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Single-molecule imaging of DNA organization and repair 

Abstract 

In this dissertation, I describe two applications of single-molecule fluorescence imaging 

for the study of protein-DNA interactions involved in chromosome segregation and DNA double-

strand break repair.  

Chromosome segregation in some bacteria requires the formation of centromere-like 

complexes by the ParB protein, which binds specifically to parS sites near the origin of replication 

and “spreads” over multiple kilobases of adjacent nonspecific DNA. The mechanism of this 

spreading is poorly understood. Using single-molecule fluorescence imaging of flow-stretched 

DNA molecules, we demonstrated that the bacterial centromere-associated protein Spo0J (ParB) 

is able to bridge different segments of DNA. We identified bridging-deficient mutants of Spo0J 

and showed that they were impaired for spreading in vivo. These results argue that DNA bridging 

is required for ParB spreading. 

Non-homologous end joining (NHEJ) is the major mechanism of DNA double-strand break 

repair in vertebrate cells. Though the components of the NHEJ pathway have been characterized 

genetically and biochemically, it has been unclear how these components cooperate to form a 

complex that holds together DNA ends for processing and ligation. We showed that an extract 

from the eggs of the frog Xenopus laevis joins DNA ends in a manner dependent on the major 

components of the NHEJ pathway. We developed single molecule fluorescence colocalization 

and Förster resonance energy transfer (FRET) assays for monitoring bridging of DNA ends during 

NHEJ in egg extract. Our results reveal two stages of end bridging: Ends are initially tethered, but 

not closely aligned, in a “long-range” complex requiring the Ku70/80 and DNA-PKcs proteins. 
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Transition to a “short-range” complex, in which the ends are held closely together, requires DNA-

PK catalytic activity as well as XLF and the LIG4:XRCC4 complex. Possible implications are 

discussed for the regulation of DNA end processing. 

As an extension of this work, we have used our bulk and single-molecule NHEJ assays to 

investigate the role of the XLF protein in end joining. In contrast to a popular model of XLF-XRCC4 

filament formation, preliminary evidence suggests that only a single XLF dimer binds to the NHEJ 

synaptic complex shortly prior to its transition to the short-range complex. Furthermore, analysis 

of synthetic XLF heterodimers indicates that interaction with XRCC4 on only one face of the XLF 

dimer is sufficient for end joining. Our results suggest that rather than forming filaments with 

XRCC4 to tether DNA ends, XLF instead plays a structural or allosteric role in the transition of the 

synaptic complex to a short-range state. 
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Chapter 1 : Introduction 
Overview 

Single-molecule fluorescence imaging lets us study the mechanisms of life by watching 

the activity of individual molecular machines. In this dissertation, I describe how I have used 

single-molecule imaging to study protein-DNA interactions involved in two biological processes, 

bacterial chromosome segregation and DNA double-strand break repair, that each require 

bridging of different segments of DNA by protein complexes. 

In this chapter, I provide a brief introduction to bacterial chromosome segregation, double-

strand break repair by non-homologous end joining, and the use of single-molecule methods for 

studying protein-DNA interactions. 

In Chapter 2, I describe how I used DNA flow-stretching experiments to examine how the 

bacterial centromere-associated protein Spo0J (ParB) interacts with DNA over long distances. 

These experiments revealed a DNA-bridging activity of Spo0J that could be disrupted by 

mutations in the highly conserved ParB Box II motif. Analysis of these bridging-deficient Spo0J 

mutants in vivo supports a role for DNA bridging in Spo0J complex formation on the bacterial 

chromosome.  

In Chapter 3, I describe how single-molecule Förster resonance energy transfer (smFRET) 

experiments allowed us to examine how DNA ends are brought together during repair of DNA 

double-strand breaks by non-homologous end joining (NHEJ). Results from these experiments 

reveal that the end joining machinery brings DNA ends together in two distinct stages that require 

different sets of NHEJ factors. This work provides the first detailed mechanism of DNA bridging 

during physiological end joining repair. It also suggests a means by which cells may regulate 

processing of DNA ends during NHEJ to increase the fidelity of repair. 
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In Chapter 4, I present preliminary data regarding the role of the NHEJ factor XLF in end 

joining. These results suggest that XLF-XRCC4 interaction, but not XLF-XRCC4 filament 

formation, is required for short-range synapsis of DNA ends and end joining in our extract system. 

In Chapter 5, I discuss overall conclusions from this work and suggest possible future 

directions. 

 

Bacterial chromosome segregation 

During cell division, cells must segregate newly replicated DNA to nascent daughter cells. 

This process is accomplished in eukaryotic cells by the mitotic spindle, a large molecular machine 

that harnesses the force generated by microtubule dynamics and motor proteins to translocate 

daughter chromosomes to opposite ends of the cell. It is in general less clear in bacteria how 

newly replicated plasmids and chromosomes are segregated to daughter cells. 

Several genetic modules known as partitioning (par) systems have been identified as 

being important for plasmid partitioning or chromosome segregation. Reminiscent of eukaryotic 

chromosome segregation, type II (parRMC) and type III (tubZRC) partitioning systems rely on 

filaments composed of the actin homolog ParM or tubulin homolog TubZ to segregate plasmids 

to the ends of a dividing cell (Fink and Löwe, 2015; Garner et al., 2004, 2007; Larsen et al., 2007). 

By contrast, type I (parABS) partitioning systems lack a component homologous to eukaryotic 

cytoskeletal proteins. 

The parABS system plays a role both in plasmid partitioning and in the segregation of 

chromosomes, and was found to be present in a majority of sequenced bacterial genomes (Livny 

et al., 2007). ParB is a DNA binding protein that recognizes parS sequences that are typically 

present in multiple copies on the plasmid or chromosome. ParA is a variant Walker-type ATPase 

that binds ParB and DNA. Early experiments suggested that ParA might form a filamentous 
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"spindle" that pulls plasmids or chromosomes to opposite ends of the cell (Ebersbach and Gerdes, 

2004; Ebersbach et al., 2006; Lim et al., 2005; Ptacin et al., 2010).  However, more recent work 

has supported an alternative "burnt-bridge Brownian ratchet" mechanism in which 1) ATP-bound 

ParA associates nonspecifically with DNA, 2) ParB stimulates hydrolysis of ATP by ParA, 3) this 

triggers the dissociation of ParA from DNA, and 4) the randomly diffusing ParB-DNA complex 

associates with another patch of ParA-bound DNA further along (Hwang et al., 2013; Lim et al., 

2014; Vecchiarelli et al., 2012, 2013, 2014). In this way, a ParB-DNA complex is proposed to 

chase a receding wave of ParA-bound DNA through rectified diffusive motion. Such a mechanism 

is supported by live imaging of ParA and ParB in cells and in vitro (Hwang et al., 2013; Lim et al., 

2014; Ringgaard et al., 2009; Vecchiarelli et al., 2013, 2014). 

ParB proteins have the unusual property that they not only bind specific parS sites but 

also to adjacent nonspecific DNA, a phenomenon known as "spreading". This was initially inferred 

from the ability of P1 and F plasmid ParB proteins to repress reporter genes several kilobases 

away from their cognate parS sites (Lynch and Wang, 1995; Rodionov et al., 1999). The degree 

and spatial extent of repression in these experiments depended on the level of ParB expression. 

Chromatin immunoprecipitation (ChIP) experiments subsequently showed that ParB can be 

crosslinked to DNA extending up to several kilobases on either side of parS (Rodionov et al., 

1999). Spreading of plasmid ParB proteins can be disrupted by "roadblocks" composed of arrays 

of binding sites for another DNA binding protein, which suggested a model in which spreading 

occurs by formation of a nucleoprotein filament that extends one-dimensionally along DNA 

(Rodionov and Yarmolinsky, 2004). 

Unlike plasmid parS sites, which are typically clustered in arrays, chromosomal parS sites 

are distributed over broad regions of the chromosome near the origin of replication (Livny et al., 

2007). Chromosomal ParB proteins are also phylogenetically distinct from plasmid ParB proteins. 

However, chromosomal ParB proteins likewise exhibit spreading. ChIP experiments of the 
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Bacillus subtilis ParB homolog Spo0J showed that it can be crosslinked to DNA over multi-

kilobase domains surrounding each parS site (Breier and Grossman, 2007; Murray et al., 2006). 

One study reported that spreading of Spo0J could be disrupted in one direction by "roadblock" 

proteins, similar to plasmid ParB proteins (Murray et al., 2006). However, in contrast to spreading 

of plasmid ParB proteins, spreading of B. subtilis Spo0J does not appear to repress genes 

adjacent to parS sites (Breier and Grossman, 2007). Deletion of the 8 parS sites closest to the 

origin eliminates Spo0J complex formation in B. subtilis and seriously disrupts chromosome 

organization and segregation (Sullivan et al., 2009). Re-introduction of a single origin-proximal 

parS site in the ∆8 parS strain partially restored Spo0J complex formation and partially rescued 

chromosome organization and segregation defects (Sullivan et al., 2009). Spreading deficient 

mutants of Spo0J, most notably the spo0J93 mutant, disrupt chromosome organization and 

segregation, suggesting that spreading is essential for the function of the protein (Sullivan et al., 

2009). 

The exact function of ParB complexes on the bacterial chromosome is still unclear, but 

one important role appears to be facilitating the loading of the structural maintenance of 

chromosomes (SMC) condensin complex at the origin region. Deletion of parS sites in B. subtilis 

or deletion of the spo0J gene disrupted formation of SMC complexes at the origin. SMC complex 

formation was likewise disrupted in the spreading-deficient spo0J93 mutant strain, arguing that 

spreading of Spo0J is essential for SMC loading (Gruber and Errington, 2009; Sullivan et al., 

2009). 

It has remained unclear how ParB/Spo0J binding at parS sites nucleates the formation of 

large complexes that associate with multiple kilobases of flanking DNA. A model of one-

dimensional filament formation would explain disruption of spreading by site-specific DNA binding 

protein "roadblocks" (Murray et al., 2006). However, it would seem odd that such filaments do not 

repress that parS-proximal genes within the region of chromosomal ParB spreading (Breier and 
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Grossman, 2007). In Chapter 2, I present evidence that chromosomal ParB proteins have the 

ability to bridge different segments of DNA and that this three-dimensional bridging activity, not 

just one-dimensional filament formation, is required for spreading. 

 

DNA double-strand break repair by non-homologous end joining 

Chromosome segregation is only one aspect of genome maintenance. In addition, 

organisms must repair frequent chemical damage to DNA. The presence of a two copies of the 

same information in double-stranded DNA facilitates the repair of chemical lesions restricted to 

one of the two strands. A more serious problem arises, however, if both DNA strands are 

damaged, as is the case for DNA interstrand cross-links and DNA double-strand breaks.  

Double-strand breaks can arise in various ways: 1) The interaction of ionizing radiation 

with water generates free radicals that can react with the DNA backbone, resulting in bond 

cleavage and strand breaks (Lomax et al., 2002; Schulte-Frohlinde, 1986). A double-strand break 

arises from single-strand breaks that occur close together on opposite sides of the duplex. 2) 

Collision of a replication fork with a nick or other discontinuity in the DNA leads to fork collapse 

and generation of a DSB (Kuzminov, 2001). Replication forks that are arrested in other ways, for 

instance by protein roadblocks or dNTP starvation, can collapse or be nucleolytically cleaved to 

produce one-ended DSBs (Petermann et al., 2010; Schlacher et al., 2011; Willis et al., 2014). 3) 

Type II topoisomerases transiently cleave both strands of DNA during their catalytic cycle. Failure 

of a Topo II enzyme to complete its catalytic cycle—for instance if poisoned by a drug like 

etoposide—results in the formation of a DSB (Chen et al., 1984; Glisson et al., 1984; Minocha 

and Long, 1984; Ross et al., 1984). 4) Nucleotide-excision, base-excision, and mismatch repair 

produce incisions in one strand of the DNA. This can lead to the formation of DSBs if repair is 

simultaneously attempted of two closely spaced lesions on opposite strands (Blaisdell and 
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Wallace, 2001). 5) Double-strand breaks can arise from mechanical stress, for instance when a 

dicentric chromosome is pulled apart by the mitotic spindle during anaphase (Murnane, 2006). 

Double-strand break repair pathways can be divided into two general classes: Homology 

directed repair (HDR) uses a homologous sequence of DNA as a template to guide repair, while 

end joining (EJ) directly ligates broken ends without a requirement for extensive sequence 

homology. In this work, I focus on repair of DNA ends by the "classical" non-homologous end 

joining (cNHEJ) pathway, which I will subsequently refer to simply as NHEJ. 

In NHEJ, DNA ends are initially encircled by a ring-shaped heterodimer composed of the 

Ku70 and Ku80 proteins, which binds with high affinity to blunt ends or ends with short single-

stranded overhangs (Dynan and Yoo, 1998; Walker et al., 2001). The Ku complex recruits the 

large DNA-dependent protein kinase catalytic subunit (DNA-PKcs) to form the DNA-PK 

holoenzyme (Carter et al., 1990; Dvir et al., 1992, 1993; Gottlieb and Jackson, 1993; Lees-Miller 

et al., 1990). NHEJ is impaired in the presence of small-molecule inhibitors or catalytically 

deficient mutants of DNA-PKcs, indicating that the catalytic activity of DNA-PK plays an important 

role in NHEJ (Dobbs et al., 2010; Jette and Lees-Miller, 2015; Jiang et al., 2015). DNA-PKcs 

phosphorylates a number of NHEJ proteins (Chan et al., 1999; Douglas et al., 2005; Lee et al., 

2004; Wang et al., 2004; Yu et al., 2003), however the only phosphorylation event shown to be 

crucial is autophosphorylation (Chan et al., 2002; Ding et al., 2003; Dobbs et al., 2010; Meek et 

al., 2007; Neal et al., 2014; Reddy et al., 2004). Autophosphorylation of DNA-PKcs appears to 

cause conformational changes in the complex, which may affect the accessibility of bound DNA 

ends to DNA ligase or processing enzymes (Block et al., 2004; Cui et al., 2005; Reddy et al., 

2004), and ultimately lead to DNA-PK dissociation from DNA ends (Chan and Lees-Miller, 1996). 

DNA is ligated in classical end joining by LIG4, which resides in a tight complex with its 

cofactor XRCC4, which is required for LIG4 protein stability in cells (Bryans et al., 1999). Two 

XRCC4 homologs, XRCC4-like factor (XLF) and paralog of XRCC4 and XLF (PAXX) have also 



7 
 

been implicated in non-homologous end joining, although their exact role remains unclear (see 

Chapter 4). 

Despite the fact that these core components of the NHEJ machinery have been 

characterized in detail biochemically, it has remained unclear exactly how they assemble into a 

complex that bridges DNA ends. In Chapter 3, I describe a new single-molecule approach for 

studying non-homologous end joining in a cell free extract from the eggs of the frog Xenopus 

laevis. This new approach has allowed us to monitor the formation of two distinct bridging 

intermediates prior to the ligation of DNA ends, and we have used immunodepletion experiments 

to determine which components are required at each stage of the reaction. In Chapter 4, I describe 

preliminary, unpublished work using this system to study the role of the XLF-XRCC4 interaction 

in end joining. 

 

Single-molecule fluorescence imaging of protein-DNA interactions 

Scientific advances often arise from the development of new methods of observation that 

reveal features of a phenomenon at a higher level of spatial or temporal resolution. Single-

molecule methods have made it possible to monitor properties of biochemical reactions that are 

not directly accessible in bulk measurements. Here, I provide a brief introduction to single-

molecule fluorescence imaging and describe a few relevant examples of how it has been used to 

study protein-nucleic acid interactions. 

 

Requirements for single-molecule fluorescence imaging 

Single molecule fluorescence imaging requires solving several technical problems: 1) 

detecting the tiny amount of light emitted by a single fluorophore, 2) reducing background signal 

from light scattering and fluorescence of molecules in bulk solution, and 3) labeling molecules of 
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interest in a specific and non-perturbative way. The first problem has been solved by the 

development of sensitive photomultiplier tubes and electron-multiplying charged coupled devices. 

The second problem may be solved by restricting the illumination/detection region using total 

internal reflection fluorescence (TIRF), confocal illumination/detection, two-photon excitation, or 

zero-mode waveguides (Axelrod, 1981; Eid et al., 2009). Additionally, stochastic or spatially 

restricted photoswitching can permit the observation of single molecules even when the total 

fluorophore concentration is high (Betzig et al., 2006; Loveland et al., 2012; Rust et al., 2006). 

The development of high quality filters has also helped to reduce background signal from 

scattering of laser light sources. Specific labeling of proteins has been facilitated by the 

development of small genetically encoded peptide tags to which fluorophores can be covalently 

attached by enzymes like sortase and SFP synthase (Popp et al., 2007; Yin et al., 2005), as well 

as larger enzymatic tags like Halo, CLIP, SNAP, and DHFR that react with fluorophore-conjugated 

suicide inactivators (Gautier et al., 2008; Keppler et al., 2003; Los and Wood, 2007; Miller et al., 

2005). 

 

Single-molecule observations on flow-stretched DNA 

Long molecules of DNA (tens of kb) are relatively easy to visualize, as they are longer 

than the diffraction limit for optical imaging and can be labeled with many fluorophores per 

molecule. In particular, a number of groups have studied the action of proteins on long DNA 

molecules tethered at one end and extended by buffer flow. The 48.5 kb bacteriophage lambda 

genomic DNA is a favorite for this purpose, as it has naturally occurring 12 nt overhangs that can 

be annealed to biotinylated oligonucleotides for attachment to streptavidin-coated surfaces. Using 

bacteriophage lambda DNA attached to optically trapped beads, Kowalczykowski and colleagues 

have monitored the translocation along DNA of the RecBCD and Rad54 helicases and visualized 

the assembly of filaments by the RecA and Rad51 recombinases (Bianco et al., 2007; Galletto et 
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al., 2006; Hilario et al., 2009). Xie and colleagues used TIRF microscopy to observe the action of 

lambda exonuclease and the diffusion of a DNA glycosylase on flow-stretched lambda DNA 

attached to the surface of a coverslip (Blainey et al., 2006; van Oijen et al., 2003). Subsequent 

work from the van Oijen group monitored dynamics of bacterial and bacteriophage replisomes on 

flow-stretched DNA (Loparo et al., 2011; Tanner et al., 2008). Greene and Mizuuchi imaged the 

assembly of filaments of the transposition target complex protein MuB (Greene and Mizuuchi, 

2002). The Greene lab later went on to develop a “DNA curtain” approach for aligning many DNAs 

in a row, permitting higher-throughput measurements of protein-DNA interactions on flow-

stretched DNA (Granéli et al., 2006). 

 

Single-molecule fluorescence studies of plasmid partitioning systems 

Plasmid partitioning by the ParMRC system is driven by a “minimalist mitotic spindle” 

consisting of a centromeric complex made of ParR bound to parC sequences on DNA and 

filaments of the actin homolog ParM (Garner et al., 2004). This system was reconstituted in 

experiments by Ethan Garner and colleagues (Garner et al., 2004, 2007). Fluorescence imaging 

of labeled ParM revealed bidirectional assembly of filaments that underwent dynamic instability, 

similar to eukaryotic tubulin. Binding to beads coated with parC DNA and ParR stabilized these 

filaments and caused them to assemble into spindle-like structures whose continued elongation 

drove bead separation. More recently, partitioning by the TubZRC system has been investigated 

by single-molecule imaging. Filaments formed by the tubulin-like TubZ protein were found to 

exhibit treadmilling and dynamic instability, similar to eukaryotic microtubules (Fink and Löwe, 

2015). TubR-bound tubC DNA molecules could nucleate and bind to the end of these filaments 

and were dragged along processively by filament depolymerization, suggesting a model in which 

TubZ filaments pull, rather than push plasmid cargoes to the ends of a cell. 
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Reconstitution experiments from Kiyoshi Mizuuchi’s lab have lent support to a burnt bridge 

Brownian ratchet model of partitioning by plasmid ParABS systems. A “carpet” of DNA on a glass 

coverslip was coated with the F plasmid ParA homolog SopA fused to green fluorescent protein 

(GFP) (Vecchiarelli et al., 2014). Magnetic beads bound with sopC (parS) DNA and SopB (ParB) 

were introduced into the flowcell and confined to the surface with an external magnetic field. 

