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ABSTRACT

We use single-molecule techniques to characterize
the dynamics of prokaryotic DNA repair by non-
homologous end-joining (NHEJ), a system com-
prised only of the dimeric Ku and Ligase D (LigD).
The Ku homodimer alone forms a ~2 s synapsis be-
tween blunt DNA ends that is increased to ~18 s upon
addition of LigD, in a manner dependent on the C-
terminal arms of Ku. The synapsis lifetime increases
drastically for 4 nt complementary DNA overhangs,
independently of the C-terminal arms of Ku. These
observations are in contrast to human Ku, which is
unable to bridge either of the two DNA substrates.
We also demonstrate that bacterial Ku binds the DNA
ends in a cooperative manner for synapsis initiation
and remains stably bound at DNA junctions for sev-
eral hours after ligation is completed, indicating that
a system for removal of the proteins is active in vivo.
Together these experiments shed light on the dynam-
ics of bacterial NHEJ in DNA end recognition and
processing. We speculate on the evolutionary simi-
larities between bacterial and eukaryotic NHEJ and
discuss how an increased understanding of bacterial
NHEJ can open the door for future antibiotic thera-
pies targeting this mechanism.

INTRODUCTION

Non-homologous end joining (NHEJ) is a ligation process
in which two free DNA ends, resulting from a double-strand
break (DSB), are held in close proximity and then directly
joined by core and accessory proteins without the need of a
template (1-3). First discovered and characterized in Homo
sapiens, eukaryotic NHEJ begins with threading of the het-
erodimeric, doughnut shaped Ku70/80 on each of the bro-
ken DNA ends. There it acts as a hub to directly or indi-
rectly recruit downstream components, including the scaf-
folding proteins DNA-PKcs, PAXX and XLF, as well as the
XRCC4-Ligase 1V ligation complex (4). The requirements
for the different components remain under debate as ge-
netic data are obtained in backgrounds, where redundant
pathways can obscure outcomes. Furthermore, biochemical
data have traditionally required elevated protein concentra-
tions to detect signals, conditions in which partial redun-
dancies between components can again obscure outcomes.
The downstream eukaryotic NHEJ proteins possess high
mechanistic flexibility and have been reported to join a vari-
ety of different DNA substrates at about the same efficiency,
thus manifesting the robustness and adaptability of the re-
pair mechanism (5). Some results indicate that the DNA-
PK holoenzyme, composed of dimeric Ku and DNA-PKcs,
is the first complex capable of forming a ‘molecular synap-
sis” between broken DNA ends (6-8). Importantly however,
some ligation can occur in the absence of DNA-PKcs (9), a
condition similar to the NHEJ systems found in prokary-
otes or lower eukaryotes, such as Bacillus subtilis or yeast,
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which only possess Ku and use it to successfully carry out
NHEJ (10). This leaves open the possibility that Ku may in
fact be the central component in the formation of a molec-
ular synapsis.

NHEJ has been demonstrated to be important for DSB
repair in many, but not all, prokaryotic systems (11). In
prokaryotic NHEJ, the homodimeric Ku and the ATP-
dependent Ligase D (LigD) appear to be the only core fac-
tors involved in DSB repair (1,2). The fact that many bac-
terial Ku genes are known to be organized into operons
also encoding LigD suggests that prokaryotic Ku and LigD
form a species-specific NHEJ complex (11). This is further
substantiated by the inability of eukaryotic Ku to stimu-
late prokaryotic LigD activity (2). The main features of
the bacterial NHEJ machinery have previously been char-
acterized for several different bacterial species, underscor-
ing hallmarks of the repair process, such as protein bind-
ing events as well as their individual and joint activities on
DNA (2,3,12-14). The proposed model for bacterial NHEJ
is that Ku binds to the free ends, protects them from nu-
clease activity, and then recruits the multifunctional LigD
that can process and ligate the free DNA ends (3). The
multifunctional LigD is the main responsible protein for
DNA-end processing, but it is anticipated that Ku modu-
lates the order and extent of the resection by staying bound
to the DNA post-recruitment of LigD (12). The prokary-
otic Ku homologs display high similarity, and harbor the
conserved core region of the human Ku70/80 heterodimer
(13). Most bacterial Ku-homologs also have a C-terminal
tail that varies in length and sequence between species. Mc-
Govern et al. demonstrated that the inner region of this
tail in Ku from B. subtilis is responsible for recruiting LigD
and further that the very end of the tail is used to control
the threading of Ku on DNA ends and also to increase the
concentration of Ku close to DNA by binding to the DNA
backbone (15). The apparent minimalistic nature of the bac-
terial NHEJ process suggests that the two proteins involved
possess multiple different functions in comparison to their
homologs in eukaryots.

Little is known about the dynamics of the critical inter-
mediate steps in bacterial NHEJ. Nevertheless the kinetics
of the process is crucial to cell survival: cells that emerge
from stationary phase or quiescence and initiate replication
have no additional chromosome with which to carry out ho-
mologous recombination, yet must rapidly repair any DSBs
that may emerge in the path of the replication fork. Single-
molecule techniques enable the detection of transient inter-
mediates that can aid in the understanding of such critical
steps, which are difficult to assess in traditional bulk assays
due to averaging effects. Here we use two complementary
single-molecule techniques that are particularly well suited
for interactions involving DNA ends to consecutively char-
acterize the dynamics of the four main steps of NHEJ in B.
subtilis, end-recognition by Ku, recruitment of LigD by Ku,
ligation of the DSB, and disassembly of the complex post
ligation. Molecular DNA forceps (8,16) reveal the dynamic
nature of the synapsis between the two free DNA ends in the
presence of proteins, while nanofluidics allows visualization
of interactions between DNA and proteins by stretching the
DNA in narrow channels (17). We show that Ku alone can
form a weak synapsis on blunt-ended DNA that is stabi-

lized when LigD is present in a manner that depends on
the C-terminal arms of Ku. The stability of the synapsis is
dramatically enhanced for 4 nt complementary overhangs.
We also demonstrate that Ku, and potentially also LigD, re-
main bound to the site of repair for hours after the repair
is completed, suggesting that there is an active system for
removing the NHEJ components post ligation in vivo.

MATERIALS AND METHODS
Computational analysis

The structural model of the Ku homodimer from B. sub-
tilis was generated following a comparative modeling pro-
tocol using the eukaryotic Ku70/80 heterodimer as a struc-
tural template. HHpred provided an initial sequence align-
ment between B. subtilis wild-type Ku (Kuyy) and the H.
sapiens Ku70/80 heterodimer (PDB code: 1jey) sequences,
sharing only 15% sequence identity (18). RosettaCM was
used to build a structural model using the original proto-
col complemented with protocols for symmetry constraints
(19) between the two B. subtilis Kuy, monomers and a set
of distance restraints to improve the pairing of 3-strands in
the region spanning residues 45 to 80 (19,20). Locally, the
sequence alignment was adjusted iteratively to match the
large deletion existing between bacterial and eukaryotic se-
quences. Evolutionary rates were mapped at the surface of
the model using the rate4site algorithm and a multiple se-
quence alignment of B. subtilis Kuy, homologs obtained af-
ter a blast search on UniprotDB, followed by a re-alignment
of full-length homolog sequences by MAFFT selecting the
top 150 first homologs after redundancy reduction <95%
sequence identity (21,22). A model of B. subtilis Ligase D
(LigD) was obtained using the same comparative model-
ing protocol as for Kuy, using PDB templates 6NHX for
the 1-310 region and SDMU for the 320-600 region both
sharing 25% and 29% sequence identity with LigD, respec-
tively. Covariation analyses were performed using the con-
tact prediction server RaptorX and using as query the full
Kuy sequence and either full LigD sequence or the poly-
merase domain only (region 320-611) (23). The generated
co-alignments contained 2575 and 1000 sequences for Kuy
versus the polymerase domain of LigD in the phylogenic or
genomic modes, respectively, while they contained 2900 and
1265 sequences when the full-length sequence of LigD was
used.

