWA domain of Ku80 makes the
understanding of the Ku-WRN interface more puzzling (Grundy
et al, 2013, 2016) (Fig. 2). The observed cooperative binding
agrees well with the size of this C-terminal tandem KBM, which is
consistent with a simultaneous interaction of both motifs with
their respective binding sites on Ku80, thus allowing to consider
this tandem KBM as a single larger binding motif (Nemoz et al.,
2018) (Fig. 5D). Adding further complexity to the picture, WRN
has been described to form dimers or trimers in solution and tet-
ramers when bound to DNA substrates mimicking replication forks
(Compton et al., 2008; Huang et al., 2000), while the exonuclease
domain alone was shown to oligomerize as hexamers (Perry et al.,
2006; Xue et al., 2002). This raises the possibility that Ku-WRN
complexes may take different configurations by engaging
different regions of WRN depending on which function is solicited.
More specifically, the bivalency, at least, of WRN towards Ku80
allows proposing a role for WRN in bridging two Ku heterodimers
bound at DNA ends. Such a potential role of WRN in synapsis re-
quires validation. Furthermore, the interaction between Ku and
WRN is probably not restricted to already identified KBMs, as non-
synonymous polymorphisms at unrelated residues could also alter
Ku-WRN affinity (Gagne et al., 2016). Further biochemical, cellular
and structural analyses are thus needed to definitely delineate the
Ku-WRN interface.

From a functional point of view, Ku-WRN interaction was found
to be essential for optimal DSB repair rate, as assessed by YH2AX
foci formation and decrease following y-ray irradiation of GO/G1-
arrested human cells (Grundy et al., 2016). At the molecular level,
WRN appeared required to prevent large deletion at DNA ends in
in vitro end-joining reactions with linearized plasmids as substrates
(Oshima et al.,, 2002). More recently, this DNA end protection
function was shown to rely on non-catalytic activities of WRN
operating by suppressing the recruitment of MRE11 and CtIP at
breaks, thus limiting alternative end-joining (Shamanna et al.,
2016). On the other hand, both helicase and exonuclease activities
of WRN were required to promote c-NHEJ, hence suggesting a role
for WRN in regulating DSB repair pathway choice. Be that as it may,
the tight interaction between Ku and WRN only modestly translates
into effects at the level of cell survival to DSB induction as WRN-
deficient cells exhibit a moderate, if any, sensitivity to ionizing ra-
diation, radiomimetic compounds or Top2 inhibitors (Fujiwara
et al., 1977; Gebhart et al., 1988; Imamura et al., 2002; Yannone
et al., 2001)). WRN should then be regarded as an accessory fac-
tor for NHE]. Moreover, the little investigated potential role of WRN
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in other Ku cellular functions deserves further investigations.

6. Comments on KBMs and KBM-binding sites on Ku

In addition to proteins whose Ku-interacting motifs have been
precisely characterized or strongly suspected (Fig. 2), numerous
other proteins have been proposed to be Ku partners (for a recent
extensive list, see (Fell and Schild-Poulter, 2015)). For example and
to stay in the field of NHE], direct interactions with Ku have been
suggested for XRCC4 (Mari et al.,, 2006), LIG4 BRCT1 (Costantini
et al., 2007), TDP1 (Heo et al., 2015) or RAG1 (Raval et al., 2008).
Precise mapping of the corresponding interaction motifs awaits
further mutagenesis or crystallography experiments. It is conceiv-
able that among these partners, interaction sites will fall into the
types of Ku-binding motifs already characterized or into new
classes still to be defined.

It is striking that several KBMs are adjacent to reported DNA
binding sites, as in PAXX and XLF, and that mutations in the latter
sites compromise engagement of the corresponding protein in
NHE] (Nemoz et al., 2018; Tadi et al., 2016). This may explain the
weak interactions measured between Ku-DNA and the corre-
sponding KBMs when separated from the adjacent DNA binding
sites. The conjoined binding to DNA and Ku may ensure proper
selection of situations requiring these NHE] factors on damaged
DNA. Another striking feature is that several KBMs are located in
unstructured portions of the proteins (except B-KBM in BRCT do-
mains) and rather at distal C- and/or N-terminal positions (Fig. 2).
From an anchor point on Ku that is central regarding DNA ends, this
likely allows protein mobility in a wide spatial sphere to ensure
optimal structural flexibility and thereby enzymatic adaptation to
repair the largest range of DSB configurations (Hammel et al., 2016;
Pannunzio et al., 2017).