Interaction of beads with SopA-GFP-coated DNA on the surface caused SopA-GFP dissociation, 

producing a SopA-depleted region. Following local SopA depletion, beads remarkably began to 

undergo directed motion, binding the next segment of SopA-DNA carpet while simultaneously 

catalyzing dissociation of SopA from DNA—metaphorically burning a SopA bridge while walking 

across it. Experiments with single parS-containing plasmids showed binding to a ParA-parS DNA 

carpet and local depletion of ParA (Hwang et al., 2013). Though plasmids did not undergo 

extensive directed motion, this may reflect the fact that unlike the beads used in the previously 

described study, the plasmids were not confined near the surface and could easily dissociate from 

the carpet and diffuse away. 

 

Single-molecule FRET imaging 

Förster resonance energy transfer (FRET) refers to the transfer of energy from a molecule 

in an electronically excited state (donor) to another nearby molecule (acceptor). FRET efficiency 

is defined as the fraction of the time that the energy of the excited donor is transferred to the 

acceptor. FRET efficiency depends on the overlap between the emission spectrum of the donor 

and the excitation spectrum of the acceptor, the relative orientation of the donor and acceptor 

transition dipoles, and the distance between donor and acceptor. Neglecting the orientation-

dependence of FRET (which is justified, for instance, if the dyes are on flexible linkers and 

undergo rapid orientational averaging), the FRET efficiency E scales with the donor-acceptor 

separation R, according to 
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𝐸 = 1
1+(𝑅 𝑅0⁄ )6

, 

Where R0 is a dye pair-dependent parameter known as the Förster radius. The Cy3-Cy5 

pair, which is often used for single-molecule experiments (including in this work), has an R0 of 

~56 Å. Because of its distance dependence, FRET efficiency can be used as a sensitive ruler for 

measuring molecular-scale distances. Measurement of FRET between single pairs of molecules 

(spFRET or smFRET) was pioneered by Taekjip Ha, Shimon Weiss, and colleagues, who applied 

it to the study of conformational transitions in biomolecules (Ha et al., 1996, 1999). Wide field 

smFRET imaging with alternating laser excitation (ALEX) allows the extended observation of 

individual substrates over time, while permitting the stoichiometry of both donor and acceptor 

dyes to be monitored, which allows acceptor photobleaching to be distinguished from loss of 

FRET (Kapanidis et al., 2005). 

 

Single-molecule fluorescence imaging in cell-free extract 

While most single-molecule biochemical experiments have used reconstituted mixtures of 

purified proteins and DNA, many important biochemical processes cannot at present be 

reconstituted from purified components. Consequently, a number of studies have imaged single 

molecules in the more complex environment of cell-free extracts. Gelles, Moore, and colleagues 

visualized the splicing of labeled pre-mRNA substrates in an S. cerevisiae extract (Crawford et 

al., 2008; Hoskins et al., 2011). Using multicolor imaging, they were able to monitor with high time 

resolution the binding of different subcomplexes, which allowed them to delineate assembly 

pathways and identify reversible and irreversible steps in the process (Crawford et al., 2008; 

Hoskins et al., 2011, 2016; Shcherbakova et al., 2013). Combining colocalization imaging with 

single-molecule FRET further allowed changes in RNA conformation to be correlated with 

spliceosome assembly (Crawford et al., 2013). Taekjip Ha and colleagues combined single-
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molecule imaging with immunoprecipitation of native protein complexes from cell extracts, 

permitting the determination of their composition and stoichiometry (Husbands et al., 2016; Jain 

et al., 2011). Johannes Walter, Antoine van Oijen, and colleagues studied DNA replication on 

single molecules in Xenopus egg extracts and in a cell-free SV40/Hela cell nuclear extract system. 

These experiments demonstrated that sister replisomes can uncouple during replication, that the 

replicative helicase travels on the leading strand template, and that the SV40 large T antigen has 

a remarkable ability to bypass bulky adducts on template DNA (Fu et al., 2011; Lebofsky et al., 

2011; Loveland et al., 2012; Yardimci et al., 2010, 2012a, 2012b). Taken together, these studies 

demonstrate the power of using single-molecule detection in the naturalistic context of cell 

extracts, which combine the accessibility for imaging and biochemical manipulation of an in vitro 

system with the biochemical complexity of the cell. 
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Chapter 2 : ParB Spreading Requires DNA 
bridging 

 

The following chapter is adapted, mostly verbatim, from this paper: 

Graham, T.G.W.*, Wang, X.*, Song, D., Etson, C.M., van Oijen, A.M., Rudner, D.Z., and 

Loparo, J.J. (2014). ParB spreading requires DNA bridging. Genes Dev. 28, 1228–1238. 

*Co-first author 

This material is reprinted under a Creative Commons License. 

My contributions to this work were:  

1. Developing the single-molecule DNA motion capture assay with quantum dot labels used to 

characterize DNA compaction by Spo0J 

2. Testing the effect of different Spo0J mutants on DNA compaction 

3. Performing gel shift experiments to look at Spo0J binding to parS sites 

4. Developing a scheme to fluorescently label Spo0J protein and monitoring binding of labeled 

mutant and wild-type Spo0J to DNA  

5. Writing the manuscript 

Summary 

The parABS system is a widely employed mechanism for plasmid partitioning and 

chromosome segregation in bacteria. ParB binds to parS sites on plasmids and chromosomes 

and associates with broad regions of adjacent DNA, a phenomenon known as spreading. 

Although essential for ParB function, the mechanism of spreading remains poorly understood. 

Using single-molecule approaches, we discovered that Bacillus subtilis ParB (Spo0J) is able to 

trap DNA loops. Point mutants in Spo0J that disrupt DNA bridging are defective in spreading and 
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recruitment of SMC condensin complexes in vivo.  DNA bridging helps to explain how a limited 

number of Spo0J molecules per parS site (~20) can spread over many kilobases, and it suggests 

a mechanism by which ParB proteins could facilitate the loading of SMC complexes.  We show 

that DNA bridging is a property of diverse ParB homologs, suggesting broad evolutionary 

conservation. 

 

Introduction 

Proper chromosome organization is essential for accurate DNA segregation in all 

organisms. In bacteria, nucleoid-associated protein complexes play a critical role in this process, 

yet the molecular mechanisms by which they facilitate chromosome segregation remain unclear 

(Wang et al., 2013). The parABS system promotes accurate chromosome segregation and 

plasmid partitioning across a wide range of bacterial species (Surtees and Funnell, 2003). This 

partitioning module is composed of three components: a variant Walker-type ATPase called ParA, 

a DNA binding protein called ParB, and a cis-acting DNA element called parS to which ParB binds 

with high affinity.  

Plasmid ParB-parS complexes serve as centromere-like elements that ParA segregates 

by a mechanism that remains incompletely understood (Vecchiarelli et al., 2012). Chromosomal 

parABS systems likely function in a similar way, although instead of segregating entire 

chromosomes, they reposition the origin region where the parS sequences reside. In certain 

species, such as Caulobacter crescentus, the parA and parB genes are essential (Mohl et al., 

2001), while in others their loss-of-function phenotype is milder. In Bacillus subtilis, deletion of the 

parB  gene (called spo0J)  results in a modest chromosome segregation defect (~1% anucleate 

cells), while deletion of parA (called soj) weakly affects origin positioning (Lee and Grossman, 

2006). Further complicating genetic analysis, chromosomal ParA and ParB have additional 
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species-specific functions, including regulation of replication initiation, growth, and motility 

(Bartosik et al., 2009; Ireton et al., 1994; Scholefield et al., 2011).  

Essential to the function of ParB proteins is their unusual ability to associate with 

nonspecific DNA adjacent to parS sites, a phenomenon called spreading. This property was 

inferred from the ability of overexpressed F plasmid SopB (ParB) to silence genes adjacent to 

sopC (parS) sites (Lynch and Wang, 1995) and later directly demonstrated by chromatin 

immunoprecipitation (ChIP) experiments with ParB from P1 plasmid (Rodionov et al., 1999). A 

DNA binding protein “roadblock” inserted on one side of the P1 plasmid parS site attenuated ParB 

spreading unidirectionally (Rodionov et al., 1999).  Other plasmid ParB proteins, including KorB 

from plasmid RK2, can also exhibit spreading and reduce expression of neighboring genes 

(Bingle et al., 2005; Chiu et al., 2008). These observations led to the proposal that ParB nucleates 

on parS sites and polymerizes to form long filaments on DNA (Bingle et al., 2005; Murray et al., 

2006; Rodionov et al., 1999).  

Spreading is also a property of chromosomally encoded ParB proteins (Breier and 

Grossman, 2007; Murray et al., 2006). There are typically several parS sites clustered near the 

origin of replication (Livny et al., 2007), and ParB is thought to form centromere-like complexes 

at these sites that are acted upon by ParA to promote segregation of the origin. In B. subtilis, 

ChIP-chip experiments have shown that ParB (Spo0J) associates with 10-20 kb of non-specific 

DNA flanking each of its 8 parS sites. Roadblock experiments with Spo0J suggest that the 

formation of one-dimensional filaments is required for spreading, although Spo0J does not silence 

genes adjacent to parS sites (Breier and Grossman, 2007; Murray et al., 2006). Fluorescent 

protein fusions to chromosomal ParBs form compact foci that co-localize with origins, suggesting 

that ParB may also gather the origin proximal parS sites into a single complex (Glaser et al., 1997; 

Kusiak et al., 2011; Lin et al., 1997; Shebelut et al., 2010; Sullivan et al., 2009).  In line with its 

proposed role as an organizer of the origin-proximal region, ParB is required to recruit the 
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structural maintenance of chromosomes (SMC) condensin complex adjacent to the origin in B. 

subtilis and Streptococcus pneumoniae (Gruber and Errington, 2009; Minnen et al., 2011; Sullivan 

et al., 2009). Bacterial SMC is thought to constrain the chromosome by bridging different 

segments of DNA (Hirano, 2006). Spreading by ParB is necessary for SMC enrichment at parS 

sites, but the mechanism by which ParB recruits SMC is not known (Sullivan et al., 2009). 

Here we have used a combination of in vitro single-molecule experiments and in vivo 

imaging to investigate the molecular basis of spreading. We report a novel DNA bridging activity 

for B. subtilis Spo0J and identify point mutants that are defective in both DNA bridging in vitro and 

spreading in vivo. Quantitative analysis of Spo0J stoichiometry at parS sites in vivo supports a 

role for long-range DNA bridging in complex assembly. Finally, the ability to bridge DNA is found 

to be conserved among chromosomal and plasmid-encoded ParB proteins from several different 

bacterial species. Our data are consistent with a model in which cooperative DNA bridging and 

nearest-neighbor interactions allow a modest number of ParB dimers (~20) to form a 

nucleoprotein complex spanning thousands of base pairs. The formation of long-distance DNA 

loops may help condense the origin-proximal region of the chromosome and facilitate SMC 

loading. 
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Results 

Spo0J cannot spread by filament formation alone 

It was previously proposed that ParB spreads by forming continuous nucleoprotein 

filaments that span thousands of base pairs (Bingle et al., 2005; Murray et al., 2006; Rodionov et 

al., 1999). Given that Spo0J occupies 10-20 kb of DNA flanking each parS site and has a footprint 

of ~30 bp, this would imply that there are at least several hundred Spo0J molecules per parS site 

(Murray et al., 2006). To determine the number of Spo0J molecules per cell, we performed 

quantitative immunoblots using anti-Spo0J antibodies and purified Spo0J protein as a standard 

(Figure 2-1a). Our analysis revealed that there are ~1400 Spo0J molecules (700 dimers) per 

colony forming unit (cfu). Because B. subtilis normally forms long chains, we used a strain that 

was engineered to express the cell separase LytF under inducible control (Chen et al., 2009). 

Under these conditions, the majority of cells were singlets and doublets with an average of 1.6 

cells per cfu (n = 1542) (Figure 2-1b and Table 2.1). To determine the number of origins per cell, 

we used a matched control strain that expressed TetR-CFP and harbored an array of tetO 

operators adjacent to the origin (at -7˚) (Figure 2-1b). Under the growth conditions used for the 

quantitative immunoblot, there were, on average, 3.1 origins per cell (n = 2530) (Table 2.1). These 

results indicate that on average, each cell contained 440 Spo0J dimers and 24 parS sites.  
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Figure 2-1 Copy number of Spo0J in B. subtilis 

(Data from Xindan Wang) Measurement of the number of Spo0J dimers per parS site. (a) 
Quantitative immunoblot to determine the intracellular concentration of Spo0J. Serial dilutions of a B. subtilis 
lysate and purified Spo0J were separated by SDS-PAGE and probed with anti-Spo0J antisera. Samples 
were diluted with a ∆spo0J lysate such that all lanes had the same amount of whole cell lysate (see 
Methods). A cross-reacting protein in the lysate (asterisk) serves as a loading control. To accurately assess 
the number of colony-forming units (CFU) in the culture used to generate the lysate, the strain expressed 
the cell separase LytF. Under these conditions, cells were predominantly singlets and doublets (see Table 
2.1), rather than septated chains. (b) Analysis of number of origins per cell. Representative micrograph of 
matched control cells grown under the same conditions used for the quantitative immunoblot. In addition to 
expressing the cell separase LytF, these cells expressed cytoplasmic mCherry (grayscale) to define cell 
outlines and contained an origin-proximal tetO48 array labeled with TetR-CFP (green) for counting origins 
(see Table 2.1). Scale bar is 2 μm. (c) Localization of GFP-Spo0J and replication origins in strains 
containing 8 (wild-type), 4, 2, or 0 parS sites. Left panel, GFP-Spo0J; middle panel, replication origins 
marked with tetO48 and TetR-mCherry; right panel, overlay of GFP-Spo0J (green), origins (red) and phase 
contrast (blue). Fluorescence intensity for each channel was adjusted to the same scale for all strains. 
Scale bar is 2 μm. 
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Assuming that all Spo0J dimers are in nucleoprotein complexes, this implies that 

approximately 140 Spo0J dimers are present at each origin. If these molecules are distributed 

among all 8 origin-proximal parS sites, then nucleoprotein filament formation alone would allow 

for only ~500 bp of spreading per parS site, much less than the observed 10-20 kb (Breier and 

Grossman, 2007; Murray et al., 2006). However, since ChIP is a population-based assay, it is 

possible that Spo0J/parS complex formation is stochastic and only one or two parS sites are 

occupied at each origin. To evaluate this possibility, we visualized foci of GFP-tagged Spo0J 

expressed from its native promoter in cells harboring all 8 endogenous parS sites or in cells that 

contained 4, 2, or 0 sites (Figure 2-1c).  As previously reported, GFP-Spo0J formed bright foci 

that colocalized with the origin region in exponentially growing cells (Figure 2-1c)(Lewis and 

Errington, 1997; Lin et al., 1997; Sullivan et al., 2009). As parS sites were deleted, GFP-Spo0J 

foci at remaining parS loci separated into distinct spots. Double labeling experiments in which we 

visualized GFP-Spo0J foci and an origin tag indicate that most if not all parS sites are occupied 

in all cells in these strains (Figure 2-1c).  

Table 2.1 Origins per cell and cells per chain 

Cells with an origin-proximal tetO48 array that expressed the cell separase LytF, cytoplasmic mCherry, and 
TetR-CFP (Figure 1b) were grown under the same conditions as the cells used in the quantative 
immunoblot (Figure 1a). The mCherry signal was used to define the outline of the cells, and the number of 
CFP foci per cell was determined using MicrobeTracker (Sliusarenko et al, 2011). The number of individual 
cells per chain was quantified manually. Three independent experiments were analyzed. See Materials and 
Methods for details. 

 
 

Expt. 

 
Cells per chain 

 
Total 
chains 

 
Total 
cells 

 
Average 
cells per 
chain 

 
Total 
number 
of origins 

 
Origins 
per cell 1 2 3 4 

1 40.7% 56.4% 0.6% 2.3% 521 857 1.64 2674 3.12 
2 42.5% 54.0% 0.7% 2.8% 570 934 1.64 2903 3.11 
3 41.0% 56.1% 0.9% 2.0% 451 739 1.64 2310 3.13 

 

Together, these data indicate that in vegetatively growing B. subtilis cells, approximately 

20 Spo0J dimers are associated with each parS site. These data are inconsistent with the model 



20 
 

that Spo0J spreads over vast stretches of nonspecific DNA by forming a continuous filament, and 

they suggest longer-range interactions between Spo0J molecules bound to DNA. 

 

Single-molecule experiments reveal a new DNA bridging activity of Spo0J 

To investigate how Spo0J interacts with DNA, we turned to single-molecule imaging. 

Individual 48.5 kb-long molecules of bacteriophage lambda genomic DNA were tethered at one 

end to a functionalized glass coverslip, extended by buffer flow through a microfluidic flowcell, 

and imaged by total internal reflection fluorescence (TIRF) microscopy in the presence of the 

intercalating dye SYTOX Orange.  Strikingly, flowing purified Spo0J protein into the flowcell 

caused displacement of SYTOX dye and compaction of λ DNA into a tight focus (Figure 2-2a).  

DNA compaction occurred rapidly at modest protein concentrations (≤ 100 nM) and could be 

reversed by washing with buffer (a-b).  Similar results were obtained for λ DNA engineered with 

a single internal parS site (Figure 2-2e), indicating that the interactions that we are studying in 

this assay are not strictly parS dependent.  Similar parS-independent association of ParB/Spo0J 

with DNA has been observed in previous in vitro studies and likely reflects the fact that ParB 

proteins must engage in extensive interactions with nonspecific DNA in order to spread in vivo 

(Havey et al., 2012; Murray et al., 2006). 