Protein expression and purification

The codon optimized DNA sequences for Kuy, encoded
by the ykoV gene in B. subtilis and the C-terminal trun-
cated variant Kuge, corresponding to M1 to K253 of
the full-length protein, were cloned into separate pET
Hisla plasmids under control of the T7-promoter and with
kanamycin resistance as a selection marker. A His6-tag was
added to the 5" ends of the Kuy; and Kucoe open reading
frames (Supplementary methods). All construct design and
cloning procedures were performed by the Protein Exper-
tise Platform at Umea University (Umed, Sweden). Plas-
mid pSMG217, encoding LigD with a His6-tag on the C-
terminal, was gratefully received from Frangois Lecointe
(Micalis Institute, Paris, France).
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Protein expression. Plasmid constructs encoding Kuy,,
Kugore and LigD were transformed into Escherichia coli
BL21(DE3) (Invitrogen) and transformants were grown
over-night on LB-agar plates supplemented with 50 wg/ml
kanamycin. O/n-cultures were started by inoculating a sin-
gle colony in LB medium (Merck) supplemented with 50
pg/ml kanamycin, followed by incubation at 37°C, 200
rpm. The o/n-cultures were diluted in 3 liters of fresh LB-
medium supplemented with 50 pg/ml kanamycin and in-
cubated at 37°C, 200 rpm until ODgyy = 0.5, whereafter the
temperature was lowered to 30°C for Kuy, and Kucy,e and
16°C for LigD. Protein expression was induced at ODgyp =
0.7 by adding 0.5 mM IPTG (Thermofisher Scientific), fol-
lowed by incubation for 3 h for Kuy, and Kugee and 18 h for
LigD. The cells were harvested by centrifugation in a swing-
ing bucket rotor centrifuge (30 min, 4°C, 4200 g) and stored
at —80°C until further handling.

Protein purification.  All subsequent steps were carried out
at 4°C. The Kuy and Kucye cell pellets were resuspended
in 50 ml pre-chilled Buffer A (50 mM Tris-HCl pH 8, 1 M
NaCl) and the LigD pellet in Buffer B (50 mM Tris—HCI pH
8, 0.2 M NaCl). A cOmplete mini protease inhibitor tablet
(Roche) was added before disrupting the cells by sonication
for 10 min (5 s sonication + 10 s pause) at an amplitude of
70%. The homogenized cell suspensions were centrifuged (1
h, 4°C, 18 500 g) and the supernatants were passed through
a 0.22 pm Nalgene filter (Thermofisher Scientific). Imida-
zole (Merck) was added to a final concentration of 20 mM
before loading onto a 5 ml HisTrap FF Ni-NTA column
(GE Healthcare). An Akta purifier (GE Healthcare) was
used to perform a gradient elution over 20 column volumes
with a gradual increase of imidazole starting from 20 mM to
1 M in Buffer A for Kuy, and Ku., and Buffer B for LigD.
The Kuy and Kuye proteins were loaded on a size ex-
clusion column (Superdex 16/600 200 pg, GE Healthcare),
pre-equilibrated with Buffer A, followed by an isocratic elu-
tion. The column was then re-equilibrated with Buffer D
(100 mM Tris-HCI pH 8, 0.4 M NaCl, 2 mM DTT) and
the purified protein was once again eluted in the same way.
The pooled fractions containing LigD from the Ni-NTA
purification were diluted with 50 mM Tris—HCI, pH 8, to
obtain a final concentration of 75 mM NaCl. The diluted
protein was loaded onto a 5 ml Hitrap Heparin HP column
(GE Healthcare), pre-equilibrated with Buffer C (50 mM
Tris—-HCI pH 8, 75 mM NaCl) and a gradient elution was
performed over 15 column volumes by the proportion of
NaCl to a final concentration of 1 M. The eluted protein
was loaded on a size exclusion column (Superdex 16/600
200 pg, GE Healthcare), pre-equilibrated with Buffer D, fol-
lowed by an isocratic elution. The purified proteins were fi-
nally concentrated using an Amicon Ultra Centrifugal Fil-
ter (Merck), followed by the addition of glycerol to obtain
a final buffer composition of 50 mM Tris-HCI pH 8, 0.2 M
NaCl, 1 mM DTT, 50% glycerol. The proteins were stored
at —20°C.

The human Ku70/80, PAXX and DNA-PKcs proteins
were gratefully received from the research group of Tom
Blundell (Cambridge) and prepared as described elsewhere
(24,25).
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Fluorescent labelling of Ku

A plasmid construct was designed, where a His6-tag and
a DNA sequence encoding the SNAP-tag was added on
the N-terminal of the full-length Kuy, sequence (Supple-
mentary methods). The fusion protein was expressed and
purified as described above, except for the final size exclu-
sion chromatography, which was done with Buffer B sup-
plemented with 2 mM DTT. The fusion protein was func-
tionalized with an Alexa-647 fluorophore by mixing 5 pM
of protein and 10 wM SNAP-Surface® Alexa Fluor® 647
(NEB) in a total volume of 2 ml followed by incubation
at room temperature for 3 h. The labelled protein was sep-
arated from non-reacted substrate by size exclusion chro-
matography using a Superdex 16/600 200 pg column (GE
Healthcare), pre-equilibrated with Buffer B supplemented
with 1 mM DTT. The degree-of-labelling was spectropho-
tometrically determined to 71% using a correction factor of
0.03 to account for the absorbance of Alexa-647 at 280 nm.
The labelled protein (Kuapss7) was stored at —80°C.

Ligation activity assay

100 ng of phosphorylated 1000 bp DNA (NoLimits, Ther-
mofisher Scientific) was mixed with Ku at increasing
monomer concentrations ranging from 0.2 to 1 pwM in
Buffer L (50 mM Tris-HCI pH 8, 30 mM NaCl, 5 mM
MgCly) and incubated for 30 min at 37°C. LigD was subse-
quently added at a final concentration of 0.1 wM in a total
volume of 18 wl, followed by incubation at 37°C. The liga-
tion reaction was quenched after 2 h by adding 2 p.1 of stop-
buffer (5 mg/ml Proteinase K, 2% SDS, 0.1 M EDTA), in-
cubated at 37°C for 30 min for complete protein digestion
and loaded on a 0.8% agarose gel. The gel electrophoresis
was run at 80 V for 90 min in 1x TAE buffer, post-stained
with SYBR Gold (Invitrogen) and imaged using a Chemi-
Doc MP Imaging System (BioRad).