The prevalent model for the NHE] process proposes the
concomitant binding of most of the NHE] components, rapidly
building a multitask supra-molecular complex on the Ku anchor

XRCC4

(Yano and Chen, 2008) (Figs. 1 and 6). This explains for example
that in addition to DNA-PK, several components of the ligation
complex concurrently contribute to initial (DNA-ends tethering)
and final (DNA-ends joining) NHE] steps (Cottarel et al., 2013;
Graham et al.,, 2016; Wang et al., 2018). Demonstration of distinct
protein binding sites on Ku supports the model of a Ku-based NHE]
supra-molecular complex (Nemoz et al,, 2018). Indeed, distinct
binding sites have been precisely positioned on human Ku80 for
APLF, XLF, WRN and DNA-PKcs. We anticipate that Ku70 may har-
bor sites equivalent to APLF- and XLF-binding sites of Ku80, from
inspection of the broad Ku70-Ku80 symmetry in the Ku hetero-
dimer structure (Fig. 4A) and based on biochemical data impli-
cating Ku70 in the interactions with some NHE] players (Karmakar
et al., 2002; Tadi et al., 2016).

Several KBM binding sites on Ku can be occupied simulta-
neously. For example, we proposed that the C-terminus of WRN
bearing a tandem of A- and X-KBMs may conjointly contact Ku80 at
the APLF and XLF binding sites (Nemoz et al., 2018) (Fig. 5D). Also,
since more than one partner is able to bind to each of these KBM
distinct sites, the occupancy of these sites must be finely tuned. It
may rely non-exclusively on the respective affinities of KBMs for Ku,
on additional interaction points with DNA, Ku or other close NHE]
components, and on regulation of the local protein turnover during
the NHE] process. Regarding regulation of interactions with Ku by
post-translational modifications, a key player is likely the protein
kinase activity of DNA-PKcs. For example, DNA-PKcs regulates the
association of the ligation complex with Ku via XRCC4 phosphor-
ylation followed by FBW7-dependent ubiquitination (Zhang et al.,
2016). Also, DNA-PKcs activity regulates the transition from loose
to tight synapsis of DNA-ends (Graham et al., 2018) and DNA-PKcs
autophosphoryation promotes its dissociation from Ku and DNA
through structural changes (Dobbs et al., 2010).

To add to the complexity of the interaction network on the Ku
hub, we have recently characterized an outward swing of the Ku80
VWA domain upon XLF binding (Nemoz et al., 2018) (Figs. 4Aand

Fig. 6. Model for DNA-ends-synapsis during NHEJ. The model proposed integrates that an XLF dimer can bridge two Ku-DNA complexes with its two X-KBMs, in agreement with a
recent single molecule study (Graham et al., 2018). XRCC4, either complexed with Lig4 or alone may then be recruited either through interaction with XLF (left) or through binding
of it partner APLF to Ku (right). Part of the linkers of XLF and XRCC4 are represented and not the full-length linkers. DNA-PKcs is not represented in this view.. See other comments in

section 7.
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5C). It remains to establish if this movement plays a role in the
protein network within the NHE] complex, for example by
strengthening an interaction or enrolling a new dancer in the NHE]
choreography.

Considering that Ku-DNA is the hub of the NHE] network, it is
surprising that no Ku mutant has been reported in severe combined
immunodeficiency human syndromes, in contrast to mutants in Ku
partners (Woodbine et al., 2014). Although Ku is essential in
humans (Li et al., 2002), viable mutations in the KBMs-binding sites
would still be expected. The explanation may lie in the fact that all
of the Ku binders also engage interactions with at least one other
component of the NHE] machinery that may compensate for a
mutation in a single KBM-binding site in Ku. As a result, we found
that only cells combining several mutant KBM-binding sites in Ku
display noticeable radiosensitive phenotype (Nemoz et al., 2018).