 



21 
 

 

Figure 2-2 Compaction of flow-stretched DNA molecules by Spo0J and HBsu 

Spo0J and HBsu compact flow-stretched DNA by different mechanisms. (a) Montage showing compaction 
of SYTOX Orange-stained λ DNA by 100 nM Spo0J protein (1.1 s/frame).  Binding of protein leads to partial 
displacement of the intercalating dye followed by compaction of DNA into a tight focus at the tether point 
(indicated by the small black arrow on the left). (b) Crosslinking of adjacent DNAs by Cy3-labeled Spo0J.  
DNAs coated by Spo0J-Cy3 stick together upon collision and are “zipped up” by the DNA bridging activity 
of Spo0J (15 s/frame). (c-d) λ DNA was labeled at EcoRI sites with EcoRIE111Q-conjugated QDs, extended 
by buffer flow, and exposed to 100 nM Spo0J protein (c) or 144 nM HBsu protein (d). Montages of frames 
from compaction movies (2 s/frame) are shown in the upper panels, while tracking of individual QDs by 
Gaussian fitting is shown in the lower panels.  Compaction of flow-stretched DNA by Spo0J occurred from 
the free end of the molecule and proceeded to the tether point, while compaction by HBsu occurred along 
the length of the molecule and did not proceed to the tether point.  The asterisk in (c) indicates a quantum 
dot that is nonspecifically bound to the surface at the edge of the field of view.  (e) Compaction of of λparS 
DNA by 100 nM Spo0J protein (2 s/frame). Note that the EcoRI site closest to the tether is deleted in λparS 
by insertion of the cassette containing parS, leaving four labeled EcoRI sites.   
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To resolve DNA motions in more detail, we labeled the five EcoRI sites in λ DNA using 

quantum dots (QDs) conjugated to catalytically inactive EcoRIE111Q (Finkelstein et al., 2010; 

Wright et al., 1989). Because this approach allows us to track specific positions on a moving 

strand of DNA, we call it “DNA motion capture”, by analogy to motion capture techniques used in 

computer animation. DNA motion capture revealed that DNA compaction by Spo0J was 

dramatically biased toward the free end of DNA, with QDs close to the end moving toward the 

tether first (Figure 2-2c). Similar end-biased compaction was also observed for the known E. coli 

DNA bridging protein H-NS (Figure 2-8f). In contrast, HBsu, the B. subtilis homolog of the well-

studied E. coli nucleoid protein HU (van Noort et al., 2004), caused compaction uniformly along 

the DNA molecule (Figure 2-2d). In accord with previous single-molecule studies, appropriate 

buffer conditions and protein concentrations caused extension of the DNA molecule, consistent 

with a second filamentous mode of HBsu and H-NS binding (Liu et al., 2010; van Noort et al., 

2004) (Figures 2.8c and g).     

The distinct behaviors of Spo0J, H-NS, and HBsu can be explained by a simple physical 

model: The tension at any point along a flow-stretched piece of DNA is approximately equal to 

the net drag force on DNA beyond that point. Thus, tension will be highest at the tether and will 

drop to zero at the free end. HU proteins condense DNA by introducing flexible local bends, each 

of which causes only a small change in the end-to-end length of DNA (Swinger and Rice, 2004). 

As a result, condensation of DNA by B. subtilis HBsu is not predicted to be strongly suppressed 

by the < 1 pN forces exerted on DNA in our assay, and compaction by HBsu therefore occurs 

along the entire DNA molecule (Wagner et al., 2011; Xiao et al., 2010, 2011, T.G. and J.L, 

unpublished).  By contrast, the end-bias in compaction by Spo0J and H-NS suggests that each 

compaction step involves trapping a much larger loop of DNA.  Such loops will form preferentially 

at the free end of the flow-stretched DNA where the drag force is lowest, while loop formation will 
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be strongly suppressed by even sub-piconewton forces in the interior of the molecule, leading to 

end-biased compaction (Blumberg et al., 2005; Sankararaman and Marko, 2005; Skoko et al., 

2005, 2009). Consistent with this model, the end-bias of compaction by Spo0J was substantially 

reduced by pre-coating the DNA with HBsu, which is expected to lower the energetic barrier to 

loop formation in the interior of the DNA molecule (Becker et al., 2007) (Figure 2-8d-e). 

To directly observe Spo0J binding to DNA, we introduced a 3 amino acid tag containing a 

unique cysteine at the C-terminus of Spo0J and fluorescently labeled it with Cy3-maleimide 

(Garner et al., 2007). Introduction of the same tag at the C-terminus of Spo0J in vivo had no effect 

on the formation of either GFP-Spo0J foci or SMC complexes (Figure 2-9g-h). Simultaneous 

imaging of Spo0J-Cy3 and spectrally distinct EcoRIE111Q-QDs revealed that Spo0J-Cy3 bound 

nonspecifically along λ DNA and caused end-biased compaction in the same manner as 

unlabeled Spo0J. We could detect no specific enrichment of Cy3-labeled Spo0J near the parS 

site on λparS DNA (not shown), which is consistent with the rapid nonspecific binding of Spo0J to 

DNA and parS-independent DNA compaction observed under these conditions (Figure 2-2e). In 

support of the idea that Spo0J can bridge segments of DNA, adjacent λ DNAs bound by Spo0J-

Cy3 often stuck together when they collided (Figure 2-2b). Bridging of adjacent SYTOX- or QD-

labeled DNAs was also seen with unlabeled Spo0J.  Similar to other DNA binding proteins that 

have been examined in single-molecule experiments, Spo0J dimers were seen to diffuse 1-

dimensionally along DNA at very low (< 1 nM) concentrations (Figure 2-9a-f). 
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Figure 2-3 Kinetics of Spo0J and HBsu binding and compaction 

(Data from Linda Song) Dependence of compaction rate and lag time on Spo0J protein concentration.  DNA 
substrates were end-labeled with a QD, and the position of the end of the DNA molecule was monitored 
over time by particle tracking. (a) Integrated intensity of bound Cy3-Spo0J over time (green) and position 
of the end-label (blue), showing a lag time (t) between initial binding of the protein and the onset of 
compaction. (b) Influence of protein concentration on the lag time between arrival of unlabeled protein 
(indicated by appearance of a fluorescent tracer dye) and initiation of compaction.  Compaction by Spo0J 
shows a substantial concentration-dependent lag time, while the delay in compaction by HBsu is essentially 
diffusion-limited. Shown are means ± standard deviation.  (c-d) Compaction rate as a function of protein 
concentration for Spo0J (c) and HBsu (d), showing an initial nonlinear dependence of compaction rate on 
protein concentration for the former and an initial linear dependence for the latter.  Shown are means ± 
standard deviation.  Insets show a power law fit (red line) to the initial data points.  Best-fit exponents were 
1.88 (c) and 0.73 (d), with R2 values of 0.988 and 0.987, respectively. 

It appeared that compaction began only after a sufficient amount of fluorescently labeled 

protein had accumulated on the DNA. To study this more quantitatively, we imaged Spo0J-Cy3 

binding to λ DNA with a single spectrally distinct QD at the free end to clearly define the start of 

compaction. The relative amount of Spo0J bound to DNA over time was measured by summing 

the fluorescence intensity along each DNA in the Cy3 channel (Figure 2-3a). Binding of Spo0J to 
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DNA coincided with its arrival in the flowcell, as measured by the increase in background 

fluorescence. Compaction began significantly after the arrival of Spo0J but before binding had 

reached saturation (Figure 2-3a and 2.5c).  To measure the lag time between Spo0J arrival and 

DNA compaction, we used unlabeled Spo0J mixed with a small amount of tracer dye to indicate 

when the protein reached the flowcell. The lag time between protein arrival and the start of 

compaction decreased significantly with increasing protein concentration (Figure 2-3b). These 

data are consistent with the idea that Spo0J first binds nonspecifically to flow-stretched DNA and 

induces compaction when DNA-bound proteins are brought together by random collisions 

between DNA segments.  In contrast, HBsu initiated DNA compaction almost immediately upon 

arrival of the protein, with the slight delay likely reflecting the finite mixing time within the flowcell 

(Figure 2-3b). As expected for an elementary compaction step that involves a single HBsu dimer 

binding and distorting DNA, the rate of compaction by HBsu varied linearly with the protein 

concentration (Figure 2-3d). However, the rate of compaction by Spo0J scaled approximately with 

the square of the protein concentration, consistent with a model in which protein-protein 

interactions on opposite sides of a DNA loop are required for each compaction step (Figure 2-3c).  

Collectively, these single-molecule results reveal a new DNA bridging activity of Spo0J 

that allows it to trap loops between distal segments of DNA.  DNA looping could explain how a 

mere ~20 Spo0J dimers per parS site can occupy 10-20 kb of adjacent DNA in vivo. 

 

Bridging-deficient mutants fail to spread in vivo 

If DNA bridging is required for spreading of Spo0J in vivo, then Spo0J mutants that are 

impaired in DNA bridging in our single-molecule assay should also fail to spread in vivo.  To test 

this prediction, we examined various mutants identified from earlier screens and also introduced 

mutations in other highly conserved residues (see Table 2.2). As a proxy for in vivo spreading, 

we used the ability of GFP-tagged Spo0J to form fluorescent foci in cells (Breier and Grossman, 
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2007).  We generated a new fusion protein with the GFP variant mGFPmut3, which has recently 

been shown to have a lower propensity to aggregate nonspecifically than other fluorescent 

proteins (Landgraf et al., 2012).  mGFPmut3-Spo0J was expressed in a spo0J deletion strain 

under the control of its native promoter. Consistent with previous reports that dimerization is 

important for specific and nonspecific interactions with DNA (Leonard et al., 2004; Murray et al., 

2006), truncation of the C-terminal dimerization domain by 20 or 60 amino acids eliminated 

fluorescent foci in vivo and abolished DNA binding and compaction in vitro (Figure 2-4c and data 

not shown). Previous genetic screens identified Spo0J loss-of-function mutants G77S and R80A 

within the highly conserved N-terminal ParB Box II (Figure 2-4a). Consistent with reported results, 

we found that GFP fusions to these mutants were impaired in focus formation (Figure 2-4c and 

Figure 2-10)(Autret et al., 2001; Breier and Grossman, 2007). GFP-Spo0JR80A localization was 

diffuse and nucleoid-associated, while GFP-Spo0JG77S showed mostly diffuse localization with 

occasional faint foci. Substitution of the adjacent highly conserved R79 residue to alanine resulted 

in diffuse nucleoid-associated localization, while mutation of R82 to alanine reduced the intensity 

of GFP-Spo0J foci and increased diffuse localization. Mutation of R80 to lysine partially restored 

focus formation compared to R80A, suggesting that the positive charge of this residue is important 

for complex formation. Combining the partial loss-of-foci mutations R80K and R82A led to a 

complete loss of foci (Figure 2-4c and Figure 2-10). Immunoblot analysis revealed that all of our 

GFP-Spo0J mutants were full-length and accumulated to levels similar to wild-type (Figure 2-4b). 
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Figure 2-4 In vivo analysis of Spo0J mutant phenotypes 

(Data from Xindan Wang, using constructs generated by Thomas Graham) In vivo characterization of Spo0J 
spreading-deficient mutants. (a) Alignment of the ParB Box II of different species, showing key mutated 
residues (red boxes). (b) Western blot of mGFPmut3-tagged Spo0J variants. All fusion proteins are intact 
and are expressed at comparable levels (except for the double mutant). The size of free GFP is indicated 
(caret). σA levels are shown to control for loading.  (c) Localization of fluorescently tagged Spo0J variants 
(green).  The nucleoid is labeled with HBsu-mCherry (red), and phase-contrast images are shown in gray. 
Scale bar = 2 μm.  (d) ChIP-seq of wild-type and mutant Spo0J association with a region of the B. subtilis 
chromosome from 354° to 359° (4140-4215 kb), encompassing four parS sites (asterisks).  Fold enrichment 
(y-axis) was normalized to input DNA and total number of reads per sample (see Methods).  Whereas wild-
type Spo0J spreads several kilobases from parS sites, association of the G77S, R79A, and R80A mutants 
is restricted to the immediate vicinity of each parS site. 
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Table 2.2 In vivo phenotypes and in vitro properties of Spo0J mutants 

+ = normal/wild type; +/- = partially deficient or anomalous; - = highly deficient; ++ = greater than wild-
type; ND = not determined 

a: Extremely faint foci were observed for G77S. 

b: This work and (Breier and Grossman 2007) 

c: Anomalous electrophoretic mobility observed in EMSA experiments. 

d: Compaction only observed at very low salt (50 mM NaCl). 

 
 

In vivo phenotypes In vitro properties  
 
References 

Focus 
formation 

Spreading DNA 
compaction 

parS 
binding 

WT + + + +  
G77S -a -b ++ +/-c (Breier and Grossman, 

2007; Ireton et al., 1994) 
R79A - - - + This work 
R80A - - - + (Autret et al., 2001) 
R82A +/- ND +/-d + This work 
R80K +/- ND + ND This work 
R80K, 
R82A 

- ND ND ND This work 

R149A - ND +/- +/-c (Autret et al., 2001) 
ΔC20 - ND - - (Murray et al., 2006) 
ΔC60 - ND - - Analogous to C-terminal 

truncation mutant of T. 
thermophilus Spo0J used 
for structure determination 
(Leonard et al., 2004) 

Highlighted mutants are those in the ParB Box II. 
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Using ChIP-seq, we investigated whether the R79A and R80A mutants associate with 

parS and spread on adjacent DNA. As observed in previous ChIP-chip experiments, wild-type 

Spo0J was highly enriched at all eight origin-proximal parS sites and spread for 5-10 kb on either 

side of each parS site, while G77S associated with parS sites but failed to spread to adjacent 

DNA (Figure 2-4d). Consistent with their inability to form foci, the R79A and R80A mutants also 

failed to spread, despite associating with parS sites (Figure 2-4d). Together with in vitro binding 

assays (see below), these results indicate that these mutant proteins have retained their ability to 

bind parS DNA and are specifically defective in spreading. 
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Figure 2-5 In vitro analysis of Spo0J mutant activities 

In vitro characterization of Spo0J non-spreading mutants. (a) λ DNA compaction by different purified Spo0J 
mutant proteins in buffer containing 100 mM NaCl.  Scale bar: 5 s. (b) Cy3-Spo0JR80A binds to DNA 
without inducing compaction or crosslinking.  (1.5 s/frame). (c) Absolute density of Cy3-labeled wild-type 
Spo0J and Spo0JR80A bound to λ DNA over time, expressed as number of dimers per kilobase. Labeled 
protein was combined with unlabeled protein and diluted such that the total protein concentration was 100 
nM and 5% of the protein was labeled.  Under these conditions, compaction by wild-type Spo0J initiated at 
approximately 10 ± 2 dimers per kb (dashed gray line).  (d-e)  Electrophoretic mobility shift assay (EMSA) 
of wild-type and mutant Spo0J proteins.  Protein concentrations were 1, 0.5, and 0.2 µM for (d) and 1, 0.8, 
0.6, 0.4, 0.2, 0.1, and 0 µM for (e). 

We also tested these non-spreading mutants in our single-molecule DNA bridging assay. 

Spo0J R79A and R80A mutant proteins failed to compact DNA under buffer conditions that result 

in rapid compaction by wild-type Spo0J (Figure 2-5a).  These two mutants likewise failed to 



31 
 

compact DNA in a reduced-salt buffer (Figure 2-11a). Consistent with its intermediate loss-of-foci 

phenotype in cells, R82A failed to compact DNA in our standard compaction buffer (Figure 2-5a) 

but compacted DNA at a reduced salt concentration (Figure 2-11a). Importantly, electrophoretic 

mobility shift assays (EMSA) revealed that R79A, R80A, and R82A bound short parS DNA 

duplexes in a manner indistinguishable from wild-type (Figure 2-5d). To determine whether the 

R80A mutant accumulates to the same level as wild-type Spo0J on λ DNA, we calibrated the 

intensity of Cy3-labeled protein on DNA to that of individual Cy3 molecules to estimate the 

absolute density of proteins bound to DNA (see Methods).  Based on our measurements, 

compaction by wild-type Spo0J initiated at a protein density of 10 ± 2 dimers per kilobase of DNA 

(gray dashed line in Figure 2-5c).  Cy3-labeled Spo0JR80A associated with λ DNA with identical 

kinetics and reached a similar final density (Figure 2-5c), yet it failed to compact λ DNA or 

crosslink adjacent DNA molecules (Figure 2-5b). Together with the phenotypes of the R79A, 

R80A, and R82A mutants in vivo, these results support the model that Spo0J spreading requires 

DNA bridging and implicate an “arginine patch” in the ParB Box II that is essential for bridging 

interactions.  

Interestingly, the spreading-deficient G77S mutant compacted λ DNA and bridged 

adjacent DNAs (Figure 2-5a and data not shown). In fact, G77S compacted DNA at a higher salt 

concentration than the wild-type protein (Figure 2-11a). Likewise, the R149A mutant was impaired 

in complex formation in vivo yet showed only a mild defect in DNA compaction in vitro (Figure 

2-5a and Figure 2-11a). These results imply that the DNA bridging activity of Spo0J, while 

necessary for spreading, is not sufficient.  The fact that G77S and R149A are unimpaired (or only 

mildly impaired) in loop formation suggests that they are defective in some other step in the 

spreading process. In EMSA experiments with a short parS-containing DNA duplex, G77S and 

R149A produced an anomalous pattern of shifted complexes compared to wild-type Spo0J 

(Figure 2-5e and Figure 2-11e), a result that was previously observed for G77S (Breier and 
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Grossman, 2007). This suggests that defective spreading by G77S and R149A in vivo may result 

from a defect in parS-dependent interactions that are not probed by our single-molecule assay 

(see Discussion). The fact that G77S is proficient (and perhaps even hyperactive) in DNA bridging 

might also explain the occurrence of weak residual GFP-Spo0JG77S foci (Figure 2-4c and Figure 

2-10) and an elevated ChIP signal at parS sites compared to the bridging-deficient R79A and 

R80A mutants (Figure 2-4d). 

 

DNA bridging-deficient mutants of Spo0J exhibit abnormal nucleoid morphology and fail 

to recruit the SMC complex 

We investigated whether Spo0J mutants that are impaired in DNA bridging in vitro are 

defective in chromosome morphology and SMC enrichment (Gruber and Errington, 2009; Ireton 

et al., 1994; Lee and Grossman, 2006; Sullivan et al., 2009). We grew cells harboring wild-type 

or mutant spo0J in rich medium and imaged the nucleoids using DAPI or an mCherry-HBsu fusion. 

The length of about 500 nucleoids was measured for each strain. Similar to the null mutant, cells 

harboring bridging-deficient Spo0J mutants had elongated nucleoids (Figure 2-12). To investigate 

the impact of these mutants on condensin complexes, we used a YFP fusion to the SMC 

accessory subunit ScpB. In wild-type cells, ScpB-YFP (and GFP-SMC) form fluorescent foci that 

co-localize with the origin of replication (Gruber and Errington, 2009; Sullivan et al., 2009). 

Consistent with previous findings, ScpB-YFP localization was significantly reduced in cells lacking 

Spo0J and in cells expressing the bridging-deficient Spo0JR79A and Spo0JR80A mutants (Figure 

2-6a). Importantly, the loss of localization was not a consequence of ScpB-YFP proteolysis, as 

ScpB-YFP remained intact in all mutants analyzed (Figure 2-6b). Furthermore, the levels of Spo0J 

mutant proteins were all similar to wild-type. Thus, bridging-deficient Spo0J mutants have 

abnormal nucleoid morphologies and are impaired in the recruitment of SMC complexes to the 

replication origin. 



33 
 

 

Figure 2-6 Defects in SMC recruitment in Spo0J mutants and DNA compaction by Spo0J homologs 

(Data in panels a-b are from Xindan Wang) SMC complex localization is disrupted by non-spreading 
mutants of Spo0J.  (a) ScpB-YFP localization in WT and Spo0J mutants (YFP = green; phase contrast = 
red). The fluorescence signal in different images is adjusted to the same scale.  Scale bar = 2 μm.  (b) 
Western blots (with σA as a loading control) showing comparable levels of ScpB-YFP and Spo0J in the 
different strains imaged in (a). The size of free GFP is indicated (caret).  (c) Compaction of flow-stretched 
EcoRI-QD-labeled DNA by ParB homologs from different bacterial species.  Protein concentrations were 
100 nM (P1, S. pneumoniae, and P. aeruginosa ParB) and 140 nM (V. cholerae ParB1).  Time per frame: 
250 ms (P1), 2 s (V. cholerae), 1.1 s (S. pneumoniae), and 110 ms (P. aeruginosa). 