Electrophoretic mobility shift assay (EMSA)

Two pairs of complementary primer sequences, of which
one sequence in each pair was labelled with 6-fluorescein
amidite (6-FAM) on the 5 end, were purchased from
IdtDNA and ATDBio (Supplementary methods). The
primers were combined to form one blunt-ended and one
sticky-ended DNA substrate with a 4 nt overhang, which
were subsequently loaded on a preparative 6% polyacry-
lamide gels (19:1 acrylamide: bisacrylamide) for further pu-
rification. The gels were run at 15 V/cm for 50 min in 0.5x
TBE, followed by cutting out a thin gel-slice containing the
DNA substrate. The gel-slice was fragmented in 10 mM
Tris—HCI pH 7.4, 1 mM EDTA by mechanical stress and
the DNA was allowed to diffuse into the soluble phase. Gel
fragments were separated by centrifugation from the solu-
ble phase containing the pure DNA substrate.

Protein was mixed at different concentrations (indicated
in each figure) with 25 nM purified substrate DNA in 50
mM Tris—-HCI pH 8, 30 mM NaCl, | mM EDTA and
10% glycerol in a total reaction volume of 10 pl. The sam-
ples were incubated at room temperature for 20 min before
loaded on a 6% native polyacrylamide gel (19:1 acrylamide:
bisacrylamide, 0.5x TBE). The electrophoresis was run at
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15 V/cm for 40 min in 0.5x TBE and the gel was imaged
using a ChemiDoc MP Imaging System (Bio-Rad) to visu-
alize the fluorescently labelled DNA.

Single-molecule forceps

The juncture DNA was engineered as described elsewhere
except that the leash was 610 bp instead of 690 bp (8).
The DNA construct sequences are listed in Supplemen-
tary methods. Briefly, two pieces of 1500 bp DNA origi-
nating from Chromid-95 plasmid were connected by a 610
bp DNA leash, two ends of the juncture DNA were lig-
ated to 1 kb biotin- and dig-labeled DNA through Xbal
and Sacl, allowing it to be further linked to streptavidin-
coated magnetic beads and an anti-dig-coated glass surface,
respectively. The juncture DNA process gives two DNA tips
with length of 58 bp, that could be cleaved by Xmal/Smal
to generate 4 nt complementary overhangs or blunt ends,
respectively.

The method to engineer the juncture DNA with 4 nt
non-complementary overhangs was further modified from
the above. The backbone was the same as the juncture
DNA described above except the leash was 690 bp, and
the length of the two DNA tips were 47 bp and 41 bp, re-
spectively. The two DNA tips contained Nb.BbvCI (NEB)
nicking endonuclease cleavage sites at the ends that gen-
erate 9 nt overhangs by Nb.BbvClI digestion. The two 9
nt overhangs, YGCTCTTACA and 5GCCTCATAT, were
ligated to their complementary oligos 4bp-overhang-1,
5"Pho-GGCCTGTAAGAGC and 4bp-overhang-2, 5Pho-
CCGGATATGAGGC with 1:100 molar ratio at room tem-
perature for 3 h by DNA ligase (NEB).

All single-molecule forceps experiments were conducted
at 34°C in buffer RB (20 mM K-HEPES pH 7.8, 100 mM
KCIL, 5 mM MgCl,, | mM ATP, | mM DTT, 0.05% Tween
20 and 0.5 mg/ml BSA). Bacterial NHEJ components were
used at a concentration of 5 nM for all three proteins. The
human NHEJ components were used at a concentration of
10 nM for PAXX and 1 nM for DNA-PKGcs.

Single-molecule magnetic trapping data giving DNA
extension as a function of time under automatic force-
modulation cycles was obtained using the Picotwist soft-
ware suite (Picotwist S.A.R.L). The typical modulation cy-
cle was ~120 s at 0.01 pN and ~120 s at a higher pulling
force of 1.4 pN. Time-traces were analyzed to extract the
fraction of traction cycles for which, upon increasing the
force, the DNA extension is initially observed to be shorter
than the maximum extension, but then recovers maximum
extension during that same high-force portion of the trac-
tion cycle (referred to as frequency of end-binding events).
We also extracted all amplitudes of the end-binding events.
Finally, for all those end-binding events, in which end-
binding ruptured within the same traction cycle, the dura-
tion of the end-binding event was determined. Synapsis life-
times were only analyzed for end-binding events, for which
the change in DNA extension observed upon rupture was
consistent with specific synapsis (i.e. within 3 standard de-
viations of the expected length of the amplitude at a specific
pulling force). A complete summary of parameters for all
single-molecule forceps experiments is provided in Supple-
mentary Tables S1-S3.

Single-molecule nanofluidics

Kuargs7 was used together with LigD to covalently join
10 000 bp phosphorylated DNA fragments (NoLimits,
Thermofisher Scientific). 0.5 wM Kuages; Was incubated
with 1 pwg of DNA in Buffer L for 30 min at 37°C fol-
lowed by the addition of LigD to a final concentration of
0.1 wM. The ligation reaction was carried out at 37°C for
90 min and the DNA intercalating dye YOYO-1 was sub-
sequently added at a ratio of 1 dye molecule per 5 bp of
DNA. The DNA was diluted 20 times and the buffer con-
dition was adjusted to match Buffer S (10 mM Tris—HCI
pH 7.8, 10 mM Nacl, 0.06% (w/w) SDS and 5 mM DTT),
which was used as a standard buffer for all nanofluidics ex-
periments, before loading on the nanofluidic chip. The in
situ digestion of the DNA bound proteins was done us-
ing a previously described method (26), where Proteinase
K was added to the DNA—protein complex, confined in a
300 x 130 nm? reaction chamber, while recording the re-
spective emissions from YOYO-1 and Alexa-647 for two
min. The emission depletion of Alexa-647 was compared
to that of reference complexes that were only subjected to
photobleaching.

For the non-covalent DNA bridging experiments, Ku was
mixed with 4 pM sticky-ended (12 nt complementary over-
hangs) N\-phage DNA (48 502 bp, Roche) or blunt-ended
T7-DNA (39936 bp, York-bio) at a concentration of 33 and
40 nM respectively (corresponding to a ratio of 100 homod-
imers per DNA end) in 10 mM Tris—-HCI pH 7.8, 10 mM
NaCland incubated at 37°C for 1 h. For the Pcil-digested \-
phage DNA (4 nt complementary overhangs), 33 nM Kuy,
was mixed with DNA at 4 puM. YOYO-1 was added at a
1:5 ratio and the sample was diluted to obtain the correct
stretching conditions according to Buffer S. The YOYO-1
labelled molecules were confined in 100 x 100 nm? or 100 x
150 nm? nanofluidic channels and visualized on an inverted
fluorescence microscope (Zeiss AxioObserver.Z1) equipped
with a 63x oil immersion objective (NA = 1.46, Zeiss), a
1.6x optovar magnification changer, a Colibri 7 LED light
source (Zeiss) and an iXon EMCCD camera (Andor). For
single-channel imaging, blue light (469/38 nm) was used to
excite the sample and the subsequent emission was passed
through a single band pass filter (530/30 nm) before reach-
ing the detector. For dual-channel imaging blue and red
light (631/33 nm) was alternately used to excite YOYO-1
and Alexa-647, respectively. The emitted light was passed
through a 90 HE multi bandpass emission filter (Zeiss) be-
fore reaching the detector. An LED trigger box was used to
shorten the recording time. Up to 100 frames were recorded
with an exposure time of 100 ms for the single-channel
imaging. For the dual-channel imaging an exposure time
of 20 ms was used for YOYO-1 and 300 ms for Alexa-647.
The collected single-channel images were analyzed using
a custom-written Matlab-based software to convert image
stacks to kymographs, from which the mean extension of
each molecule was calculated (27). The dual-color images
were analyzed using the open source image processing pro-
gram Fiji (28) and Matlab. Kymographs were generated for
each channel and the relative distance between each fluo-
rescent dot was determined using a custom written Matlab
script.
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Surface plasmon resonance (SPR)