7. Bring them all together!

From the current biochemical and structural data, it is possible
to build a model of the synapsis complex at DNA ends (Fig. 6).
Although Ku sliding on DNA from the ends has been described
in vitro (de Vries et al., 1989), a precise assessment from high-
resolution images rather favors a dominant configuration with
one Ku dimer at each DNA end (Britton et al., 2013). Two DNA-PKcs
facing each other may help juxtaposing the DNA ends (Meek et al.,
2007) (not represented in Fig. 6). Interestingly, since DNA-PKcs
binds to Ku on the surface facing the DNA end, the opposite face
of Ku is free to contact the KBMs of APLF and XLF (Fig. 4). Together
with these opposite positions, the distal location of the KBM in XLF
and the mostly unstructured conformation of APLF concurrently
prevent steric hindrance with DNA-PKcs and allow concomitant
gathering of these partners onto Ku-DNA (Fig. 6). Recent experi-
ments based on single-molecule fluorescence imaging indicate that
a single XLF homodimer is recruited on immobilized DNA frag-
ments to achieve a transition from a long-range synaptic complex
(depending on Ku and DNA-PKcs) to a short-range synaptic com-
plex (depending also on XRCC4 and Lig4) in which DNA ends are
tightly aligned and prone to ligation (Graham et al., 2016, 2018).
These results are in line with other experiments using defined
purified NHE] factors and establishing a transition from a Ku- and
DNA-PKcs-dependent loose synaptic complex to a more stable one
upon stepwise addition of PAXX and XRCC4-Lig4-XLF proteins
(Wang et al., 2018). Importantly, within an XLF dimer, the ability of
both protomers to interact with XRCC4 was required to strengthen
the synapsis cohesion (Graham et al., 2018). Thus, it is conceivable
that in the synaptic complex, both XLF protomers contact two Ku80
subunits through their X-KBM, one on each side of the break, and
interact simultaneously with two XRCC4 dimers (Fig. 6). In this
context, XLF may also contact DNA through the DNA binding
domain adjacent to the KBMs (Andres et al., 2007; Lu et al., 2007).
APLF binding to Ku favors XRCC4 integration into the complex,
through interactions of its N-terminal globular head with its
cognate in XLF, in addition to interactions with Ku (Mari et al.,
2006), DNA-PKcs (Hsu et al., 2002; Leber et al., 1998) and/or DNA
(Modesti et al., 1999). Interestingly, the position of APLF favors the
orientation of its C-terminal PBZ and NAP1L domains towards their
targets (likely parylated histones and histone dimers (Corbeski
et al., 2018)) (Fig. 6). Lig4 linked to XRCC4 is indispensable for
proper end-synapsis, independently of its catalytic activity
(Cottarel et al., 2013; Graham et al., 2016). This property may rely
on its DNA binding domain and/or supplementary contacts
engaged with XLF (Wu et al., 2009), the DNA-PKcs partner Artemis
(Ochi et al., 2013) or Ku (Costantini et al., 2007). Whether synapsis
requires one or two Lig4 molecules is unknown. Nevertheless, since
each DNA chain can be ligated independently (Ma et al., 2004), it is

conceivable that one Lig4 molecule may be present at a time
(Fig. 6). A symmetrical XRCC4 dimer bound to XLF and not engaged
with APLF could bring the Polynucleotide Kinase/Phosphatase
(PNKP) attached through its FHA domain at phospho-T233
(Aceytuno et al., 2017). Other players harboring KBMs may also
consolidate end-synapsis. In this view, it is striking that combined
deletion of XIf with Paxx or Mri (and not either deletion alone) is
lethal in mice and leads to profound V(D)] defect in cells, suggesting
that these factors fulfill an overlapping function, that some recent
data suggest as being synapsis (Hung et al., 2018; Wang et al., 2018).
Obviously, additional biochemical and structural analyses are
highly awaited to elucidate the precise architecture of DNA end
synapsis and the position occupied by the various NHE] players.
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