 

ParB homologs are capable of DNA bridging 

Given the high degree of conservation among parABS systems, we asked whether the 

ability to trap DNA loops is a conserved feature of ParB proteins. Consistent with previous reports 

of pairing of plasmids by P1 plasmid ParB in vivo and formation of large crosslinked complexes 

between P1 ParA, ParB, and DNA in solution (Edgar et al., 2001; Havey et al., 2012), we found 
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that P1 ParB compacted and bridged DNA in single-molecule experiments (Figure 2-6c).  Other 

chromosomally encoded ParBs from Streptococcus pneumoniae, Pseudomonas aeruginosa, and 

chromosome 1 of Vibrio cholerae behaved similarly (Figure 2-6c).  Thus, DNA bridging is likely to 

be a broadly conserved property of ParB proteins. 

Discussion 

DNA bridging is required for Spo0J spreading 

ParB proteins, including B. subtilis Spo0J, have a remarkable ability to “spread” from high-

affinity parS sites to adjacent nonspecific DNA. However, the molecular basis of spreading has 

remained unclear. Previous studies have concluded that ParB proteins form continuous one-

dimensional filaments along DNA (Breier and Grossman, 2007; Murray et al., 2006; Rodionov et 

al., 1999; Sullivan et al., 2009), yet a filament-only model is inconsistent with our quantitative 

immunoblots, which indicate that ~20 Spo0J dimers are associated with each parS site. Based 

on our single-molecule experiments, we propose an alternative mechanism in which long-range 

DNA bridging interactions cooperate with short-range nearest-neighbor interactions to assemble 

Spo0J complexes spanning many kilobases of DNA (Figure 2-7).  Such a model accounts for both 

long-distance spreading and the ability of protein roadblocks to bias spreading unidirectionally by 

impeding local nearest-neighbor interactions.  In contrast to a filament-only model, which would 

predict repression of genes coated by a Spo0J filament, the bridging model also explains why 

genes within regions of Spo0J spreading are not silenced (Breier and Grossman, 2007). 

Combining long-distance DNA bridging interactions (Figure 2-7b) with short-distance nearest-

neighbor interactions (Figure 2-7c) would result in a highly cooperative assembly of nucleoprotein 

complexes (Figure 2-7d). Formation of short filaments could stabilize loops through an avidity 

effect and enable interactions between multiple loops (Figure 2-7e). Our observation that ParB 

homologs from various species can also bridge DNA (Figure 2-6c) suggests that this mechanism 

of spreading is evolutionarily conserved. 
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Figure 2-7 Model of Spo0J spreading 

Model of Spo0J nucleoprotein complex formation.  (a) Spo0J dimers bind strongly to parS sites and more 
weakly to nonspecific DNA.  The N-terminal DNA binding domain (N) and C-terminal dimerization binding 
domain (C) are shown as circles. (b) DNA bridging by Spo0J traps DNA loops and could cooperate with 
nearest-neighbor interactions (c) to form larger higher-order complexes (d).  (e) The resulting cluster of 
loops could serve as a platform for SMC loading.  For clarity, C-terminal domains are not shown in (e).  The 
DNA bridging activity represented in (b) is what drives compaction of nonspecific DNA in our single-
molecule experiments.  The R79A, R80A, and R82A mutants are impaired in DNA bridging (b), which 
explains why they fail to form complexes in cells.  The fact that G77S and R149A mutants are not impaired 
in DNA bridging implies that they must be impaired in some other way, for instance in nearest-neighbor 
interactions (c). 

In support of the role of DNA bridging in Spo0J spreading, we identified a patch of arginine 

residues in the ParB Box II that are essential for both DNA loop formation in vitro and Spo0J 

complex formation in vivo. These adjacent residues could form a positively-charged surface that 
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interacts with a negatively charged region on another Spo0J molecule or with the backbone of 

another segment of DNA. We favor the former explanation, because the nonlinear scaling of the 

DNA compaction rate with Spo0J concentration is consistent with dimer-dimer interactions. 

Negatively charged residues that form salt bridges with the ParB Box II arginines in the crystal 

structure of Thermus thermophilus Spo0J are not conserved in B. subtilis Spo0J, and mutation of 

nearby negatively charged residues had no effect on focus formation in vivo and compaction in 

vitro (data not shown), and so the location of the putative ParB Box II-interacting surface remains 

to be determined. 

Consistent with the idea that bridging interactions are necessary but not sufficient for 

Spo0J spreading, some mutants with defects in spreading or focus formation in vivo nonetheless 

compacted DNA in single-molecule experiments (Figure 2-5a and Table 2.2). We hypothesize 

that these spreading-deficient but bridging-proficient mutants are impaired in nearest-neighbor 

interactions or in some other parS-dependent interaction that is not probed by our assay. Two 

mutants in this class, G77S and R149A, showed unusual behavior in electrophoretic mobility shift 

assays compared to wild-type Spo0J, suggesting that they adopt an abnormal conformation when 

bound to parS (Figure 2-5e and Figure 2-11e) (Breier and Grossman, 2007). Consistent with this 

interpretation, the Spo0J crystal structure from T. thermophilus places G77 at the crux of a sharp 

turn, with dihedral angles that suggest that replacement with serine would cause a large structural 

distortion in the protein. R149 is located in a predicted helix-turn-helix domain of the protein that 

is thought to make sequence-specific contacts with DNA, consistent with the idea that mutation 

of this residue distorts the parS-bound conformation of the protein. Determining the structure of 

Spo0J bound to parS and identifying how the G77S and R149A mutants distort this structure will 

be important areas for future work. 
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Implications for chromosome structure and segregation 

The ability of Spo0J to trap DNA loops has important implications for how it might organize 

the origin region of the chromosome. Our results indicate that the extensive spreading of Spo0J 

from parS is accomplished by a modest number of dimers (~20 per parS site) that are capable of 

trapping DNA loops (Figure 2-7e). These loops could help to constrain the origin region and 

participate in defining topological domains in the same way that the E. coli H-NS and MatP 

proteins are thought to organize H-NS-regulated operons and chromosome termini, respectively 

(Dupaigne et al., 2012; Wang et al., 2011). Furthermore, our finding that reducing the number of 

parS sites in vivo leads to a loss of ParB/parS clustering (Figure 2-1c) suggests that specific parS 

sites or the number or position of these sites plays an important role in generating a larger 

chromosomal domain.  

ParB proteins are critical for enriching SMC complexes near the origin in B. subtilis and S. 

pneumoniae, yet it is unclear how they accomplish this (Gruber and Errington, 2009; Minnen et 

al., 2011; Sullivan et al., 2009). Previous work demonstrated that SMC can be chemically 

crosslinked to Spo0J in vivo, suggesting a direct physical interaction between the two proteins 

(Gruber and Errington, 2009). Given that SMC complexes are also proposed to bridge DNA, our 

model of Spo0J complex formation suggests a mechanism by which Spo0J could facilitate SMC 

loading by recruiting SMC to trapped DNA loops (Figure 2-7e).  

Epilogue: Work on ParB subsequent to our paper 

Shortly after our work was published, a second paper from Mark Dillingham's lab 

independently reported DNA bridging of B. subtilis Spo0J based on magnetic tweezers 

experiments (Taylor et al., 2015). A subsequent crystal structure of a complex between 

Helicobacter pylori Spo0J and parS DNA revealed putative bridging interactions between Spo0J 

dimers bound to different segments of DNA (Chen et al., 2015). Consistent with our results, the 

arginine residues equivalent to B. subtilis R79, R80, and R82 were within or close to the bridging 
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interface. Mutagenesis of other residues in B. subtilis Spo0J near the bridging interface predicted 

by the crystal structure has uncovered a number of new mutants that are deficient in both DNA 

bridging and in vivo focus formation (Linda Song and Kristen Rodrigues, manuscript in 

preparation). These results lend further support to a model in which DNA bridging plays a key role 

in ParB complex assembly. 
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Figure 2-8 Additional single-molecule compaction and decompaction results. 

(a) Montage showing compaction of λ DNA by 100 nM Spo0J protein in buffer containing 20 mM Tris pH 
7.5, 100 mM NaCl, and 100 µg/ml BSA (1 s/frame).  Note: In some cases, like this one, we observed EcoRI-
QDs that bound stably at positions not predicted to be EcoRI sites. (b) Rapid decompaction upon washing 
with the same buffer containing 200 mM NaCl (100 ms/frame).  (c) Montage showing transient compaction 
and subsequent decompaction by 720 nM HBsu in 20 mM HEPES-NaOH pH 7.5, 40 mM NaCl (600 
ms/frame).  Initial binding of HBsu compacts DNA by introducing local bends, while continued binding of 
HBsu leads to the formation of an extended filament on DNA, consistent with previous observations for E. 
coli HU (van Noort et al., 2004).  (d) Compaction by 100 nM Spo0J + 10 nM HBsu of DNA pre-compacted 
with 10 nM HBsu in 20 mM Tris, pH 7.5, 100 mM NaCl, 100 µg/ml BSA (0.5 s/frame).  Slight decompaction, 
likely due to partial displacement of HBsu by Spo0J, is followed by global compaction of the DNA to the 
tether point.  (e) Vertical position over time of quantum dots in (d) obtained by 2-dimensional Gaussian 
fitting.  For clarity, different quantum dots are color-coded.  Lines are polynomial fits to the data and are 
intended solely to guide the eye.  (f) A 1 s/frame montage of compaction by 500 nM H6-tagged H-NS in 20 
mM Tris, pH 7.5, 50 mM NaCl, 10 mM MgCl2, 100 µg/ml BSA. H-NS, which is known to bridge DNA under 
these buffer conditions, compacts DNA in an end-biased manner similar to Spo0J. A small concentration 
(5 nM) of rhodamine G tracer dye is responsible for the increase in background fluorescence upon arrival 
of the protein in the flowcell. The asterisk on the right indicates a stationary quantum dot bound 
nonspecifically to the surface. (g)  Extension of DNA by 500 nM H-NS-H6 in 20 mM Tris, pH 7.5, 5 mM 
NaCl, 100 µg/ml BSA (1 s/frame), conditions that suppress the DNA bridging activity of H-NS and favor the 
formation of an extended nucleoprotein filament.  As in (f), the increase in background fluorescence due to 
a tracer dye indicates arrival of the protein in the flowcell.  The DNA is partially labeled with only 3 QDs in 
this montage. 
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Figure 2-9 Diffusion of labeled Spo0J on DNA and normal in vivo focus formation by spo0J-KCK 

(Data from Linda Song [panels a-f] and Xindan Wang [panels g-h]). Labeled Spo0J slides on DNA by 1-
dimensional Brownian diffusion. (a-b) Individual kymographs showing sliding of labeled Spo0J on DNA.  
Pairs of Spo0J foci occasionally appeared to collide without associating (b). (c-d) Calibration of the intensity 
of individual Spo0J spots.  Photobleaching of non-specifically bound Spo0J-Cy3 proteins on the surface of 
a glass coverslip was imaged with the same exposure time (100 ms) used to image sliding of Spo0J on 
DNA.  (c) Traces of integrated intensity (arbitrary units) that showed obvious photobleaching steps (>100) 
were manually fitted with a step function.  The size of each photobleaching step corresponds to the 
fluorescent intensity of a single fluorophore, which was then used to calibrate the integrated fluorescent 
intensity (background subtracted) of a sliding Spo0J focus.  (d) Distribution of the calculated number of 
fluorophores per sliding Spo0J focus with an average of two fluorophores per focus. This suggested that 
sliding Spo0J foci were mainly dimeric.  (e) Fitted one-dimensional diffusion trajectories of individual Cy3-
labled Spo0J particles on flow-stretched DNA. (f) Mean-squared displacement plots of diffusion from the 
trajectories shown in (e).  Spo0J dimers had an average diffusion constant of 3.0 ± 1.9 × 106 bp2/s, similar 
to observed values for other site-specific DNA binding proteins (Blainey et al., 2006; Tafvizi et al., 2008). 
(g) GFP-Spo0J-KCK (right panel) forms foci that are indistinguishable from GFP-Spo0J (left panel). (h) 
ScpB-GFP foci in cells expressing Spo0J-KCK (right panel) are similar to those in cells expressing wild-
type Spo0J (left panel). GFP signal was pseudocolored green and phase contrast was pseudocolored red. 
The fluorescence signal in different images in (h) or (g) was adjusted to the same scale.  Scale bar is 2 μm. 
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Figure 2-10 Additional images of GFP-tagged Spo0J mutants 

(Data from Xindan Wang) Larger images of GFP-Spo0J strains shown in Figure 4c.  GFP signal is shown 
in grayscale.  Foci are still present in the R80K and R82A mutants but are much weaker than those formed 
by wild-type Spo0J.  GFP-Spo0JG77S forms even fainter and more sporadic foci.   GFP-Spo0JR80A and 
GFP-Spo0JR80A,R82A form no discernable foci and show diffuse, nucleoidal localization.  As in Figure 4c, 
all images are adjusted to have the same brightness and contrast. Scale bar = 4 µm. 
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Figure 2-11 Salt concentration dependence of DNA compaction by Spo0J, gel of purified proteins, Cy3/QD 
intensity calibration, and EMSA of Spo0J-WT, G77S, and R149A  

(a) Salt concentration dependence of compaction by wild-type and mutant Spo0J proteins.  Flow-stretched 
EcoRI-QD-labeled DNAs were incubated sequentially with 100 nM protein in buffers of decreasing salt 
concentration (blue bars), interspersed with 30 s pauses in the flow (red bars).  Compaction by wild-type 
Spo0J occurred efficiently at a NaCl concentration of 100 mM and was suppressed by higher NaCl 
concentrations.  Compaction by G77S began at a higher NaCl concentration of 150 mM and went to 
completion at 125 mM NaCl.  (Note that some compaction occurred while the flow was turned off between 
the 150 mM and 125 mM NaCl conditions.)  R80A failed to compact DNA at any NaCl concentration, while 
compaction by R82A occurred only at a very low NaCl concentration of 50 mM.  Compaction by R149A 
occurred at 100 mM NaCl, albeit more slowly than compaction by wild-type Spo0J.  (b) Coomassie-stained 
SDS-PAGE gel showing wild-type and mutant Spo0J proteins purified by H6-SUMO tandem affinity 
purification followed by polishing on SP sepharose.  (c) Photobleaching step size of individual Cy3 
fluorophores (arbitrary units) as a function of laser power for different camera exposure times, showing an 
approximately linear relationship between single-fluorophore intensity and laser power.  Shown are means 
¬± 2 standard errors.  Lines are linear fits with y-intercept set to 0.  (d) Average intensity of surface-adsorbed 
605-nm quantum dots versus average intensity of individual Cy3 molecules within the same field of view.  
Different points represent different combinations of laser power and frame rate. Shown are means ¬± 2 
standard errors.  The slope of the best fit line, 14.3, was used to calculate the intensity per Cy3 molecule 
given the average quantum dot intensity in Cy3-Spo0J DNA binding experiments (see Materials and 
Methods). (e) Electrophoretic mobility shift assay (EMSA) of wild-type Spo0J and the G77S and R149A 
mutants, showing qualitatively anomalous patterns of shifted bands for these two mutants.  Protein 
concentrations were 1, 0.75, 0.5, 0.25, and 0.1 µM. 
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Figure 2-12 Nucleoid morphology of Spo0J mutants 

(Data from Xindan Wang) Spo0J foci-defective mutants are associated with abnormal elongation of 
nucleoids.  (a) Nucleoid length distributions of cells bearing wild-type Spo0J or different Spo0J mutants.  
The histogram of nucleoid lengths in wild-type cells (combined data from two replicates) is repeated for 
comparison in every panel (black outline).  Blue and green outlines in the first panel show data from two 
biological replicates with wild-type cells.  Red outlines in the remaining panels are nucleoid length 
histograms for different mutants.  Numbers of cells analyzed for each condition (n) are shown.  Data from 
two Δspo0J replicates, shown separately in (b), are pooled here for clarity.  (b) Average nucleoid length in 
wild-type and Spo0J mutant cells.  Nucleoids were significantly elongated in all Spo0J mutants compared 
to wild-type (* p < 0.05; ** p < 0.0001, based on a Bonferroni-corrected 2-tailed t-test allowing unequal 
variances).  Nucleoids in Spo0J loss-of-function mutants show a subtle yet reproducible increase in average 
length. 
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Materials and Methods 

Protein expression and purification 

Wild-type and mutant Spo0J proteins, ParB homologs, and HBsu were expressed with an 

N-terminal H6-SUMO tag in BL21 cells and purified by a two-step tandem affinity method.  Cell 

pellets were lysed by sonication in lysis buffer (20 mM Tris, pH 8, 1 M NaCl, 10 mM imidazole, 5 

mM BME), and supernatants were clarified by ultracentrifugation for 1 h at 25,000 rpm in an SW-

41 rotor.  The clarified supernatant was bound to NiNTA resin (Qiagen) for 1 h, washed 

sequentially with lysis buffer and salt-reduction buffer (lysis buffer with only 350 mM NaCl) and 

manually eluted with a 10-100% gradient of elution buffer (20 mM Tris, pH 8, 350 mM NaCl, 300 

mM imidazole, 5 mM BME) in 10% increments.  Peak fractions were collected and treated with 

H6-tagged Ulp1 protease while dialyzing overnight at 4°C against dialysis/storage buffer (20 mM 

Tris, pH 8, 350 mM NaCl, 10% glycerol, 10 mM imidazole, 5 mM BME).  The dialyzed protein was 

spun at maximum speed for 10 min in a microcentrifuge to remove precipitate (which was 

minimal), and the supernatant was incubated again with NiNTA resin for 1.5 h.  The flowthrough, 

containing untagged Spo0J, was collected.  For DNA compaction experiments with Spo0J, 

additional purification was performed by diluting the Ulp1-cleaved Spo0J protein 10-fold in SP 

binding buffer (50 mM MES, pH 6.5, 10% glycerol, 5 mM BME), binding to SP-sepharose, washing 

with SP wash buffer (50 mM MES, pH 6.5, 10% glycerol, 300 mM NaCl, 5 mM BME) and eluting 

in SP elution buffer (50 mM MES, pH 6.5, 10% glycerol, 450 mM NaCl, 5 mM BME), whose ionic 

strength had previously been optimized by gradient elution experiments.  Three-step SP-purified 

protein was highly pure and behaved similarly to 2-step H6-SUMO-purified protein (Figure 2-8b 

and data not shown). C-terminally KCK-tagged wild-type Spo0J (used in Figures 2.2-2.3 and 

Figure 2-9) and N-terminally KCK-tagged wild-type Spo0J and Spo0J-R80A (used in Figure 2-5) 

were expressed and purified similarly.  KCK-tagged Spo0J protein was labeled in 20 mM Tris, pH 

7.5, 350 mM NaCl, 10% glycerol with a >10-fold molar excess of Cy3-maleimide dye following the 
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manufacturer’s instructions (GE Healthcare Life Sciences).  Labeled protein was separated from 

free dye using Zeba spin desalting columns (Thermo Scientific). 

H-NS-H6 purification: BL21 (DE3) cells transformed with pLS015 were grown in 500 ml 

LB + 50 µg/ml kanamycin at 37°C to an OD600 of 0.6.  Protein expression was induced by adding 

IPTG to 0.8 mM, and cells were grown at 30°C for 3 h.  Cell pellets were resuspended in 10 ml 

lysis buffer (20 mM Tris, pH 8, 1 M NaCl, 10 mM imidazole, 5 mM BME) with 500 µg/ml lysozyme 

and incubated at 4°C for 30 min.  Cells were lysed by sonication, and the lysate was 

ultracentrifuged at 25,000 rpm in a SW-41 rotor for 1 h at 4°C.  The clarified supernatant was 

incubated with 1 ml NiNTA agarose (Qiagen) for 1 h at 4°C, after which the resin was washed 

with 50 ml lysis buffer and 10 ml salt reduction buffer (20 mM Tris, pH 8, 350 mM NaCl, 10 mM 

imidazole, 5 mM BME). H-NS-H6 protein was then eluted with a 10-100% linear gradient of elution 

buffer (20 mM Tris, pH 8, 350 mM NaCl, 250 mM imidazole, 5 mM BME).  Peak fractions were 

collected and dialyzed two times against 1 L 20 mM Tris, pH 8, 350 mM NaCl, 10% glycerol, 10 

mM imidazole, 5 mM BME. 