Apparent binding affinity constants were determined using
surface plasmon resonance on a Biacore X100 instrument
(GE Healthcare). The complementary primer sequences
(Supplementary methods), of which one was functional-
ized with biotin on the 5 end, were combined and diluted
in HBS-P buffer (10 mM HEPES pH 7.4, 0.15 M NacCl,
0.005% Surfactant P20). The DNA substrate was immobi-
lized in one of two flow channels on a streptavidin coated
sensor chip SA (GE Healthcare). Kuy, and Kuge were di-
luted in HBS-P buffer and their association to DNA was
recorded by injecting protein at a flow rate of 30 pl/min for
180 s. The dissociation phase was observed for 600 s by flow-
ing HBS-P buffer followed by surface regeneration using 0.2
M NaOH. Triplicates were run for each concentration and
the responses were background corrected by subtracting the
signal from the non-modified flow channel. The resulting
sensograms were fitted to the standard kinetic interaction
model provided by the Biacore system for interaction of an
analyte with a heterogeneous ligand.

Photobleaching experiments

Kuares7 and A-phage DNA were mixed in 10 mM Tris-HCI
pH 7.8, 10 mM NaCl and 5 mM DTT and incubated for 1 h
at 37°C. The final concentration of A-DNA was 4 pM and
of Kuapes7 was either 16.5 or 33 nM (corresponding to a ra-
tio of 50 and 100 homodimers per DNA end, respectively).
Control samples with T7 DNA were also prepared with sim-
ilar DNA and protein concentrations. Kuapes7 was also in-
cubated with a 50 bp double-stranded DNA substrate (10
nM DNA and 120 nM Ku) that was used as a control. The
DNA was labeled with YOYO-1 (one YOYO-1 molecule
per 5 basepairs). B-Mercaptoethanol (Sigma, 2% v/v) was
added to minimize photo-nicking during imaging.

DNA-Ku complexes were stretched on activated mi-
croscope coverslips following published protocols (29-31)
The glass coverslips were silanized by incubating them in
a mixture of Allyltrimethoxysilane (ATMS, 95%, Sigma-
Aldrich), (3-aminopropyl)triethoxysilane (APTES, > 98%,
Sigma-Aldrich) and Acetone (Sigma-Aldrich) in a 1:1:100
ratio for at least 30 min at room temperature. Next, the
coverslips were cleaned with acetone and water and dried
with nitrogen. A charged coverslip was placed on a Menzel-
Glidser glass slide (Thermo Scientific) and 3.7 pl of the
DNA sample was pipetted onto the edge of the coverslip.
The capillary force between the activated coverslip and glass
slide pulled the solution under and the DNA molecules were
stretched and aligned on the surface of the glass. The edges
were sealed with nail polish to prevent drying.

DNA-Ku complexes stretched on glass coverslips were
imaged using ELYRA PS.1/LSM 780 inverted microscope
(Zeiss) equipped with a Plan-Apochromat 63x oil immer-
sion objective (NA = 1.4, Zeiss), an Argon-laser 458, 488,
514 nm (35 mW) and an Andor iXon 885 EMCCD camera.
Images were acquired as 1000 frame time-series with 30 mil-
lisecond exposure for each frame. All imaging was carried
out at the Center for Cellular Imaging at Gothenburg Uni-
versity.

Photobleaching steps analysis (PBSA) was performed in
Python using the quickPBSA package (32). The trace analy-
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sis algorithm in quickPBSA involves trace extraction for re-
gions of interest (ROI), preliminary step detection for each
trace, and iterative refinement using Bayesian marginal pos-
terior (33). The localization of ROIs in the microscopy im-
age stacks was carried out in Fiji (28) using the plugin Spot
Intensity Analysis Ver. 0.3 (Vale Lab, UCSF) and the coor-
dinates of the ROIs were passed on to quickPBSA for trace
extraction. After trace extraction, all traces were filtered us-
ing a Butterworth lowpass filter (implemented in Python us-
ing SciPy) to improve signal-to-noise ratio and step identi-
fication. The number of fluorophores identified in the first
frame of image stacks were used to estimate the number of
protein dimers in ROIs and are plotted as histograms.

RESULTS

Bacillus subtilis Kuy; and the C-terminally truncated deriva-
tive Kugoe both generate stable DNA end synapsis

The ‘protein ring’ in the Ku dimer is conserved among all
kingdoms of life. It has previously been reported that all
prokaryotic Ku proteins comprise a central core-domain
that displays a substantial level of homology with the eu-
karyotic Ku70 protein subunit (13,15). A 3D model of
the homodimeric Kuy from B. subtilis (Figure 1A) was
computed by comparative modeling using the structure of
the heterodimeric eukaryotic Ku70/80 complex as template
and optimizing the model to account for the large sequence
variations that exist between the bacterial and eukaryotic
homologs (only 15% sequence identity). Despite the se-
quence divergence, the homodimeric model of Kuy, pre-
dicted a 20 A hole in the complex core center through which
the DNA can fit (34). An evolutionary analysis of bacte-
rial Ku homologs was performed and the resulting residues
were mapped to the surface of the Kuy, model, emphasizing
a crown of conserved amino-acids surrounding the hole, in-
cluding a significant number of positively charged residues
(Supplementary Figure S1). This supports the notion that
the ability of Ku to thread onto DNA ends is an evolution-
arily conserved feature. With respect to Kuy,, Kuce refers
to a C-terminal truncation that lacks the last helix colored
in red in Figure 1A and the downstream 35 C-terminal dis-
ordered residues that have been proposed to be responsible
for the interaction with LigD (15).