H6-EcoRIE111Q was purified by adapting a previously published protocol (Finkelstein et al., 

2010).  BL21 cell pellets were lysed by sonication in buffer R (50 mM Tris-HCl, pH 7.5, 300 mM 

NaCl, 10% sucrose, 0.1 mM PMSF, 5 mM BME, 10 mM imidazole, complete protease inhibitor 

cocktail [Roche]), and the clarified supernatant was bound to NiNTA resin, washed sequentially 

with buffer R + 1 M NaCl and buffer R + 1 M NaCl + 50 mM imidazole, and eluted with buffer R + 

250 mM imidazole without protease inhibitors.  Eluates were dialyzed against buffer S (60 mM 

Tris-HCl, pH 7.5, 450 mM NaCl, 15 mM BME, 0.15 mM EDTA, 10% glycerol, 0.21% Triton X-

100), and 1 part glycerol was added to 2 parts dialysate for storage. 
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DNA compaction and Spo0J sliding experiments 

Bacteriophage lambda genomic DNA (NEB) was biotinylated on one end by annealing 

and ligating phosphorylated oligonucleotide BL1 (5’ AGGTCGCCGCCC/3BioTEG/ 3’) to one cos 

site overhang. Carboxyl-coated 605 nm quantum dots (Life Technologies) were conjugated to 

mouse anti-His6 antibody (AbD Serotec, MCA1396) following the manufacturer's instructions. 

Bacteriophage lambda genomic DNA (70 pM) was pre-incubated for at least 30 min at room 

temperature in EcoRI binding buffer (20 mM Tris, pH 7.5, 150 mM KCl, 100 µg/ml BSA) with 50 

nM anti-His6 QDs and 50 nM (dimer concentration) His6-EcoRIE111Q in a 20 µl reaction volume. 

The volume of the mixture was then increased with 1 ml additional EcoRI binding buffer. The 

coverslip surface of 2 mm-wide flowcells was coated with streptavidin, washed, and incubated 

with pre-incubated EcoRIE111Q-QD-labeled lambda DNA for about 10 min or until a suitable density 

of tethered DNAs was seen.  Flowcells were washed with reaction buffer (20 mM Tris, pH 7.5, 

100 μg/ml BSA, and the indicated concentrations of NaCl), and protein in the same buffer was 

introduced into the flowcell at a flow rate of 50 µl/min.  For salt-dependence experiments, 100 nM 

protein was introduced in buffers of decreasing salt concentration for 3 min each with 30 s pauses 

in between steps.  For compaction rate determination, the free end of biotinylated lambda DNA 

was ligated to a short digoxygenin-modified oligonucleotide (oTG227).  After tethering, free 

oligonucleotide was removed from the flowcell by extensive washing, and lambda DNA free ends 

were labeled by flowing in anti-digoxygenin QDs.  Protein sliding was observed at a labeled 

protein concentration of ~0.2 nM in 20 mM Tris, pH 7.5, 100 mM NaCl, 100 µl/ml BSA. 

 

General bacterial methods 

All B. subtilis strains were derived from the prototrophic strain PY79 (Youngman et al., 

1983). Unless otherwise indicated, cells were grown in CH medium at 37˚ C. 
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Single-molecule imaging 

Single-molecule experiments were carried out in flow cells assembled as previously 

described (Tanner et al., 2008). A functionalized coverslip passivated with a mix of high molecular 

weight polyethylene glycol (PEG) and PEG-biotin served as the bottom surface of the flow cell. 

Addition of streptavidin to the flow cell allowed for the tethering of biotinylated DNA substrates. 

DNAs were extended under flow by pulling buffer through the flow cell with a syringe pump 

(Harvard Apparatus). Quantum dots and Cy3-labeled Spo0J were imaged with a homebuilt 

through-objective TIRF microscope using 532 nm excitation (Coherent, Compass 215M-75). The 

expanded and collimated laser beam was focused through the rear port of an inverted microscope 

(Olympus, IX71) and onto the back aperture of a high-NA objective (Olympus, NA 1.45). The 

beam was vertically translated across the objective by a focusing lens to give total internal 

reflection. The filtered fluorescence emission (Chroma) was imaged onto an electron multiplying 

charge-coupled device camera (Hamamatsu, EM-CCD 9100-13). For experiments that 

simultaneously imaged both Cy3-labeled Spo0J and 705 nm quantum dots, the fluorescence 

signals were spectrally separated in a homebuilt dual-view apparatus, filtered, and imaged onto 

separate halves of the EM-CCD. 

 

Generation of lambda-parS DNA 

A kanamycin resistance cassette was amplified from pKD13 (Datsenko and Wanner, 

2000) using primers odr790 and odr792.  These primers contain respectively 40 and 50 bp of 

homology to an internal site in lambda DNA. The forward primer additionally contains a parS site. 

The PCR product was electroporated into a lysogen, E. coli MC4100 (λ cI857 Sam7) (Wang, 

2006) to replace two non-essential genes (stf and tfa) in the prophage using a recombineering 
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method described previously (Thomason et al., 2009). The resulting construct (λparS) was 

confirmed by sequencing using primers odr793, odr794, and odr795. To purify lambda DNA, a 

500 ml culture of the λparS lysogen strain was grown exponentially at 30˚C and shifted to 42°C for 

2 h to induce lysis. 1 ml chloroform was added to the shaking lysate for 2 min.  After treating with 

DNase I (500 U) and RNase I (500 Pg) at room temperature for 30 min, solid NaCl was added to 

a final concentration of 1 M, and the lysate was clarified by centrifugation at 11,000 g for 10 min 

at 4°C.  To precipitate phage particles, 50 g of PEG 8000 were added with slow stirring, and the 

mixture was incubated in an ice water slurry for 1 h.  Phages were pelleted by centrifugation at 

11,000  g for 10 min at 4°C, resuspended in 8 ml lambda dilution buffer (10 mM Tris, pH 7.4, 5 

mM MgSO4, 0.01% gelatin), and extracted once with chloroform.  The aqueous phase was 

ultracentrifuged at 83000 g for 2 h at 4°C to recover phage particles.  The pellet was resuspended 

thoroughly in 2 ml lambda dilution buffer and incubated with 0.5% SDS and 50 Pg/ml proteinase 

K for 1 h at 56°C.  The solution was gently extracted with equal volumes phenol, 25:24:1 

phenol:chloroform:isoamyl alcohol, and 24:1 chloroform:isoamyl alcohol, and the aqueous phase 

was dialyzed three times against 1 liter 1x TE. 

 

Measurement of Cy3-Spo0J binding density on lambda DNA 

In order to determine how many molecules of Cy3-labeled Spo0J bound per length of 

DNA, we used the average intensity of 605-nm quantum dots as an “standard candle” to compare 

intensities between single-fluorophore and many-fluorophore imaging conditions.  We first 

determined the average intensities of 605-nm quantum dots and individual Cy3 fluorophores 

adsorbed on a surface at several different laser powers and exposure times (Figure 2-10c-d).  

The ratio between average QD605 fluorescence and average Cy3 fluorescence remained similar 

under different conditions (Figure 2-10d), and we used the slope of the best-fit line (14.3) as a 

conversion factor between average QD605 intensity and average Cy3 intensity.  In other words, 
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we estimate that under the same imaging conditions, the average QD605 gives a signal 14.3 

times that of the average Cy3 molecule. 

We determined the labeled fraction of Cy3-Spo0JWT and Cy3-Spo0JR80A proteins by 

running a dilution series of the labeled protein on an SDS-PAGE gel alongside dilution series of 

a protein standard (bovine serum albumin) and a Cy3 standard (a Cy3-labeled oligonucleotide) 

of known concentration.  Cy3 was imaged using a Typhoon imager, the gels were immediately 

stained with InstantBlue Coomassie Stain (Expedeon), and Coomassie staining was imaged on 

a GDS-8000 imaging system (UVP BioImaging Systems).  Band intensities were measured in 

ImageJ.  Cy3 and protein concentrations in the labeled sample were determined by comparison 

with the standard curves, and the labeled fraction was determined as the molar ratio of Cy3 to 

protein. 

For quantitative DNA binding and compaction experiments with labeled protein (Figure 

5c), a small concentration of lambda DNA was labeled with H6-EcoRIE111Q and anti-H6 605 QDs 

as described in the main text and tethered to a functionalized glass surface in a 2 mm-wide 

microfluidic channel.  QD-labeled DNAs were extended by flowing 20 mM Tris, pH 7.5, 100 mM 

NaCl, 100 µg/ml BSA through the channel at a flow rate of 50 µl/min, and DNA-bound quantum 

dots were imaged with a 100 ms frame acquisition time and 2 s between frames.  Unlabeled 

lambda DNA at a higher concentration was then tethered in the same channel.  Cy3-labeled 

Spo0JWT/R80A and unlabeled Spo0JWT/R80A were diluted in 20 mM Tris, pH 7.5, 100 mM NaCl, 100 

µg/ml BSA to give a final protein concentration of 100 nM and a final labeled fraction of 5%.  This 

mixture was pulled into the channel at 50 µl/min while imaging under the same conditions used 

to image the quantum dots.  Cy3-Spo0J-WT compacted DNA under these conditions, but Cy3-

Spo0JR80A did not.  After the experiment, the average intensity of quantum dots in the initial movies 

was determined manually in ImageJ (average of >100 QDs per experiment).  The number of 
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dimers bound per kilobase of DNA was calculated from the background-subtracted integrated 

intensity of Cy3 on the DNA using the formula: 

(dimers per kb) = (intensity on DNA) * 14.3 / ((average QD intensity) * 0.05 * 2 * 48.5), 

where 14.3 is the ratio of QD to Cy3 intensities, 0.05 is the monomer labeling fraction, and 48.5 

is the length of lambda DNA in kilobases.  Only well-separated full-length lambda DNAs were 

included in the analysis shown in Figure 5c (n = 14 from 3 separate experiments for Cy3-Spo0J-

WT and n = 6 from 2 separate experiments for Cy3-Spo0J-R80A).  

 

Electrophoretic mobility shift assay (EMSA) experiments 

Oligonucleotides oTG041F (5’ CAGTTGAATCAGAATGTTCCACGTGAA-

ACAAAGAAAAAA 3’) and oTG041R (5’ TTTTTTCTTTGTTTCACGTGGAACATTCTGA-

TTCAACTG 3’) were annealed in 1x TE + 50 mM NaCl, labeled with 32P by phosphorylation with 

T4 polynucleotide kinase (NEB), and purified away from the free label using illustra MicroSpin 

G50 spin desalting columns (GE Healthcare Life Sciences).  Protein, diluted to 10 times the 

indicated concentrations in storage buffer, was added to labeled parS oligo duplex (5 nM) plus 

scrambled competitor oligo duplex (50 nM; formed by annealing oTG043F and oTG043R) in 

binding buffer (20 mM Tris pH 7.5, 300 mM NaCl).  10 μl reactions were assembled on ice and 

then incubated at room temperature for 10 min.  5 μl of loading dye (20 mM Tris pH 7.5, 300 mM 

NaCl, 48% glycerol, and trace amounts of bromophenol blue) were added to each reaction, and 

5 μl of each were loaded on a 5% 0.5x TBE-PAGE gel, which was run at 200 V for approximately 

20 min.  Gels were dried, exposed to a storage phosphorscreen, and imaged on a Personal 

Molecular Imager (BioRad).  
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Immunoblot analysis 

Whole cell lysates from vegetatively growing cells were prepared as described (Doan and 

Rudner, 2007). Samples were heated for 10 min at 55°C prior to loading. Equivalent loading was 

based on OD600 at the time of harvest. Proteins were separated by SDS-PAGE on 12.5% 

polyacrylamide gels, electroblotted onto Immobilon-P membranes (Millipore) and blocked in 5% 

nonfat milk in phosphate-buffered saline (PBS)-0.5% Tween-20. The blocked membranes were 

probed with anti-Spo0J (1:5,000) (Lin et al., 1997), anti-GFP (1:10,000) (Rudner et al., 1999) or 

anti-SigA (1:10,000) (Fujita, 2000) diluted into 3% BSA in 1x PBS-0.05% Tween-20. Primary 

antibodies were detected using horseradish peroxidase-conjugated goat anti-rabbit IgG (BioRad) 

and the Super Signal chemiluminscence reagent as described by the manufacturer (Pierce). 

 

Quantitative immunoblot 

Because wild-type Bacillus subtilis grows in chains, the number of colony forming units 

(CFU) underestimates the total number of cells in the culture. To quantify the number of proteins 

per cell, we used a strain (BJM745) in which the cell wall separase (LytF) was expressed under 

IPTG control. In the presence of inducer (0.5 mM IPTG), cells predominantly grow as singlets or 

doublets (Figure 2-1b). Through serial dilution and plating (in duplicate), it was determined that 

the culture had 3.6 × 108 cfu/ml/OD.  

To determine the average number of founder cells per CFU (i.e. the average number of 

cells per chain) and the number of origins per cell, cells that express the cell separase (LytF), 

cytoplasmic mCherry, TetR-CFP and possess tetO48 adjacent to the replication origin were 

grown under the same conditions (see below) as the cells used for the quantitative immunoblot. 

Using MicrobeTracker (see Analysis of Bacterial Images), it was determined that there were, on 
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average, 3.1 origins per cell and, on average, 1.6 cells per chain (Table 2.1). Three independent 

experiments were analyzed.   

For the quantitative immunoblot, cells (BJM745) were grown in defined rich (CH) medium 

to an optical density of 0.5.  Under these conditions, cells grew with a doubling time of 32 minutes. 

Whole cell lysates were prepared from 1 ml of culture (see Immunoblot analysis). A ∆spo0J 

mutant strain (BDR1873) was processed identically. The ∆spo0J lysate was used to dilute the 

wild-type cell lysate and the purified protein so that all samples contained the same amount of 

whole cell lysate. The equivalent of 100 µl cell lysate (A600 = 0.5) was loaded in each lane. The 

blocked membrane was probed with anti-Spo0J antibodies (Lin and Grossman, 1998) diluted into 

3% BSA in 1x PBS-0.05% Tween-20. Primary antibodies were detected using horseradish 

peroxidase-conjugated goat anti-rabbit IgG (BioRad) and the Super Signal chemiluminscence 

reagent as described by the manufacturer (Pierce). The signal was captured using Bio-Rad 

ChemiDoc XRS and the intensity of each band was quantified using Quantity One software. A 

standard curve was generated by plotting the intensity of the bands against different amounts of 

purified untagged Spo0J protein loaded. The amount of protein in the cell lysate was calculated 

using the standard curve. Three independent experiments were analyzed.  

The concentration of purified untagged Spo0J protein was first estimated using 

Coomassie Plus (Bradford) Assay Kit (Thermo Scientific) according to the manufacturer’s 

instructions. Serial dilutions of the purified protein and a bovine serum albumin (BSA) standard 

were run on an SDS-PAGE gel, stained with Coomassie Blue, and quantified using imaging 

software to more accurately estimate the protein concentration. Specifically, BSA (2 µg/µl, 

Thermo Scientific) was diluted to 0.2 µg/µl, 0.1 µg/µl, 0.05 µg/µl, 0.025 µg/µl and 0.0125 µg/µl 

using Spo0J storage buffer (20 mM Tris pH 8.0, 350 mM NaCl, 10 mM imidazole, 10% glycerol, 

5 mM BME). Using the concentration estimated with the Bradford assay, the purified Spo0J 

protein was serially diluted to the same range of concentration as the BSA standard. 10 µl of each 



56 
 

dilution of BSA and Spo0J were run on a 12.5% SDS-PAGE gel. The gel was stained with 

Coomassie Blue and imaged using a Bio-Rad ChemiDoc XRS imager. The intensity of individual 

bands was quantified using Image Lab 3.0 software. A BSA standard curve was generated by 

plotting the intensity of the band against the amount of BSA protein loaded. The intensity of the 

Spo0J bands was fit into the linear part of the standard curve to calculate the concentration. Two 

independent experiments were performed to calculate the concentration. The concentration of the 

protein was 0.75 ± 0.07 µg/µl.  Estimates between the solution Bradford and SDS-

PAGE/Coomassie methods differed by < 10%. 

 

Analysis of bacterial images 

Image analyses were performed using the MATLAB-based program, MicrobeTracker 

(Sliusarenko et al., 2011). Nucleoid outlines were determined using the DNA fluorescent dye 

(DAPI) or fluorescent fusions to the nucleoid-associated protein HBsu (HBsu-mYpet or HBsu-

mGFPmut3). Where these fluorescence signals were used for segmentation, the background 

fluorescence intensity was determined by averaging the fluorescence intensity in cell-free regions 

of the image and subtracted from the image in MetaMorph. After background subtraction, the 

images were then inverted in MicrobeTracker and analyzed using built-in algorithms in 

MicrobeTracker. After segmentation, MicrobeTracker generated a coordinate system for each cell 

(or nucleoid where DAPI or HBsu fusions were used), called a mesh, in which each point was 

described by two coordinates: the distance to a cell pole that was randomly selected and the 

distance to the mid-line along the cell length. The mesh was used to calculate cell (or nucleoid) 

length, width, and area. In Figure 1b and Table 2.1, the outlines of individual cells were determined 

in MicrobeTracker using cytoplasmic mCherry expressed under the control of a constitutive 

promoter, Pveg (Fukushima et al., 2003). Subsequently, the number of individual cells in each 
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chain (or CFU) was quantified manually. The number of origin foci per cell was determined using 

SpotFinder in MicrobeTracker. 

 

ChIP-seq  

Chromatin immunoprecipitation (ChIP) was performed as previously described (Wagner-

Herman et al., 2012). Cells were grown in defined rich (CH) medium to an optical density of 0.5. 

Formaldehyde was added to 20 ml of cells to a final concentration of 1%, and samples were 

incubated for 10 min at room temperature. Crosslinking was quenched by the addition of glycine 

to a final concentration of 125 mM and incubation at room temperature for 5 min. Cell pellets were 

then washed twice with 1x PBS and treated with lysozyme (1 mg/ml final) for 15 min in buffer A 

(12.5 mM Tris pH 8, 12.5 mM EDTA, 62.5mM NaCl, 25% sucrose, 1 mM PMSF), followed by the 

addition of Triton X-100 to a final concentration of 1%.  Chromosomal DNA was sheared to an 

average size of 300 bp by sonication using a Misonix Ultrasonic Liquid S-4000. After the removal 

of cell debris by centrifugation, 50 µl was removed to serve as an input control. The lysate was 

incubated overnight at 4˚C with affinity-purified anti-Spo0J antibodies and was then incubated 

with Protein A-sepharose resin (GE HealthCare) for 1 h at 4˚C. The resin was washed 3 times 

with IP Buffer (50 mM Tris pH 7.5, 5 mM EDTA, 150 mM NaCl, 1% Triton), 3 times with Wash 

Buffer (50 mM Tris pH 7.5, 1 mM EDTA, 500 mM NaCl, 1% Triton), and once with 1x TE (50 mM 

Tris pH 8, 10 mM EDTA). The resin was then resuspended in elution buffer (50 mM Tris pH 8, 10 

mM EDTA pH 8, 1% SDS) and incubated at 65˚C for 15 min. The recovered supernatants and 

the input control samples were placed at 65˚C overnight to reverse the crosslinks. The samples 

(input and IP) were treated with RNase A (200 µg/ml final concentration) at 37°C for 1 h, followed 

by incubation with proteinase K (0.2 mg/ml final concentration). The DNA was purified by phenol-

chloroform extraction and ethanol precipitation, followed by purification with AmpureXP beads 

(Beckman Coulter, Inc.).  2-5 ng of chromatin immunoprecipitated DNA and control DNA was 
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prepared for Illumina HiSeq high-throughput sequencing using the NEBNext ChIP-Seq library 

prep reagent set for Illumina (NEB #6200). The sequencing reads were aligned to the B. subtilis 

168 genome (NC000964) using CLC Genomics Workbench software. CLC Genomics Workbench 

ChIP coupled with next-generation sequencing (ChIP-seq) software was used to compare ChIP 

samples and input control to calculate enrichment. Two biological replicates were sequenced for 

each sample. Enrichment was normalized to the total number of reads for each sample. 

.  

Fluorescence microscopy of bacterial cells 

Fluorescence microscopy was performed on a Nikon Ti microscope equipped with a Plan 

Apo 100x/1.4NA phase contrast oil objective and a CoolSnapHQ2 cooled CCD camera. DNA was 

stained with DAPI (4’,6-diamidino-2-phenylindole, Molecular Probes) at 2 Pg/ml. Cells were 

immobilized using 2% agarose pads containing growth medium. Images were cropped and 

adjusted using MetaMorph software (Molecular Devices). Final figure preparation was performed 

in Adobe Illustrator. 
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Chapter 3 : Two-Stage Synapsis of DNA 
Ends during Non-Homologous End Joining 

 

This chapter is adapted, largely verbatim, from my previous publication: 

Graham, T.G.W., Walter, J.C., and Loparo, J.J. (2016). Two-Stage Synapsis of DNA Ends 

during Non-homologous End Joining. Mol. Cell 61, 850–858. 

It is reprinted with permission from Elsevier. 

I performed all of the experiments described in this chapter and wrote the manuscript. 

J.W. and J.L. contributed to the design of experiments and edited the manuscript. 

 

Summary 

Repair of DNA double-strand breaks (DSBs) is essential for genomic stability. The most 

common DSB repair mechanism in human cells, non-homologous end joining (NHEJ), rejoins 

broken DNA ends by direct ligation. It remains unclear how components of the NHEJ machinery 

assemble a synaptic complex that bridges DNA ends. Here, we use single-molecule imaging in a 

vertebrate cell-free extract to show that synapsis of DNA ends occurs in at least two stages that 

are controlled by different NHEJ factors. DNA ends are initially tethered in a long-range complex 

whose formation requires the Ku70/80 heterodimer and the DNA-dependent protein kinase 

catalytic subunit (DNA-PKcs). The ends are then closely aligned, which requires XLF, a non-

catalytic function of XRCC4-LIG4, and DNA-PK activity. These results reveal a structural 

transition in the synaptic complex that governs alignment of DNA ends. Our approach provides a 

means of studying physiological DNA double-strand break repair at single-molecule resolution.  
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Introduction 

Most DNA double-strand breaks (DSBs) in human cells are repaired by non-homologous 

end joining (NHEJ), a mechanism that directly ligates broken DNA ends (Chiruvella et al., 2013; 

Radhakrishnan et al., 2014). By employing a range of DNA processing enzymes, NHEJ can join 

a variety of damaged or mismatched substrates (Ma et al., 2005; Waters et al., 2014a). A 

drawback of this versatility is the potential to generate mutations, either by inserting or deleting 

nucleotides during processing or by joining the wrong pairs of ends. Understanding how cells 

minimize such errors, while ensuring timely repair of double-strand breaks, requires a detailed 

picture of the protein complex that holds together DNA ends to be processed and ligated. 

Broken DNA ends are first bound by the basket-shaped Ku70/80 heterodimer, which 

recruits the 469 kDa DNA-dependent protein kinase catalytic subunit (DNA-PKcs) to form the 

DNA-PK holoenzyme (Carter et al., 1990; Dvir et al., 1992, 1993; Gottlieb and Jackson, 1993; 

Lees-Miller et al., 1990). DNA-PKcs phosphorylates several NHEJ factors, including itself (Dobbs 

et al., 2010), and its kinase activity is essential for NHEJ (Dobbs et al., 2010; Jette and Lees-

Miller, 2015; Jiang et al., 2015). During classical NHEJ (c-NHEJ), DNA ends are ligated by a 

complex of DNA ligase IV (LIG4) and XRCC4 (Critchlow et al., 1997; Grawunder et al., 1997). 

The XRCC4 paralog XLF (XRCC4-like factor) stimulates the activity of the XRCC4-LIG4 complex 

in vitro and is important for NHEJ in vivo (Ahnesorg et al., 2006; Buck et al., 2006; Gu et al., 2007; 

Lu et al., 2007; Tsai et al., 2007; Zha et al., 2007). Another recently discovered paralog of XRCC4 

and XLF, PAXX, has been implicated in NHEJ, although its function is unclear (Craxton et al., 

2015; Ochi et al., 2015; Xing et al., 2015). 

Almost all of the factors described above have been proposed to play a role in bridging 

DNA ends. Early work reported DNA bridging by purified Ku70/80 protein (Ramsden and Gellert, 

1998, but see Cottarel et al., 2013). In addition, DNA-PK holoenzyme complexes assembled with 

purified Ku70/80 and DNA-PKcs can dimerize to bridge DNA ends (Cary et al., 1997; DeFazio et 
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al., 2002; Hammel et al., 2010; Spagnolo et al., 2006). Similar DNA pull-down experiments in a 

human cell-free extract support a role for Ku and DNA-PKcs in synapsis of DNA ends and 

additionally implicate LIG4, independent of its catalytic activity (Cottarel et al., 2013). Purified XLF 

and XRCC4 interact to form long, alternating oligomers capable of bridging DNA molecules in 

vitro (reviewed in (Mahaney et al., 2013)). However, a recent report that XRCC4-XLF interactions 

are dispensable for NHEJ in some cell types (Roy et al., 2015) suggests that XLF-XRCC4 

filaments are not universally required for synapsis. Collectively, these observations have not 

coalesced into a coherent model of physiological synaptic complex assembly.  Specifically, the 

steps in this process and the roles of individual NHEJ factors are unknown.   

Here, we address these questions by visualizing joining of fluorescently labeled DNA ends 

in X. laevis egg extracts, which support highly efficient NHEJ. We first demonstrate that ligation 

in this system requires Ku70/80, DNA-PKcs, DNA-PKcs kinase activity, XLF, and XRCC4-LIG4, 

indicating that it occurs by a physiological mechanism. Next, we present a single-molecule FRET 

assay that reveals two conformational stages in end synapsis: 1) a long-range complex in which 

DNA ends are tethered but too far apart to detect FRET between end-proximal dyes, and 2) a 

short-range complex in which DNA ends are closely apposed. Using small-molecule inhibitors, 

immunodepletion, and rescue with purified proteins, we define the roles of NHEJ factors at these 

two stages of synapsis. We find that long-range complex formation requires Ku70/80 and DNA-

PKcs, but not DNA-PK catalytic activity. Subsequent transition to the short-range complex 

requires DNA-PK catalytic activity, XLF, and XRCC4-LIG4, but not LIG4 catalytic activity. These 

results define the molecular requirements for physiological NHEJ synaptic complex assembly and 

reveal that a programmed rearrangement of this complex is required for close alignment of DNA 

ends.   
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Results 

Validation of an In Vitro Non-Homologous End Joining System 

To study NHEJ in vitro under physiological conditions, we used a cell-free extract of 

Xenopus laevis eggs, which contains the entire soluble proteome and packages added DNA into 

nucleosomes (Laskey et al., 1977). Previous work showed that egg extract efficiently joins both 

compatible and incompatible DNA ends in a manner that depends on Ku70/80 and DNA-PK 

activity (Labhart, 1999a; Postow et al., 2008; Thode et al., 1990; Di Virgilio and Gautier, 2005). 

Similarly, we observed that joining of blunt-ended linear DNAs was inhibited by immunodepletion 

of Ku (Figure 3-1A) and restored with recombinant X. laevis Ku70/80 (Figure 3-1A). End joining 

was also inhibited by small-molecule inhibitors or immunodepletion of DNA-PKcs, indicating that 

not only the presence but also the kinase activity of DNA-PKcs is required for end joining (Figures 

3.1B-C and 3.7A). Immunodepletion of XLF likewise abolished end joining, which was restored 

by recombinant X. laevis XLF protein (Figure 3-1D). Consistent with previous results suggesting 

a stable complex between XRCC4 and LIG4 (Bryans et al., 1999), anti-XRCC4 

immunoprecipitates contained an adenylated protein of the molecular weight expected for X. 

laevis LIG4 (Figure 3-7B). Immunodepletion of extract with anti-XRCC4 antibody eliminated end 

joining, and end joining was restored by recombinant X. laevis LIG4:XRCC4 complex but not 

catalytically inactive LIG4K278R:XRCC4 (Cottarel et al., 2013), XRCC4 alone, or XLF (Figure 3-1D 

and Figure 3-7D). Taken together, these results demonstrate that X. laevis egg extract joins DNA 

ends efficiently in a manner that requires the c-NHEJ factors Ku70/80, DNA-PKcs, XLF, and 

LIG4:XRCC4, as well as DNA-PK catalytic activity.  
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Figure 3-1 Bulk end joining in X. laevis egg extract 

(A) Inhibition of end joining by immunodepletion of Ku70/80 with αKu80 antibody (ΔKu80), and rescue with 
recombinant X. laevis Ku70/80. lin, linear DNA substrate; scc, supercoiled closed-circular products; oc, 
open-circular products; WB, western blot. In other conditions, Ku immunodepletion selectively inhibited 
circularization, as previously reported (Figure 3-7C) (Labhart, 1999; Di Virgilio and Gautier, 2005). (B) 
Inhibition of end joining by the DNA-PK inhibitor NU-7441. (C) DNA-PKcs immunodepletion.  (D) 
Immunodepletion of XLF (ΔXLF) or XRCC4 (ΔX4) and rescue with recombinant X. laevis XLF, XRCC4 (X4), 
wild-type LIG4:XRCC4 (L4X4), or catalytically inactive LIG4K278R:XRCC4 (L4X4 K278R). Lower panels 
in (A), (B), and (D) are western blots of immunodepleted extract with indicated antibodies. Uncropped blots 
are shown in Figure 3-7F-H. XLF was not clearly visible in western blots of extract, but immunoprecipitated 
XLF was detected by western blotting and mass spectrometry (Figure 3-7J-K). 

 

 
Two-Stage Synapsis of DNA Ends during NHEJ 

To address which NHEJ factors are required for synapsis of DNA ends in this system, we 

employed a combination of single-molecule co-localization and Förster resonance energy transfer 

(FRET). A blunt-ended 100 bp DNA duplex labeled with Cy3 near one end and biotinylated at the 

other end (Cy3-DNA) was attached to a streptavidin-coated glass coverslip within a microfluidic 
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channel (Figure 3-2A). Next, a blunt-ended 100 bp DNA duplex labeled near both ends with Cy5 

(Cy5-DNA) was added to egg extract and drawn into the channel.  In each case, Cy3 and Cy5 

labels were placed 7 nucleotides from the DNA end, which did not disrupt end joining (Figure 3-

8A-B). Surface-tethered DNAs were imaged using total internal reflection (TIR) illumination, 

alternating between excitation of Cy3 with a 532 nm laser and Cy5 with a 641 nm laser. Using a 

frame integration time of 1 s, only Cy5-DNAs tethered to Cy3-DNAs appeared as discrete spots 

(Figure 3-8C). FRET between Cy3 and Cy5 indicated close association between the two dyes. 

Single-molecule intensity traces revealed a time delay between Cy5-DNA binding to Cy3-

DNAs and the appearance of FRET (“tlag” in Figures 3.2B and 3.8C). We refer to the Cy5-DNA-

bound, low-FRET state as a "long-range" synaptic complex, because the dyes are outside of the 

~100 Å maximum FRET radius, and the subsequent high-FRET state as a "short-range" synaptic 

complex. The lag time between long-range and short-range complex formation was not 

exponentially distributed, implying that this transition involves more than a single rate-limiting step 

(Figure 3-2C). Most long-range complexes were short-lived, with 59% lasting only a single Cy5 

excitation frame (~2 s; see Figure 3-2D). Among the 14% of long-range complexes that survived 

at least four Cy5 excitation frames (~8 s), about 1% progressed to a high-FRET state, while the 

rest dissociated (see Experimental Procedures and Figure 3-10B). The low transition probability 

from the long-range to the short-range complex suggests that broken DNA ends typically interact 

many times before stably associating. Such repeated interactions would likely be facilitated by 

constrained diffusion of broken DNA ends within chromosomes (see also below) (Jakob et al., 

2009; Kruhlak et al., 2006; Lucas et al., 2014; Soutoglou et al., 2007). 
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Figure 3-2 Single-molecule analysis of DNA end tethering in egg extract 

(A) Schematic of the intermolecular tethering assay. A 100-base pair (bp) DNA duplex biotinylated at one 
end (Bio) and labeled 7 bp from the other end with Cy3 was attached to a glass surface coated with 
streptavidin (Strep). A second 100-bp duplex labeled 7 bp from each end with Cy5 was added to egg extract 
and introduced into the flowcell. Cy5-DNA binding and FRET were monitored by alternating excitation of 
Cy3 and Cy5. The yellow circle represents the protein complex that bridges DNA ends. (B) Example 
trajectory showing a lag time (tlag) between Cy5-DNA binding and transition to a high-FRET state. Upper 
panel, Cy5 signal with Cy5 (641 nm) excitation, which appears upon Cy5-DNA binding to the stationary 
Cy3-DNA. Middle panel, Cy3 (cyan) and Cy5 (red) signal with Cy3 (532 nm) excitation. Lower panel, 
calculated FRET efficiency. (C) Histogram of lag times between binding and transition to high FRET (N = 
207 trajectories). A fit to a gamma distribution (k = 2.7, θ = 4.7 s) suggests that multiple steps are required  
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Figure 3-2 (Continued). for the long- to short-range transition, each with a time constant on the order of 
seconds. (D) Survival curve of long-range complexes (LRC) in mock-immunodepleted extract (N = 57921 
events) and biotinylated Cy5-DNAs as a photostability control (PC; N = 3907 molecules). The thick black 
line shows the mean of nine experimental replicates (thin gray lines). (E) Long-range complex formation 
rate in extract immunodepleted of different factors or treated with DNA-PK inhibitor (NU-7441) or vehicle 
(DMSO). Elements of the two sets of conditions labeled * and # are significantly different from elements of 
the other set but not from elements of the same set (p < 10-5, ANOVA with Tukey’s post-hoc test). Error 
bars: ±2*S.E.M. See Table 3.1 for sample sizes. (F) Mean survival time of tethered complexes was similar 
among different conditions, although slightly reduced by XLF/XRCC4 double-depletion (p = 0.03 
compared to Δmock, ANOVA with Tukey’s post-hoc test). Error bars: ±2*S.E.M. XLF and XRCC4 
depletion also appeared to reduce the fraction of long-range complexes that were extremely long-lived 
(see Figure 3-8D). 

 

Molecular Requirements for Initial Tethering of DNA Ends 

We next investigated the requirements for long-range synaptic complex formation. 

Immunodepletion of Ku70/80 or DNA-PKcs reduced the rate of long-range complex formation 

>30-fold, to a level that was indistinguishable from nonspecific Cy5-DNA binding to the surface in 

the absence of Cy3-DNAs (Figure 3-2E). The defect in Ku-depleted extract was reversed by 

addition of recombinant Ku70/80. In contrast, the rate of long-range complex formation was 

unaffected by kinase inhibitors of DNA-PK or immunodepletion of XRCC4-LIG4, XLF, or both 

(Figure 3-2E). The average survival time of long-range complexes was also similar among these 

conditions (Figure 3-2F). These results argue that the DNA-PK holoenzyme, independent of its 

catalytic activity, forms the initial long-range bridge between broken DNA ends. 

 
Requirements for Short-Range Synapsis of DNA Ends 

We next addressed which factors are required for the formation of the short-range synaptic 

complex. Because of the relatively low yield of high-FRET complexes in our intermolecular 

tethering assay, we designed an intramolecular NHEJ substrate to increase the frequency of 

collisions between DNA ends. A 2000 bp PCR product with Cy3 and Cy5 labels incorporated 7 

bp from either blunt end was bound to a coverslip by an internal biotin-streptavidin attachment 

(Figure 3-3A). Addition of egg extract led to the appearance of high-FRET complexes (Figure 3-
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3B and 3.9), some of which transitioned back to a low-FRET state (Figure 3-3B and 3.9H-O). Data 

compiled for many substrates showed a bimodal distribution of FRET efficiencies (Figure 3-3C). 

The center of the high-FRET peak in this distribution (EFRET = 0.52) was similar to the FRET 

efficiency of DNA molecules that were pre-ligated with T4 DNA ligase before imaging in egg 

extract (EFRET = 0.54), indicating close alignment of DNA ends within high-FRET complexes 

(Figure 3-3C-D). A similar mean FRET efficiency was seen for the subset of high-FRET molecules 

that subsequently reverted to a low-FRET state (EFRET = 0.62). These results indicate that within 

the short-range complex, DNA ends are closely juxtaposed, even before ligation (Figure 3-3D).  

 

Figure 3-3 Intramolecular FRET reporter of DNA end bridging 

(A) A 2-kilobase pair (kb), blunt-ended DNA labeled 7 bp from one end with Cy3 and 7 bp from the other 
end with Cy5 was tethered by an internal biotin-streptavidin attachment to a glass coverslip, and FRET 
between Cy3 and Cy5 was measured after egg extract was added to the flowcell. (B) Multiple transitions 
on a single substrate between low and high FRET. Top panel, Cy5 fluorescence intensity with direct (641 
nm) excitation. Middle panel, Cy3 (cyan) and Cy5 (red) fluorescence with Cy3 (532 nm) excitation. Lower 
panel, FRET efficiency. (C) Histogram of FRET efficiencies in mock-immunodepleted extract, compiled over 
all substrates and all frames in three 30-min timecourse experiments (n = 434397 substrates * frames). 
Dashed curve shows a fit to a double-Gaussian function (means µ1 and µ2). (D) Histograms of average 
FRET efficiencies from high-FRET segments of long timecourse trajectories. Left panel, high-FRET  
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Figure 3-3 (Continued). complexes in extract that subsequently transitioned to a low-FRET state (indicating 
that they were unligated; N = 50 trajectory segments). Right panel, gel-purified circular standard generated 
by T4 DNA ligase (N = 83 trajectory segments). 