The first step of prokaryotic NHEJ is the identification
of the broken ends by Ku (11). We assessed the ability of
Kuy to form DNA end-to-end synapsis and the dynamics
of the formed complex using single-molecule forceps (de-
scribed elsewhere (8) and summarized in the Methods sec-
tion and in Figure 1B). Blunt-ended DNA forceps were in-
cubated with 5 nM Ku,, at a force of ~0.01 pN to allow the
synapsis formation and subsequently extended at 1.4 pN by
magnetic tweezers. The resulting time-traces for Kuy, show
that it sustained frequent synapsis between DNA ends (Fig-
ure 1C) with a mean synapsis life-time of 1.6 + 0.3 s (Figure
1D). Similar results were obtained with Kugge (2.1 0.2 s,
Figure 1E, F). The lifetime of the synapsis was only weakly
dependent on the force at which the complex was ruptured,
changing by less than a factor of two for a nearly twenty-
fold increase in force, from 0.35 pN to 6 pN (Supplemen-
tary Tabe S2). These results establish Kuy, from B. subtilis
as a mediator of DNA end-joining and imply that the core
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Figure 1. The core structure of bacterial Ku forms short-lived synapsis of blunt DNA ends. (A) 3D model of the bacterial Kuy; homodimer, computed by
comparative modelling to the eukaryotic Ku70/80 heterodimer. The red regions highlight the protruding C-terminal arms, which are deleted in the Kucore
construct (downstream C-terminal tail of 35 residues predicted as disordered is not represented). (B) Schematic showing the molecular forceps experiment
where 1.5 kb (blue) dsDNA segments with blunt ends are joined through a 600 bp dsDNA ‘bridge’ segment (magenta) anchored 59 bases from each end.
The blue dsDNA segments are attached to a glass surface (black) and tethered to a magnetic bead (orange), respectively. When extended by a 1.4 pN force
(green arrow) by a magnet and in the absence of interacting proteins (1) the DNA construct will have a maximal extension of ~1 wm. (2) When the force is
lowered to the femtoNewton range the ends can meet (3) and for instance be held together by Ku. This can be seen when (4) the DNA extension does not
recover to 1 wm when the force is returned to its initial value: in this case the extension of the construct will be shorter by roughly 140 nm. (5) The construct
will return to its initial extension upon disruption of the synapse. (C) Representative time-trace obtained upon force modulation (red) in the presence of
Kuy,. Inset shows an expanded view of a rupture event of a single end-to-end synapsis. A/ corresponds to the change in DNA extension upon rupture,
and Zgynapsis the duration of the synaptic event. Events are indexed by coordinate pair (Al, Zynapsis). (D) Lifetime distribution for end-specific events is fit
to a single-exponential distribution (red), yielding a lifetime of 1.6 + 0.3 s (SEM, n = 51). End-specific events are identified (inset) as having a Al value
within three standard deviations of the mean expected amplitude change given bridge mechanics (Gaussian fit in red, <A/> = 140 + 12 nm, SD, n = 99).
(E, F), As for C and D but for Kucore. The mean lifetime is derived from a single-exponential fit giving a value of 2.1 £ 0.2 s (SEM, n = 212). Gaussian fit

parameters for amplitude distribution are <A/> = 142 &+ 11 nm SD, n = 251).

of the homodimer sustains this function without the aid of
its C-terminal arms. This is in contrast to human Ku70/80
that cannot bridge DNA on its own (Supplementary Figure
S2, (35)).

To elucidate whether the capability of Ku to bridge DNA
is affected by the physical nature of the DNA ends, the same
experiment was repeated using DNA forceps with 4 nt com-
plementary overhangs on the 5’ end. In the absence of any
protein, no interactions were observed between the ends of
this construct (Supplementary Figure S3). For both Kuy
(Figure 2A) and Kugoe (Figure 2B) synaptic interactions
were readily observed, and we found that a majority of the
synapses formed for this construct could not be torn apart
at a stretching force of 1.4 pN within 1 h. We also per-
formed the same experiment for 4 nt non-complementary
overhangs, where we observed a synapsis life-time similar
to that of blunt ends (Supplementary Figure S4). These re-
sults suggest that Ku-mediated synapsis permits the pairing
of two complementary DNA ends and that the pairing, in
turn, stabilizes the synapsis. Human Ku70/80 did not gener-

ate specific synapsis on its own on the complementary over-
hangs (Supplementary Figure S5). To obtain a synaptic life-
time similar to bacterial Ku on blunt ends for human NHEJ
we had to combine DNA-PK and PAXX (Supplementary
Figure S6A-C, (8)). Interestingly, these human complexes
were insensitive to the nature of the DNA ends (Supplemen-
tary Figure S6D-F), in stark contrast to bacterial Ku.

The formation of synapsis in the presence of Ku was fur-
ther investigated using nanofluidic channels. Kuy, or Kugeye
was mixed with \-DNA (48.5 kb) with 12 nt complementary
S’-overhangs at a ratio of 100 homodimers per DNA end (33
nM Ku and 4 .M DNA bp). The samples were confined
in 100 x 150 nm? nanofluidic channels and visualized by
fluorescence microscopy. Importantly, since the DNA can
be stretched in nanochannels without any attached handles,
the DNA is extended simply due to the confinement, and
thereby intermolecular DNA complexes can be readily in-
vestigated (36). The presence of either Kuy; or Kugy signif-
icantly increased the fraction of A-DNA concatemers (Fig-
ure 2C), and circular \-DNA (see (27), Supplementary Fig-
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Figure 2. The core structure of Ku forms long-lived synapsis of sticky DNA ends. Representative time-trace of molecular forceps experiment where a
sticky-ended DNA construct with 4 nt complementary overhangs interacts with (A) Kuy and (B) Kucore. A highly stable synapsis forms, which is not
disrupted within 1 h of force-cycling at 1.4 pN. (C) Extension histogram of A-DNA (black, top, N = 407), \-DNA + Kuy, (blue, center, N = 1145) and
A-DNA + Kugore (red, bottom, N = 349) in 100 x 150 nm? nanofluidic channels. Upon addition of protein at a ratio of 100 homodimers per DNA end,
circularization and concatemerization of DNA is observed for both Ku variants. The peaks at ~4 pwm and ~7 pwm correspond to single circular and linear
N\-DNA molecules, respectively. Longer extensions (indicated by arrows) correspond to concatemers of A-DNA molecules. (D) Top: A schematic of the
nanofluidic chip design, where the vertically aligned nanochannels (100 x 150 nm?) span the two horizontal microchannels. The samples are loaded in the
circular reservoirs. Center: A schematic of four \-DNA molecules (green) joined together by Kuapes7 (red) confined in a nanochannel is shown together with
the fluorescence microscopy image of a corresponding DNA-protein complex. Bottom: A kymograph shows the positions of the fluorescent Kuapgq7 over
time. Horizontal and vertical scale-bars correspond to 5 wm and 5 s, respectively. (E) Representative fluorescence image of YOYO-1 labelled A-DNA (green)
bound with Kuapes7 (magenta) stretched on glass cover slips. Scale-bar corresponds to 10 pm. (F) Normalized histograms for the number of Kuapes7
protein dimers bound to A-DNA (4 wM) at a protein concentration of 33 nM (purple) and a 50 bp blunt-ended DNA substrate (10 nM) in the presence of
120 nM Kuarea7 (green). The histograms were constructed from the number of homodimers at different loci on DNA stretched on glass coverslips. The
total number of fluorophores on all bound dimers were counted using photobleaching steps analysis. The number of fluorophores was normalized by the
protein labeling efficiency (71%) to derive the number of protein dimers. The histogram corresponding to 50 bp DNA was fitted to a Gaussian mixture
model (solid green line), from which the total number of homodimers was estimated to be 2.13 & 1.21. Inset: a representative photobleaching curve (blue)
over 1000 frames along with step-detection and enumeration of the number of fluorophores (magenta) A total of 9 fluorophores are observed for this
particular A-DNA-Kuapgq7 complex.
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ure S7 and Supplementary methods) formed by intramolec-
ular hybridization of the overhangs. Furthermore, imaging
of fluorescently labeled Kuapgs; was used to confirm the
presence of the protein at the interface of the bridged DNA
molecules. The equally spaced ‘dots’ show that Kuapgs7 was
indeed present at the synapsis at an average distance of 6.8
wm, which correlates well with one N\-DNA molecule ex-
tended to ~40% of its contour length (Figure 2D, additional
examples in Supplementary Figure S8). The variation in
emission intensity from the dots suggests that the number of
protein units at each synapsis varies. We also observed dots
at the ends of the molecules, and these were of similar emis-
sion intensity as the internal dots, suggesting that the num-
ber of protein units bound were similar, whether at synapses
or at DNA ends. Concatemer formation was also observed
for Kuy,, when incubated with A-DNA, digested with Pcil
to generate 4 nt complementary overhangs (Supplementary
Figure S9). Hence, consistent with the single-molecule for-
ceps data, Ku promotes annealing of complementary DNA
ends.