 

To measure the kinetics of short-range synapsis while avoiding photobleaching, we 

sampled fresh fields of view every ~18 s after extract addition and obtained FRET efficiency 

histograms at each time point, which are displayed as kymographs in Figure 3-4A-B. In 

unperturbed extract, substrates transitioned from an initial zero-FRET state to a final state with 

FRET efficiency ~0.5 (Figure 3-4A). The kinetics of this short-range synapsis were quantified by 

plotting the fraction of substrates with FRET efficiency > 0.25 as a function of time (e.g., black 

curve in Figure 3-4E summarizes Figure 3-4A). As expected from a sequential mechanism of 

synaptic complex assembly, immunodepletion of Ku70/80 or DNA-PKcs, which disrupts formation 

of the long-range synaptic complex (Figure 3-2E), also prevented formation of the short-range 

synaptic complex (Figure 3-4C-D). In contrast to the long-range synaptic complex, the short-range 

synaptic complex was abolished by small-molecule inhibitors of DNA-PK or immunodepletion of 

XLF or XRCC4-LIG4 (Figures 3.4E-F and 3.5A). Purified XLF protein rescued short-range 

synapsis in XLF-depleted extract (Figure 3-4F). Analogous results were seen for short-range 

complex formation in the intermolecular synapsis assay, although not all comparisons were 

statistically significant (Figure 3-10). Collectively, these results show that in addition to the factors 

required to form the long-range complex (Ku70/80 and DNA-PKcs), formation of the short-range 

complex requires DNA-PK catalytic activity, XLF, and XRCC4-LIG4. 
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Figure 3-4 Kinetics of short-range synaptic complex formation 

(A, B) Time-resolved FRET efficiency histograms for a population of substrates in extract treated with NU-
7441 (B) or DMSO solvent control (A). (C-F) Fraction of circularization substrates with a FRET efficiency 
greater than 0.25 as a function of time after extract addition. Mean (thick line) and range (error bars) of all 
replicates. See Table 3.2 for sample sizes. (C) Ku-immunodepleted extract or Ku-immunodepleted extract 
supplemented with purified Ku70/80 (p = 0.003, t-test of overall fraction FRET positive by replicate). (D) 
DNA-PKcs-immunodepleted extract and mock depletion with pre-immune IgG. (p = 0.008, t-test of overall 
fraction FRET positive by replicate) (E) Treatment with NU-7441, another DNA-PK inhibitor (PIK-75) or 
DMSO solvent (p = 0.002 for DMSO vs. NU-7441, p = 0.014 for DMSO vs. PIK-75, NU-7441 vs. PIK-75 
comparison not significant; t-test with Bonferroni correction of overall fraction FRET positive by replicate). 
Black and red curves are derived from the histograms in (A) and (B), respectively. (F) Immunodepletion of 
XLF and rescue with recombinant XLF protein (p = 0.0007 for ΔMock vs. ΔXLF, p = 0.0014 for ΔXLF vs. 
ΔXLF + XLF, ΔMock vs. ΔXLF + XLF comparison not significant, t-test with Bonferroni correction of overall 
fraction FRET positive by replicate). 

 

A non-catalytic role for LIG4 in short-range synapsis 

Interestingly, short-range synapsis in XRCC4-depleted extract was rescued by 

LIG4:XRCC4 but not by XRCC4 alone (Figure 3-5A and 3-7I), indicating that LIG4 is required for 

short-range synapsis of DNA ends. Catalytically inactive LIG4K278R:XRCC4 also rescued short-

range complex formation, although high-FRET complexes accumulated to a lower level (Figure 

3-5A), were shorter-lived than high-FRET complexes formed in undepleted extract (Figure 3-5B), 

and were dissociated by 1% SDS (Figure 3-5C), consistent with synapsis without ligation. Short-
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range complexes formed in the presence of catalytically inactive LIG4:XRCC4 were nonetheless 

much longer-lived than the long-range synaptic complex (compare Figures 3.2D and 3.5B). These 

results reveal that the presence of LIG4, independent of its catalytic activity, is required for a 

conformational transition in the synaptic complex that aligns DNA ends and stabilizes their 

association. 

 
 

Figure 3-5 LIG4 is required for short-range synaptic complex formation independent of its catalytic activity 

(A) Kinetics of circularization, as in Figure 3-4, for extract immunodepleted of XRCC4 (ΔX4). Mean (thick 
line) and range (error bars) of all replicates. Successful rescue with recombinant wild-type or catalytically 
inactive (K278R) LIG4:XRCC4 complex (L4:X4) but not XRCC4 alone (X4). p = 0.0004 for ΔX4 vs. ΔX4 + 
L4:X4, p = 0.0009 for ΔX4 vs. ΔX4 + L4K278R:X4, ΔX4 vs. ΔX4 + X4 comparison not significant, t-test with 
Bonferroni correction of overall fraction FRET positive by replicate. (B) Kaplan-Meier survival curves of 
high-FRET complexes formed in undepleted extract (N = 124) or XRCC4-depleted extract supplemented 
with LIG4K278R:XRCC4 (N = 180). The two curves differ significantly (p = 0.01, two-tailed log rank test). 
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Figure 3-5 (Continued). (C) FRET efficiency histograms before and after a 1% sodium dodecyl sulfate 
(SDS) wash of substrates incubated for 30 min in XRCC4-depleted extract supplemented with either wild-
type or catalytically inactive (K278R) LIG4:XRCC4. In the left panel, the apparent increase in the high-
FRET population after SDS wash is likely due to the fact that the pre-wash histogram is compiled from a 
timelapse movie in extract, during which the high-FRET population was increasing. 

 
Discussion 

Here, we report that in addition to Ku70/80 and DNA-PK (Labhart, 1999a; Postow et al., 

2008; Di Virgilio and Gautier, 2005), end joining in X. laevis egg extract requires the NHEJ factors 

XLF and XRCC4-LIG4. These results further validate egg extracts as a physiologically realistic in 

vitro system for studying NHEJ. Using single-molecule fluorescence imaging in extract, we have 

monitored a complete double-strand break repair reaction at nanometer resolution in real time. 

 

Figure 3-6 Model of DNA end synapsis during non-homologous end joining 

DNA ends are initially tethered in a long-range complex and then brought together after several seconds 
into a short-range complex. Formation of the initial long-range complex requires Ku70/80 and DNA-PKcs, 
whereas formation of the short-range complex requires DNA-PK catalytic activity, XLF, and LIG4:XRCC4, 
but not LIG4 catalytic activity. Close alignment of the ends in the short-range complex positions them to be 
ligated. 
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Our results identify two stages of DNA end synapsis during NHEJ (Figure 3-6).  Ku70/80 

and DNA-PKcs form an initial long-range complex in which DNA ends are held sufficiently far 

apart that no FRET is detected between the Cy3 and Cy5 labels. The absence of FRET in this 

initial complex is not surprising given the large dimensions of DNA-PKcs (ca. 160 Å x 120 Å x 100 

Å for a monomer) (Sibanda et al., 2010). Conversion of the long-range synaptic complex to the 

short-range complex, in which the DNA ends are closely aligned, requires DNA-PK catalytic 

activity, XLF, and LIG4:XRCC4, but not LIG4 catalytic activity.  

Given that our extract system contains the complete soluble proteome, and that end 

joining depends on key NHEJ factors, it is reasonable to expect that the stepwise process of 

synapsis that we observe in vitro also occurs in intact cells. However, it is likely that the kinetics 

of the process are different between extract and intact cell nuclei, given differences in the overall 

concentration of DNA and repair factors. We also cannot exclude the possibility that alternative 

mechanisms of synapsis might occur in intact cells. For instance, DNA bridging interactions within 

chromatin domains larger than our in vitro substrates (Bassing and Alt, 2004) might increase the 

effective local concentration of DNA ends, facilitating subsequent long- and short-range complex 

formation.  

Recently, Reid and colleagues proposed a model in which XLF, XRCC4, and LIG4 

filaments initially bridge DNA ends in a side-by-side orientation.  The ends subsequently slide 

past one another, aligning them for ligation (Reid et al., 2015). This model is based primarily on 

their observation that in reactions containing Cy3- and Cy5-labeled DNA duplexes and purified 

Ku70/80, XLF, XRCC4, and LIG4, FRET efficiency fluctuated in individual traces, resulting in a 

broad distribution of values. However, it is unclear whether DNA bridging complexes formed under 

these conditions were physiological, given that DNA-PKcs was not present in the mixture and that 

ligation was not shown to depend on Ku70/80 or XLF.  In contrast, our extract system ligates DNA 

ends in a manner that requires key NHEJ factors, including DNA-PKcs.  A central role for DNA-
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PK in synaptic complex formation is consistent with its importance for NHEJ in vivo (Dobbs et al., 

2010; Jette and Lees-Miller, 2015; Jiang et al., 2015; Lees-Miller et al., 1995; Peterson et al., 

1995). Notably, the model of Reid et al would predict that in our experiments, formation of the 

short-range complex is preceded by a transient high-FRET intermediate as donor and acceptor 

dyes slide past each other, yet this is not observed (Figure 3-3B and 3.9H-O).  Instead, our FRET 

efficiency measurements exhibit a bimodal distribution indicating that alignment of DNA ends 

involves a transition between discrete structural intermediates. Reid et al. also based their model 

on super-resolution images of fixed cells in which a fraction of immunostained XRCC4, XLF, and 

LIG4 foci colocalized with Ku or TUNEL staining and appeared filamentous (Reid et al., 2015). 

However, these experiments lack the resolution to determine the location of DNA ends relative to 

each other and therefore cannot distinguish between different models of synaptic complex 

assembly. Thus, we believe that our cell extract-based approach currently provides the highest 

resolution view of physiological end joining.  

Our result that LIG4 is required for synapsis independent of its catalytic activity is in line 

with previous results from pull-down experiments in human cell extracts (Cottarel et al., 2013). 

While Cottarel et al. (2013) observed an overall decrease in DNA bridging in the absence of LIG4, 

we find that LIG4 is required for short-range but not long-range synapsis. Our observations and 

those of Cottarel et al. (2013) are reconciled by the fact that the short-range complex is much 

longer-lived than the long-range complex (Figure 3-2D and 3.5B). Although an ensemble pull-

down assay could potentially detect both complexes, our results suggest it would preferentially 

detect the short-range complex, which would dissociate more slowly than the long-range complex 

during wash steps. This interpretation also explains why depletion of Ku70/80 or DNA-PKcs, 

which disrupt both long- and short-range complex formation in our assay, caused a more 

complete DNA bridging defect than LIG4 depletion in ensemble experiments (Cottarel et al., 

2013).   
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An important question is how end processing is coordinated with the two stages of end 

synapsis. Previous work suggested that autophosphorylation induces a conformational change in 

DNA-PKcs that makes bound DNA ends accessible to processing enzymes (Calsou et al., 1999; 

Ding et al., 2003; Dobbs et al., 2010; Hammel et al., 2010; Weterings et al., 2003). The DNA-PK-

dependent conformational transition that we observe in the synaptic complex may therefore 

regulate not only ligation, but also processing of DNA ends. Consistent with this idea, XRCC4-

LIG4 and XLF, which we have shown are also required for this conformational transition, are 

necessary for DNA-PKcs autophosphorylation and for some types of end processing (Akopiants 

et al., 2009; Cottarel et al., 2013; Lee et al., 2003). Coupling LIG4 recruitment with the switch to 

a processing-competent state would position LIG4 to ligate broken ends as soon as they are 

compatible (Waters et al., 2014b), helping to minimize genetic alterations during NHEJ.  
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Figure 3-7 Additional bulk end joining results and characterization of immunodepletions from extract 

 (A) Inhibition of end joining by the DNA-PKcs inhibitors NU-7441 (87 µM) and PIK-75 (11 µM).  

(B) An adenylated protein with molecular mass similar to recombinant LIG4 is present in anti-XRCC4 
immunoprecipitates. XRCC4 was immunoprecipitated from egg extract, and immunoprecipitates were 
incubated with [α32P]-labeled ATP to detect autoadenylation activity. Appearance of a radiolabeled ~100 
kDa band required pretreatment of the immunoprecipitate with 0.5 mM pyrophosphate (which drives LIG4 
deadenylation), consistent with previous results indicating that the majority of LIG4 in cell lysates is 
adenylated (Grawunder et al., 1997). Recombinant LIG4:XRCC4 (which in this case had been purified from 
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Figure 3-7 (Continued). Sf9 cell lysates using buffers without pyrophosphate) was also adenylated in vitro 
in a manner that required pre-treatment with pyrophosphate (concentration series: 0.45, 0.22, 0.11, 0.06, 
0.03, 0.014, and 0 mM). High concentrations of pyrophosphate reduced the adenylation signal. (Note that 
in reactions with recombinant protein, pyrophosphate was not removed prior to addition of [α32P]-ATP.)  
Boxed inset: image of the first two lanes with reduced contrast.  

(C) SYBR gold-stained gel of an end-joining experiment using alternative conditions similar to those 
previously described (Labhart, 1999; Di Virgilio and Gautier, 2005). Under these conditions, residual 
multimer formation was seen in the absence of Ku. ladder, 2-log ladder (New England Biolabs). mono, 
monomeric linear DNA. oc, open-circular products. scc, supercoiled closed-circular products. di, linear 
dimers. tri, linear trimers.  

(D) Orthogonality of XRCC4 and XLF immunodepletions. End joining was restored in XRCC4-
immunodepleted (ΔXRCC4) extract by addition of LIG4:XRCC4 but not by addition of XLF (human XLF 
[hXLF] in this experiment). Conversely, end joining was restored in XLF-immunodepleted (ΔXLF) extract 
by human XLF but not by LIG4:XRCC4. End joining was also restored when ΔXRCC4 and ΔXLF extracts 
were mixed together (ΔXRCC4 + ΔXLF).  

(E) SDS-PAGE gel of purified recombinant X. laevis NHEJ proteins stained with colloidal Coomassie blue 
(InstantBlue). 

(F-H) Full-size versions of the western blots shown in Figure 3-1A,B,D. The blot in (G) was obtained by 
re-probing the blot in (F) with rabbit anti-Ku80 antibody followed by HRP-conjugated anti-rabbit IgG 
secondary antibody. Arrows, bands likely to be the proteins of interest. Asterisks, contaminating IgG 
heavy chain (G) or light chain (H). 

(I) To verify that XRCC4 is stable in egg extract independently of LIG4, recombinant XRCC4 or 
LIG4:XRCC4 was added to XRCC4-immunodepleted extract containing linear substrate DNA, and the 
extract was blotted for XRCC4 at the indicated times.  The result shows that XRCC4 persists in the extract 
at 30 and 60 min, even in the absence of LIG4. *, contaminating IgG light chain. Endog. XRCC4, 
endogenous XRCC4. 

 (J-K) Analysis of the X. laevis XLF translation start site. (J) XLF was immunoprecipitated from egg extract 
as described in “Antibody generation and immunodepletion.” Bands of approximately the correct molecular 
weight were excised from a Coomassie blue-stained gel (upper panel). Protein was eluted in SDS-PAGE 
sample buffer, separated again on an SDS-PAGE gel, and analyzed by western blotting with the same anti-
XLF antibody used for immunoprecipitation (lower panel). The band that gave the strongest signal on the 
western blot was excised from a Coomassie blue-stained gel of a second immunoprecipitation and 
submitted for trypsin digestion and peptide identification by mass spectrometry. (K) Peptides identified by 
mass spectrometry are highlighted in green on a reference sequence of XLF with candidate start sites 
indicated in red. The reference sequence was stitched together from the X. laevis Xenbase/JGI 6.1 gene 
model for XLF (NHEJ1), the PHROG database (Wühr et al., 2014), and partial cDNA sequences in 
GenBank (accession numbers BC077538.1, BJ093763.1, CA988039.1, and CA982456.1). While the data 
do not definitively indicate the translation start site, the absence of any peptides or cDNA sequences 
corresponding to the possible N-terminal extension upstream of start site 3, and the fact that this extension 
is not conserved, suggest that start sites 3 or 4 are the most plausible. A construct beginning at start site 4 
rescued end joining in XLF-immunodepleted extract but was poorly soluble (data not shown). A construct 
beginning at start site 3 was well expressed and soluble and was used for all experiments shown in the 
figures. 
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Figure 3-8 Results related to substrate for single-molecule tethering assay 

 (A) End-joining of the 100 bp Cy5-labeled DNA duplex that was used for tethering experiments. As with 
longer DNA fragments, end-joining was inhibited by a DNA-PK inhibitor, NU-7441, but not by solvent alone 
(DMSO).  

(B) End joining of a 2 kilobase pair PCR product labeled 7 bp from one end with Cy3 and 7 bp from the 
other end with Cy5 (right) and of a control PCR product without Cy3 and Cy5 labels (left). oc, open-circular 
products. lin, linear DNA. scc, supercoiled closed-circular products. 

(C) Single-molecule kymograph of Cy5-DNA tethering followed by a transition to high FRET in the 
intermolecular synapsis assay depicted in Figure 3-2A. Upper plot, Cy5 intensity with direct (641 nm) 
excitation. Middle plot, Cy3 (cyan) and Cy5 (red) intensity with Cy3 (532 nm) excitation. Lower plot, 
calculated FRET efficiency. The kymograph between the upper and middle plots shows the image of the 
spot whose intensity is quantified. The upper row of the kymograph shows the image of the spot in the Cy5 
channel with direct (641 nm) excitation, corresponding to the upper plot. The lower row of the kymograph 
shows an overlay of images in the Cy3 (cyan) and Cy5 (red) channels with Cy3 (532 nm) excitation, 
corresponding to the middle plot. A time delay between tethering and appearance of FRET (tlag) is evident 
from both the raw images and quantified intensities. The two rows of the kymograph are staggered along 
the horizontal axis to accurately reflect alternating excitation with 532 nm and 641 nm light. 

(D) Fraction of long-range complexes surviving greater than 30 s (*, p < 0.01 compared to ΔMock, one-way 
ANOVA followed by Tukey’s post-hoc test; p > 0.05 for other comparisons with ΔMock). The reduction in 
long-lived complexes in extract lacking XLF, XRCC4 or both may reflect a destabilization of the long-range 
synaptic complex in the absence of XLF or XRCC4-LIG4. Alternatively, it is possible that some fraction of 
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Figure 3-8 (Continued). (much longer-lived) short-range complexes were erroneously classified as long-
range complexes. This could happen if the Cy5 label at the synapsed end was lost due to incomplete 
labeling, photobleaching, or limited resection while the Cy5 label at the opposite end persisted (see Figure 
3-2A and Experimental Procedures). 
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Figure 3-9 Single-molecule trajectories for circularization FRET reporter 

The top panel shows Cy5 intensity with direct (641 nm) excitation (arbitrary units), the middle panel shows 
Cy3 (cyan) and Cy5 (red) intensities with Cy3 (532 nm) excitation (arbitrary units), and the bottom panel 
shows calculated FRET efficiency. Cy5 and Cy3 photobleaching events are indicated by red and cyan 
arrows, respectively. Some substrates transitioned to and remained in a high-FRET state until the end of 
the observation interval (A,B) or until acceptor photobleaching (C-G). Other substrates exhibited multiple 
transitions between a low-FRET state and a high-FRET state (H-O). The apparent loss of FRET between 
400 and 500 s in (H) was due to a brief acceptor blinking event (red *). The calculated FRET efficiency in 
(F) and (I) is shown only prior to donor photobleaching. The “0 s” timepoint in all trajectories corresponds 
to the start of the observation in a particular field of view, not the time of extract addition to the flowcell. 
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Figure 3-10 Fraction of long-range complexes transitioning to the short-range complex 

Number of transitions to high FRET as a fraction of long-range complexes surviving at least 4 acceptor 
excitation frames, the minimum survival time required for detection of FRET transitions using our algorithm 
(see Experimental Procedures). *, p < 0.05, one-way ANOVA with Tukey’s post-hoc test. 

 

 
Figure 3-11 FRET efficiency of unligated short-range synaptic complex versus pre-ligated substrate 

(A) FRET efficiency histogram of all frames from extended timecourse imaging experiments in XRCC4-
depleted extract supplemented with catalytically inactive LIG4K278R:XRCC4 (red). A FRET efficiency 
histogram of pre-ligated substrate imaged in extract (as in Figure 3-3C) is shown as a standard (black). 
Gaussian fits to the high-FRET peak in each distribution are shown as solid lines, and fit parameters are 
displayed in the table to the right. Noncovalent short-range complexes formed in the presence of 
catalytically inactive LIG4 had a similar mean FRET efficiency as for pre-ligated substrate, indicating the 
close apposition of DNA ends in the short-range complex. 