To determine the number of proteins at each Ku locus
we turned to single-fluorophore bleaching experiments. Fig-
ure 2E, F show results for \-DNA incubated with 33 nM
Kuapes7. Taking into account the 71% labeling efficiency
and that each Kuapgs7 homodimer can accommodate two
labels, we observed that the number of Ku’s per locus varied
significantly. We observed some loci with two to three Ku
homodimers bound, while other loci were occupied by up
to 20 dimers. As a control, we used a 50 bp DNA substrate,
where we know that up to three Ku homodimers can bind
(see EMSA experiments below). 83% of all DNA-protein
complexes on the 50 bp substrate that were photobleached
were observed to be bound with an average number of ho-
modimers corresponding to 2.13 & 1.21. Importantly, these
results suggest that as few as two homodimers were enough
to form a stable synapsis. Results at a lower Ku concentra-
tion and for the blunt ended T7-DNA were similar to \-
DNA with Kuapgs7 at 33 nM (Supplementary Figure S10).

For blunt-ended T7-DNA (39.9 kb), no stable concate-
mers were observed in the nanofluidics experiments in the
presence of either of the Ku variants. This is in agree-
ment with the short-lived synapsis detected with the single-
molecule forceps and with previous studies using TEM (15).
However, for both Ku variants, we detected complexes in
the nanofluidic channels in which two T7-DNA molecules
were arranged with a region of overlap between their ends,
giving rise to a local increase in fluorescence emission from
the YOYO-1 labelled DNA at the center of the extended
DNA-protein complex (Supplementary Figure S11). Sim-
ilar overlapping complexes were occasionally also observed
for sticky-ended A-DNA-Ku complexes (not shown). This
may suggest interaction, independent of the protruding C-
terminal arms of Kuy, between the exterior of the Ku core
structure at the DNA ends and the sugar-phosphate back-
bone of the DNA.

The binding of multiple Ku homodimers to DNA is coopera-
tive

The results in Figure 2D-F suggest that the number of pro-
teins at each synapsis varies. To characterize this further, we

investigated the DNA binding of bacterial Kuy, and Kuge
to a blunt-ended 50 bp DNA substrate and a 50 bp substrate
with a 4 nt overhang using EMSA (Supplementary Figure
S12). The distinct ladder pattern indicates that complexes
of increasing sizes were formed. No notable difference was
observed for the different DNA substrates. For Kuy, it ap-
pears that up to three homodimers could be accommodated
on the 50 bp substrate DNA, which agrees with the photo-
bleaching experiments above. This suggests an approxima-
tive footprint of 15 bp, consistent with structural data for
human Ku (37). For Kugge, up to four homodimers could
be loaded onto the 50 bp DNA substrate, yielding a smaller
estimated footprint of approximately 11 bp. Most probably,
the 35-residue disordered extension at the C-terminal arms
in the Kuy, homodimer obstructs further loading of pro-
tein dimers onto the DNA molecule, either through repul-
sive forces or steric hindrance. From the EMSA gels it also
appears that the proportion of complexes with one bound
homodimer did not increase as rapidly as the proportion
of complexes with two bound homodimers. This suggests
that the Ku-homodimers thread on a single DNA molecule
in a cooperative manner, similar to the human Ku70/80
heterodimer (38). This is consistent with surface plasmon
resonance (SPR) measurements, where a single-binding-site
model was not adequate to describe the binding of Ku,,, and
Kucore to DNA. Instead, the obtained sensograms were fit-
ted to a multisite model, which yielded two apparent equi-
librium constants Kp; = 6.7 nM and Kp, = 9.4 pM for Kuy,
(x? = 4.83). The corresponding values for Kuo are 9.3 nM
and 330 pM, respectively (x> = 1.83, Supplementary Figure
S13). Hence, while the first binding affinity was similar, the
second was 30-fold stronger for Kuy, than for Kugye. The
SPR data also yielded the k,, and kg for the process, which
demonstrated that a large fraction of the difference between
the binding constants for the second Ku homodimer could
be explained by a ~20 times lower dissociation rate for Kuy
compared to Kugere (Supplementary Table S4). The decon-
volved curves representing the binding of each protein unit
to the DNA substrate displayed a typical 1:1 binding behav-
ior for the first interacting protein and a sigmoidal binding
pattern for the second protein, suggesting cooperative bind-
ing (Supplementary Figure SI3C, D). These results show
that the protruding C-terminal arms are not involved in the
stabilization of the first Ku homodimer onto the DNA end,
but that they are involved in the binding of the second pro-
tein unit to the DNA substrate.

LigD interacts strongly with the C-terminal arms of two Ku,y,
homodimers

After binding and bridging of the DSB by Ku, the next
step in the NHEJ process is the recruitment of LigD by
Ku. It has previously been reported that there is a weak
DNA-independent interaction between Kuy, and LigD and
no detectable interaction between Kuc, and LigD in so-
lution (15). We combined each Ku variant (0.2 wM) with
the 50 bp blunt-ended DNA substrate and titrated LigD
at concentrations ranging from 0 to 0.8 wM. The result-
ing products were separated by EMSA. For Kuy, (Figure
3A) three bands appeared, corresponding to one, two and
three Kuy homodimers loaded on the DNA substrate, re-
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Figure 3. The C-terminal arms of Ku are required for recruitment of LigD and full stabilization of the pre-ligation complex. EMSA gel of a 50 bp blunt-
ended DNA substrate incubated with 0.2 uM (A) Kuy, and (B) Kugore and an increasing concentration of LigD (0-0.8 uwM, 0.1 wM increments). The
arrows indicate the number of Ku homodimers loaded on the DNA substrate, (C) Time-trace of molecular forceps experiment (blue), where a blunt-ended
DNA substrate is used together with Kuy, (5 nM) and LigD (5 nM). End-to-end synapses were detected upon repeated force cycling (red). (D) Lifetime
distribution of the specific end-binding events is fit to a single-exponential, giving a mean lifetime of 18.5 + 1.2 s (SEM, n = 459). End-specific events are
identified (inset) as having a A/ value within three standard deviations of the mean expected amplitude change given bridge mechanics (Gaussian fit in red,
<Al> =138 + 15 nm, SD, n = 486). (E, F) as C and D but for Kugere, giving a mean synapsis lifetime of 5.1 & 0.4s (SEM, n = 270). End-specific events
are identified (inset) as having a Al value within 3 standard deviations of the mean expected amplitude change given bridge mechanics (Gaussian fit in red,
<Al> =126 £ 16 nm, SD, n = 305). (G) Ligation of a 1000 bp blunt-ended DNA substrate with a constant amount of LigD (0.1 w.M) and increasing
concentration of Kuy (0-1 wM, 0.2 uM increments). The grey area in the LigD bar indicates the absence of LigD in the corresponding sample, where
only Ku is added at a concentration of 1 uM.

spectively. As the LigD concentration increased, a super-
shift of the complex with two Kuy; homodimers was ob-
served. This unsmeared and shifted 2-Ku,,; band indicates
a stable association of LigD to the Kuy-bound DNA. A
super-shift was also observed for the complex with only one
Kuy: homodimer bound. The smeared nature and smaller
magnitude of this band indicate a transient association of
LigD, suggesting that the ligase prefers two Kuy¢ homod-
imers to stably ‘dock’ onto DNA. The size of the LigD-
bound 3-Kuy population was most probably too large to

enter the gel and was hence stuck in the wells, which ex-
plains the reduction of the 3-Kuy,; population at high LigD
concentrations. The fact that the 3-Ku,, band started to dis-
appear approximately at the same LigD concentration at
which the 2-Kuy, band started to shift, suggests that LigD
was attracted at approximately the same efficiency to the 3-
Kuy, population as the 2-Kuy, population. For Ku,. (Fig-
ure 3B) there is no detectable super-shift at increasing con-
centrations of LigD, manifesting the importance of the C-
terminal arms for recruiting LigD to Ku-bound DNA in B.
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subtilis. This is in contrast to the Pseudomonas LigD, which
is stimulated by Ku, truncated by up to 64 amino-acids at
the C-terminal (39). The presence of unresolved DNA in the
wells for Kuy,, but not for Kuge, further demonstrates the
ability of LigD to form large DNA—protein complexes when
interacting with Kuy,, in agreement with TEM imaging by
McGovern et al. (15).

We next returned to the single-molecule DNA forceps to
probe the dynamics of the synaptic complexes in presence
of both Ku and LigD. The time-traces for Kuy, (Figure 3C)
and Kucye (Figure 3E) in the presence of LigD show that
synapses were formed with life-times of 18.5 £+ 1.2 s (Fig-
ure 3D) and 5.1 £ 0.4 s (Figure 3F), respectively. LigD on
its own could not generate synapsis on DNA with blunt
ends (Supplementary Figure S14). The substantial increase
in synapsis life-time for Kuy, in the presence of LigD shows
that the ligase plays a central role in stabilizing the bridge
between two Ku-bound DNA molecules, at least for blunt
ends. The notable difference in synaptic stability observed
in this experiment for Kuy,, compared to Kugy,e further sup-
ports that the protruding C-terminal arms are important for
the recruitment of LigD to the Ku-bound DNA ends. At
the same time, the moderate increase in Kugoe synaptic life-
time when LigD was added indicates that LigD has other
weaker means of interacting with DNA-bound Ku than
only through the C-terminal arms. We furthermore note
that another metric can appear relevant here: the ‘synaptic
efficiency’ which reflects the percentage of traction cycles,
which resulted in a specific interaction event as defined by
having the correct amplitude in the extension-change signal.
It is a reflection of the equilibrium statistics of the system.
Although this metric is subject to caution as it can vary with
specific activity of a protein sample, it appears to increase
notably from ~5% in the presence of only Kuy to ~40%
in the presence of LigD (Supplementary Table S1). We also
note that the synaptic efficiency showed only a modest in-
crease to ~14% when LigD was combined with Kuy. It
should be noted that it is unlikely that these variations re-
flect changes in association rates of the complexes as the in-
creases in efficiency appear by and large to follow, and could
well be explained by, the increases in synaptic lifetime.

After establishing the importance of the C-terminal tail
for the interaction with Kuy,, we wanted to investigate
where on LigD the tail binds. The C-terminal arm of Kuy,
possesses a highly conserved surface patch, which could be
responsible for the Ku-LigD interaction. A closer covari-
ation analysis based on the ComplexContact server (23)
(Supplementary Figure S15) between Kuy and the poly-
merase domain of LigD revealed that a region of the C-
terminal helix of Kuy, (residues 260-265), absent in the
Kugore construct, constitutes some of the highest covaria-
tion signals with the Pol-domain of LigD (in the regions
spanning residues 526-531 and 547-551). The strength of
the signal was mild (between 0.3 and 0.4) corresponding to
~40% chance that the prediction was correct, which was
strengthened by biochemical evidence that the C-terminal
arms of Kuy,, and in particular the region between residues
256 and 277, are important for LigD recruitment (15). Fur-
ther support to this observation is the fact that the inter-
action between Ku and LigD has been shown to occur via
the POL domain of LigD, at least in mycobacteria (40).

This, along with the preferential loading of LigD onto DNA
bearing two Kuy, homodimers, suggests that one LigD pro-
tein may be responsible for bridging and ultimately ligating
two free DNA ends. The identification of this patch on LigD
is analogous to the Ku-binding motifs identified for several
human NHEJ partners (41).

The ligation activity is limited by the availability of Ku

When LigD is bound at the synapsis, the next step is the
actual ligation of the two DNA ends. It is known that the
NHEJ ligation activity is stimulated by the presence of Ku,
and the protruding C-terminal arms of Kuy, play a crucial
role in recruiting LigD to the repair site (15,42). However,
the ligation efficiency has been reported to stagnate at el-
evated concentrations of LigD, suggesting that higher con-
centrations of the ligase may pose an inhibitory effect on the
ligation process (15). To further examine this phenomenon,
a ligation assay was performed using 1000 bp blunt-ended
DNA, where Ku,, was titrated at concentrations ranging
from 0.2 to 1 wM monomers, while keeping the LigD con-
centration constant at 0.1 wM. The resulting ligation prod-
uct was separated on an agarose gel (Figure 3G). Upon in-
creasing the concentration of Kuy, longer concatemers were
formed by efficient ligation, while the ligation activity was
completely lost in the presence of Kugoe (Supplementary
Figure S16). This shows that the ligation activity is strictly
controlled by the availability of Kuy,. The lowest concentra-
tion of Kuy, in the titration series was set to 0.2 .M, roughly
corresponding to 11 homodimers per each 1000 bp DNA
molecule. Despite the excessive amounts of Kuy, relative
to the substrate DNA, an unligated portion of DNA was
observed, consistent with the proposition that Ku depletes
during the course of ligation and that multiple Ku dimers
bind to a single DNA molecule in a cooperative manner.

B. subtilis Ku threads onto DNA and remains immobile at the
junction of two ligated DNA molecules

The results from the EMSA showed that Ku acts stoichio-
metrically at the synapses, suggesting that the protein re-
mains bound after ligation is completed and is not recy-
cled. In order to study the fate of the protein after liga-
tion is completed, Kuapgs7 was used with LigD to cova-
lently join 10 000 bp blunt-ended DNA molecules. The
resulting ligated DNA molecules were stretched in 100 x
100 nm” nanofluidic channels and imaged using fluores-
cence microscopy up to 4 h after the ligation was com-
pleted (Figure 4A, additional examples in Supplementary
Figure S17). Upon completion of ligation, the fluorescent
Kuapes7 homodimer was bound statically to the DNA,
equally spaced with a distance corresponding to 1.6 pm,
in agreement with a 10 000 bp DNA stretched to approx-
imately 46% of its contour. The emission intensity profile
suggests that varying numbers of Kuares7 homodimers had
been threaded on the DNA ends prior to ligation and that
they remained bound at the ligation site after the ligation
had occurred. This agrees with the fact that Ku acts stoi-
chiometrically during the ligation (Figure 3G), suggesting
that another protein is at play for removing the Ku post-
ligation in vivo. To further confirm covalent attachment of
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Figure 4. Ku remains stably bound to DNA post ligation. (A) Schematic of 10 000 bp blunt-ended DNA fragments (green) ligated by LigD, where Kuapgs7
(red) is stably bound to the ends and junctions post ligation, together with the corresponding fluorescence microscopy image where the DNA—protein
complex has been stretched in a nanofluidic channel (100 x 100 nm?). The fluorescence intensity plot (black) displays variation in the emission from the
equally spaced Kuarpes7 (red), normalized to the highest emission intensity observed. The error bars correspond to the standard deviation. Horizontal and
vertical scale-bars correspond to 5 wm and 2 s, respectively. (B) Kymograph showing the emission from Kuapes7 (red) and YOYO-1 labelled DNA (green)
with time upon addition of Proteinase K in situ (top) in nanochannels with a dimension of 300 x 130 nm? that allow for active addition of protein solution
to the confined DNA-protein complex. The minimal level of photobleaching of Kuapes7 is displayed in the control kymograph (bottom). The histogram
reports the average relative reduction in fluorescence emission from Kuarpes7 after 2 min with or without Proteinase K (7 = 36 and n = 20, respectively).

Scale-bar corresponds to 5 pm.

the DNA ends, we exposed the nanoconfined DNA—protein
complex (Figure 4B) to Proteinase K in situ. This is possi-
ble in a nanofluidic device, where the solution surrounding
the nanoconfined DNA can be actively exchanged in real
time (26). The hypothesis was that if the DNA-ends were
ligated, the DNA concatemers would remain intact when
the proteins are digested and washed away. The rapid re-
duction of fluorescence emission from Kuapgs7 in combi-
nation with the stable emission from the DNA molecule,
which has a constant extension throughout the entire pro-
cedure (Supplementary Figure S18), demonstrates that Pro-
teinase K removed Kuarpgs7 (and most likely LigD) by diges-
tion, while leaving the ligated DNA intact. Complete deple-
tion of Kuppes7 fluorescence emission was observed within 2
min for all DNA-protein complexes subjected to Proteinase
K treatment (n = 36), whereas non-treated reference com-
plexes showed a reduction of only 28 + 14% in the same time
(n = 20), a reduction attributed to photobleaching of the
fluorophore.

DISCUSSION

Our work provides new functional and kinetic insights into
prokaryotic NHEJ, involving only the two proteins Ku and
LigD. We go through the bacterial NHEJ reaction step by
step and dissect the dynamics of the process using suit-
able single molecule techniques. Based on our findings, we
propose a model for the bacterial NHEJ process, where
Ku loads cooperatively onto DNA ends and forms DNA
bridges, in a manner that does not depend on the C-terminal
arms. The C-terminal arms of Ku,, are however very im-
portant for the recruitment of LigD onto DNA, that subse-
quently leads to a stabilization of the synapsis and efficient
ligation. The interaction between Ku and LigD corresponds
to the binding of NHEJ partners to Ku in the eukaryotic
system via the so-called Ku-binding motifs (41,43) and we
identified a potential patch for this interaction on LigD.

Interestingly, prokaryotic Ku cannot spontaneously release
from repaired DNA, indicating an as-yet-unidentified sig-
naling mechanism is at work in prokaryotes to actively re-
move this component from DNA. A similar mechanism has
been proposed also for the human system (44) where re-
moval of the protein from DNA after ligation was found to
be related to the polyubiquitylation of the K48 residue of
Ku80 (45). Furthermore, it has recently been proposed that
the recruitment of p97 ATPase and its co-factor Ufd1 will
cause extraction of the ring-shaped Ku70/80 heterodimer
from the DNA (44).

Our experiments are particularly powerful in determining
the kinetics and dynamics of synapsis formation, which is
of great importance, in particular in bacteria that duplicate
very fast. We conclude, for the first time, that Ku alone is
sufficient to generate a weak end-synapsis. Furthermore, we
observe that the simple bacterial NHEJ system is very sen-
sitive to the nature of the DNA ends. Although blunt-end
synapsis lasts for 2 seconds, synapsis of DNA ends with 4
nt complementary overhangs is extremely long-lived, in fact
too long-lived for us to measure in the molecular forceps as-
say. Base-pairing worth AG in free energy should increase
the lifetime of blunt DNA end-synapsis by a Boltzmann fac-
tor exp(AG/kgT). Thus, a 2 s mean synapsis lifetime would
be extended to 4 x 10* s by a 4 nt overhang contributing
to lower the free energy of the complex by AG ~10 kgT.
From this we conclude that in bacterial NHEJ the DNA
ends are allowed to come into sufficiently close contact as to
be able to anneal if complementary sequences are present.
As a result, in the bacterial NHEJ system there is little
mechanistic flexibility: if bacterial Ku finds complementary
DNA ends it will simply hold them together and enact lig-
ation without sampling other ends. Experiments with non-
complementary overhangs confirm that base-pairing is re-
quired to form the long-lived synapsis, but a synapsis with
a similar life-time as for blunt ends is formed also with 4 nt
non-complementary overhangs.
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Our experiments also highlight the interest in studying
simple prokaryotic systems to guide current and future
work on the more complex eukaryotic systems. In the hu-
man system the lifetime of DNA end-synapsis mediated by
DNA-PK and PAXX is essentially independent of whether
the DNA ends are blunt (~2 s) or complementary (~3 s).
This indicates that the human system has evolved to pre-
clude annealing of complementary DNA ends at its early
stages, allowing it to remain less deterministic as to which
ends will be ligated together. Our observations are consis-
tent with those from the Loparo laboratory (46) indicat-
ing that initial pairing in the human system as permitted
by the presence of DNA-PK and PAXX does not allow the
DNA ends to get as close to each other as when the down-
stream components XLF, XRCC4 and Lig IV are present.
This allows the human system to maintain extensive mech-
anistic flexibility, as would be expected given the numerous
roles of human NHEJ, ranging from repair of exogenous
DNA breaks to the endogenous breaks which are a funda-
mental aspect of V(D)J recombination and generation of
a diverse immune repertoire. Our experiments provide ad-
ditional evolutionary perspectives to guide future work on
NHE]J, from studying the yeast system, which again does
not possess DNA-PKcs, as well as ciliates which do possess
DNA-PKcs and use it to purge their micronuclear genome
of transposons.

In addition to reporting significant similarities and differ-
ences between prokaryotic and eukaryotic NHEJ, our study
also reveals important molecular details for future develop-
ment of antibiotics that target bacterial NHEJ. One option
would be a drug that acts on the interface between either
two Ku homodimers or between one Ku homodimer and
LigD, to inhibit repair of DSBs. A drug inhibiting NHEJ
could then, for example, be used together with a DNA dam-
aging drug to increase the efficiency of the latter. Such com-
bination therapies are possible future treatments against the
ever-increasing health concern of bacteria becoming resis-
tant to common antibiotics (3).

To conclude, we present the first single molecule study
of bacterial NHEJ, where we characterize the dynamics of
synapsis formation by bacterial Ku and discover that the
homodimeric protein is able of promoting hybridization of
short complementary overhangs. The synapsis is stabilized
by LigD and post-ligation Ku remains bound, suggesting
another system is available in vivo for removing Ku. This
system is yet to be identified.
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