(B) Average FRET efficiency of high-FRET segments extracted from long timecourse trajectories in 
XRCC4-immunodepleted extract supplemented with catalytically inactive LIG4K278R:XRCC4 (c.f. Figure 
3-3C). 
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Table 3.1  

Sample sizes for inter-molecular synapsis experiments. 

Condition Number of 
replicates 

Total number of Cy3-
DNAs tracked (for ~3 
min each) 

Total number of tethering 
events detected 

ΔMock 13 63773 71794 
ΔKu80 3 13697        618        
ΔKu80 + Ku70/80 3 14228        22739        
ΔDNA-PKcs 3 13550 398 
ΔXLF 5 25901        28708        
ΔXRCC4 5 23444        30642        
ΔXLF,ΔXRCC4 4 16619        30506        
DMSO 3 10593        13842        
NU-7441 4 14523 19092 

 
 

Table 3.2  

Sample sizes for intra-molecular synapsis experiments. 

Condition Number of 
replicates 

Total number of substrates 
tracked (for ~18 s each) 

ΔMock 5 124574 
ΔKu80 2 43602 
ΔKu80 + Ku70/80 2 48740 
ΔDNA-PKcs 2 53159 
DMSO 4 56797 
NU-7441 3 47639 
PIK-75 2 35448 
ΔXRCC4 4 73169 
ΔXRCC4 + LIG4WT:XRCC4 3 47175 
ΔXRCC4 + LIG4K278R:XRCC4 4 60028 
ΔXRCC4 + XRCC4 2* 47481 
ΔXLF 3 68069 
ΔXLF + XLF 2 47213 

 

* One replicate of the ΔXRCC4 + XRCC4 condition was done with an elevated concentration of 
XRCC4, 0.8 pmol (monomer) per µl extract. 
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Experimental procedures 

 
Egg Extract Preparation 

High speed supernatant (HSS) of egg cytosol was prepared as described previously 

(Lebofsky et al., 2009). 

Bulk end-joining assay 

Substrate preparation: For the experiments shown in Fig. 1, a fragment corresponding to 

basepairs 21226-26104 (4.9 kb) in bacteriophage λ genomic DNA was excised from pTG313 by 

cleavage with EcoRI-HF (New England Biolabs), separated on a 1x TBE agarose gel containing 

ethidium bromide, and extracted by electroelution. Electroeluted DNA was extracted twice with 

one volume of 2-butanol to remove ethidium bromide and ethanol precipitated. DNA was labeled 

by fill-in of EcoRI overhangs with the DNA polymerase I Klenow fragment (New England Biolabs) 

in the presence of [α-32P]dATP (EasyTides, Perkin Elmer) and dTTP. To prevent irreversible 

resection of DNA ends beyond the EcoRI site by the 3’-5’ exonuclease activity of the Klenow 

fragment, dCTP and dGTP were also included in the reaction. After a 15 min incubation at 25°C, 

labeled DNA was purified using a spin column PCR purification kit (Qiagen) and eluted with 5 mM 

Tris-HCl, pH 7.5. For the experiments in Figure 3-7A,D, EcoRI-digested pBluescript II KS(-) was 

used as a substrate rather than the λ/EcoRI fragment. 

For the short DNA duplex end-joining experiment in Fig. 3-8A, Cy5-labeled duplex DNA, 

generated as described in the following section, was end-labeled with 32P phosphate using T4 

polynucleotide kinase (New England Biolabs). Labeled DNA was purified using a spin column 

PCR purification kit (Qiagen) and eluted with 5 mM Tris, pH 7.5. 

For comparing end-joining efficiencies of Cy3 and Cy5-labeled or unlabeled DNA 

fragments (Fig. 3-8B), PCR products were generated using pTG059 (see list of plasmids below) 

as a template and primer pairs oTG415-6 and oTG413-4 (see list of oligonucleotides below), 
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respectively. DNAs were gel-purified using a spin column kit (Qiagen) and end-labeled with [γ-

32P]ATP (EasyTides, Perkin Elmer) and T4 polynucleotide kinase (New England Biolabs). Labeled 

DNA was purified using a spin column PCR purification kit (Qiagen) and eluted with 5 mM Tris, 

pH 7.5. 

End joining assay: Extract was supplemented with nocodazole to a final concentration of 

7.5 ng/µl if nocodazole had not already been added prior to immunodepletion. For the experiments 

shown in Figure 3-1, 10 µl extract was mixed with 0.5 µl of ~20 ng/µl radiolabeled linear substrate 

DNA, 1 µl of 1 µg/µl closed-circular pBluescript II DNA, and 0.3 µl of an ATP regeneration mixture 

containing 65 mM ATP, 650 mM phosphocreatine, and 160 ng/µl creatine phosphokinase (Sigma, 

Cat. # C-3755; Type I from rabbit muscle). The addition of closed-circular “carrier” DNA to the 

reaction was necessary for efficient end joining of dilute linear substrate, similar to the 

dependence on total DNA concentration seen for DNA replication in extract (Lebofsky et al., 

2011). An initial 2 µl sample (“0 min”) was withdrawn while the reactions were on ice and mixed 

with 5 µl stop solution/loading dye (80 mM Tris, pH 8, 8 mM EDTA, 0.13% phosphoric acid, 10% 

Ficoll, 5% SDS, 0.2% bromophenol blue). Reactions were transferred to room temperature, and 

additional 2 µl samples were withdrawn at the indicated times and mixed with 5 µl stop 

solution/loading dye. Samples were digested at room temperature for at least 1 h with 1 µg 

proteinase K per sample, and products were separated by electrophoresis on a 1x Tris-borate-

EDTA (TBE), 0.8% agarose gel. Gels were sandwiched between filter paper and a HyBond-XL 

nylon membrane (GE Healthcare), dried on a gel dryer, and exposed to a storage 

phosphorscreen, which was imaged using a Personal Molecular Imager (BioRad) or Typhoon 

FLA 7000 imager (GE Healthcare Life Sciences). 

For the experiment shown in Figure 3-7C, a higher concentration of unlabeled substrate 

was used, as in previous work (Labhart, 1999a; Di Virgilio and Gautier, 2005). 15 µl extract was 

combined on ice with 0.45 µl ATP regeneration system and 1.5 µl of 100 ng/µl EcoRI-digested 
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pBluescript II KS(-) substrate, and reactions were transferred to room temperature. 3 µl samples 

were withdrawn at the indicated times, mixed with 5 µl stop solution/loading dye, and digested 

overnight with 1 µg of proteinase K per sample. Samples were separated on a 1x TBE 0.8% 

agarose gel, which was stained with SYBR gold while digesting egg extract RNA in situ with 

RNase A. 

Antibody Generation 

Antibodies were raised in rabbits by New England Peptide against synthetic peptides 

corresponding to C-terminal sequences from X. laevis XLF [Ac-CGASKPKKKAKGLFM-OH], 

XRCC4 (Ac-CKNTPDPDDLFSDI-OH), and Ku80 (Ac-CMEDEGDVDDLLDMM-OH). Antibodies 

were affinity purified by the supplier using resin coupled to the corresponding peptide through its 

N-terminal cysteine. Anti-DNA-PKcs antibody was raised by Pocono Rabbit Farm and Laboratory 

against an insoluble fragment of X. laevis DNA-PKcs spanning the PIKK and FATC domains (see 

Experimental Procedures). For affinity purification of antibody, antigen dissolved in 1x PBS with 

6 M urea and 5 mM β-mercaptoethanol was coupled to AminoLink Coupling Resin (Thermo Fisher 

Scientific) following the manufacturer’s instructions. Rabbit serum was passed over antibody-

coupled resin by gravity flow, and the resin was washed with 1x PBS. Bound antibody was eluted 

with 200 mM glycine, pH 2.6, and elution fractions were rapidly neutralized with 0.14 volumes of 

1 M Tris-HCl, pH 8.8. Mock IgG for the experiment in Figure 3-1B was purified by protein A 

sepharose affinity chromatography from pre-immune serum of the rabbit used to produce anti-

DNA-PKcs antibody. Antibody was eluted from the resin as described above. Details about 

immunodepletion and rescue experiments can be found in Experimental Procedures. 
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Western Blotting 

Extract samples for western blotting were diluted with four volumes of SDS-PAGE sample 

buffer, and additional serial dilutions were made of undepleted extract in SDS-PAGE sample 

buffer. Samples were separated by SDS-PAGE, transferred to PVDF membranes, and probed 

with the indicated antibodies. Details can be found in Experimental Procedures. 

 

Single-Molecule Tethering Assay 

Biotin-100 bp-Cy3 duplexes (see Experimental Procedures) were tethered at a 1:1000 

dilution on a streptavidin-coated coverslip in degassed egg lysis buffer (ELB; 10 mM HEPES, pH 

7.7, 50 mM KCl, 2.5 mM MgCl2) for 3-5 min, after which the flowcell was washed with 200 µl ELB 

(see Experimental Procedures for details about microscope and flowcell construction).  25 µl HSS 

was mixed with 2.5 µl of 1 mg/ml closed-circular pBluescript II DNA, 0.8 µl of ATP regeneration 

mix (see “Bulk End Joining Assays”), 0.6 µl of 250 mM protocatechuic acid (PCA) in ELB (adjusted 

to pH 7.7), 0.6 µl of 5 µM protocatechuate 3,4-dioxygenase (PCD; storage buffer 10 mM HEPES, 

pH 7.5, 50 mM KCl, 1.25 mM MgCl2, 50% glycerol), 0.6 µl of 50 mM Trolox (6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid) in DMSO, and 1 µl of 100 nM Cy5-labeled 100 bp duplex, 

in that order. PCA and PCD form an oxygen-scavenging system, while Trolox serves as a triplet-

state quencher. The extract was drawn into the channel, and images were acquired continuously 

at a rate of 1 s/frame with alternating 532 nm and 641 nm laser excitation. The surface power 

density was 4 W/cm2 for the 532 nm laser and 0.9 W/cm2 for the 641 nm laser. To determine the 

nonspecific background rate of tethering (Figure 3-2E), Biotin-100 bp-Cy3 duplexes were omitted, 

and the correct plane of focus was maintained by imaging 605 nm quantum dots (Life 

Technologies) nonspecifically adsorbed to the surface. For Cy5 photostability measurements 

(Figure 3-2D), a biotinylated, Cy5-labeled PCR product was imaged in egg extract under the same 
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imaging conditions. Data were analyzed using custom MATLAB scripts (see Experimental 

Procedures). 

 

Single-Molecule Circularization Assay 

 
Single-molecule circularization assay and image analysis 

Substrate generation: A 2 kb long DNA fragment with a Cy3 label 7 bp from one end and 

a Cy5 label 7 bp from the other end was generated by PCR with template pTG059 and primers 

oTG415 and oTG416. This was gel purified and digested with the nicking restriction endonuclease 

Nb.BbvCI, which cuts at two tandem sites 25 bp apart in the center of the amplicon. The doubly 

nicked DNA was mixed with an approximate 10-fold molar excess of an internally biotinylated 

oligonucleotide (oTG441) with the same sequence as the DNA strand between the tandem nicks. 

The mixture was heated to 80°C for 20 min to inactivate the nicking enzyme and denature the 

short DNA segment between the nicks. It was then slowly cooled at 0.1°C/s to room temperature 

to permit annealing of oTG441. The DNA was treated with T4 DNA ligase to seal the nicks in the 

biotinylated strand, and the ligase was heat-inactivated by incubation at 65°C for 10 min. 

Circularization assay: The intramolecular end joining substrate described above was 

tethered to a streptavidin-coated coverslip within a flowcell channel. An extract mixture was 

prepared as described above for single-molecule tethering experiments and drawn into the 

flowcell. For the experiments shown in Figures 3.3C, 3.4, and 3.5A, 100 ms exposures were taken 

stroboscopically every 1 s, alternating between two frames of 532 nm excitation (surface power 

density 16 W/cm2) and one frame of 641 nm excitation (surface power density 7 W/cm2). A 

different field of view was typically imaged every 18 frames. To obtain the kymographs shown in 

Figure 3-4A-B and the kinetic traces shown in Figures 3.4C-F and 3.5A, FRET efficiency data 

from all replicates were pooled and binned in 36 s windows. For long timecourse imaging (Figures 
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3.3B, 3.3D, 3.5B, and 3.9), images were taken continuously at a rate of 1 frame/s, alternating 

between 2 frames of 532 nm excitation (surface power density 4 W/cm2) and 1 frame of 641 nm 

excitation (surface power density 0.9 W/cm2).  

For sodium dodecyl sulfate (SDS) wash experiments (Fig. 3h), substrates were pre-

incubated for 30 min with XRCC4-depleted extract supplemented with either wild-type 

LIG4:XRCC4 or catalytically inactive LIG4K278R:XRCC4. Following the 30 min incubation, 

substrates were imaged stroboscopically for 5 min with a 100 ms exposure every 500 ms, 

alternating between two frames of 532 nm excitation (surface power density 16 W/cm2) and one 

frame of 641 nm excitation (surface power density 7 W/cm2), and moving to a new field of view 

every 18 s. The flowcell was then washed sequentially with 200 µl each of ELB, TE, TE with 1% 

SDS, TE, and ELB at a flow rate of 100 µl/min using a syringe pump (Harvard Apparatus). Finally, 

the flowcell was filled with imaging solution (1x PBS with 45% glycerol, 0.2% n-propyl gallate, and 

the same concentrations of PCA, PCD, and Trolox used for imaging in extract), and substrates 

were imaged continuously with an exposure time of 500 ms/frame and the same illumination 

intensities as before. A longer exposure time was necessary due to reduced brightness of the 

fluorophores following substrate deproteinization. 

Image analysis: Image analysis was performed essentially as described above for 

tethering experiments, with the following modifications: Particles were identified in the Cy5 

channel with 641 nm excitation to avoid introducing a bias against high-FRET molecules. Particles 

within a radius of 7 pixels of other particles were excluded from the analysis to avoid crosstalk. A 

piecewise translation function between the two channels was generated by dividing the image 

into 8 sectors and determining the linear translation that gave the highest Pearson correlation 

coefficient between pixel intensities in the two channels in each sector, averaged over 5 different 

fields of view. Stage drift was estimated in long timecourse movies using image correlation, and 

ROI positions were translated to compensate. Transitions between low and high FRET and 
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photobleaching events were annotated manually in long trajectories. During manual annotation, 

thumbnail movies of each ROI were reviewed, and trajectories were excluded if 1) the Cy3 and 

Cy5 spots were poorly centered in the ROI, 2) more than one particle was visible in the ROI, or 

3) more than one Cy5 photobleaching step was evident. Kaplan-Meier survival curves of the high-

FRET state (Fig. 5B) were constructed from manual annotations, regarding as right-censored 1) 

substrates that remained in a high-FRET state at the end of the observation interval or 2) 

substrates for which Cy3 or Cy5 photobleached.  

 
Protein expression and purification 

X. laevis XRCC4 and LIG4 cDNA clones were purchased from Thermo Scientific 

(CloneIDs 6635763 and 6957895). X. laevis Ku70 and Ku80 cDNA clones were a kind gift of 

Hironori Funabiki (Rockefeller University). A synthetic codon-optimized X. laevis XLF coding 

sequence was ordered from Life Technologies. C-terminally StrepII-tagged XRCC4, N-terminally 

Flag-tagged and C-terminally His6-tagged LIG4, C-terminally His6-tagged Ku70, and untagged 

Ku80 were subcloned into pFastBac1 (Invitrogen) as described in “Plasmid generation”. 

Baculoviruses were generated following the manufacturer's instructions. XLF was cloned into a 

His10-SUMO expression vector with a 4-amino acid linker (GGGS) to improve cleavage efficiency 

by SUMO protease. A Coomassie blue-stained gel of the purified proteins described below is 

shown in Fig. 3-7E. 

The translation start site of X. laevis XLF was ambiguous based on available database 

sequences (Figure 3-7J-K). To determine the actual translation start site, we immunoprecipitated 

XLF from extract and sequenced tryptic peptides by mass spectrometry (Figure 3-7J-K). XLF was 

immunoprecipitated from egg extract following the protocol described in “Antibody generation and 

immunodepletion”. Anti-XLF and control IgG beads were washed extensively in egg lysis buffer 

containing sucrose (ELBS; 10 mM HEPES, pH 7.7, 50 mM KCl, 2.5 mM MgCl2, 250 mM sucrose), 
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and bound proteins were eluted by incubation with 1 volume 5 mg/ml XLF C-terminal peptide in 

egg lysis buffer (ELB; 10 mM HEPES, pH 7.7, 50 mM KCl, 2.5 mM MgCl2) for 20 min at room 

temperature. Immunoprecipitated proteins from 66 µl of extract were separated on a precast 10% 

SDS-PAGE gel (BioRad Mini-PROTEAN TGX), which was stained with InstantBlue (Expedeon) 

and destained with distilled water. To determine which band most likely corresponded to XLF, the 

five indicated bands of approximately the predicted molecular weight were excised with a scalpel, 

and proteins were eluted by shaking in 20 µl SDS-PAGE sample buffer for 1 h at 50°C. The 

eluates were separated on a second gel and western blotted with anti-XLF antibody (Figure 3-

7J). The immunoprecipitation procedure was repeated, and band four was excised and submitted 

for trypsin digestion and peptide identification by mass spectrometry at the Taplin Mass 

Spectrometry Core Facility at Harvard Medical School. As shown in Figure 3-7J, the amino acids 

present in the identified peptides (green) suggested two candidate start sites (3 and 4). 

Recombinant proteins corresponding to both were purified, and both rescued end joining in XLF-

immunodepleted extract (Figures 3.1C and data not shown). The longer construct (start site #3 in 

Figure 3-7J), which was much more soluble, was used for the experiments shown in the main 

text. 

Ku70-H6:Ku80: Sf9 cells at a density of 4 x 106/ml in 200 ml of Sf900 III serum-free 

medium (Invitrogen) were infected with 1 ml each of X. laevis Ku70-H6 and Ku80 baculoviral 

stocks. Cells were harvested after 60 h of shaking at 27°C, pelleted by centrifugation for 5 min at 

4°C in an SLA-3000 rotor at 1700 rpm, washed with phosphate-buffered saline (PBS; Teknova, 

135 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4), and centrifuged again for 5 min 

at 1000 g at 4°C. Pellets were flash-frozen in liquid nitrogen and stored at -80°C. Cell pellets were 

thawed, resuspended in ~4 volumes lysis buffer (20 mM Tris-HCl, pH 8, 0.5 M NaCl, 10 mM 

imidazole, 5 mM β-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride, and one cOmplete 

protease inhibitor cocktail tablet (Sigma-Aldrich) per 50 ml), and lysed by sonication with a 
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Branson Digital Sonifier at 40% amplitude for 30 s with pulses of 1 s separated by 1 s pauses. 

Lysates were clarified by centrifugation at 25,000 rpm in an SW-41 rotor for 1 h at 4°C, and 

supernatants were incubated with 1.5 ml NiNTA-agarose (Qiagen) for 1.5 h at 4°C. The resin was 

washed twice with 25 ml lysis buffer, poured into a disposable column, and washed with 25 ml 

additional lysis buffer followed by lysis buffer with 30 mM and 60 mM imidazole. Protein was 

eluted in 1.5 ml increments with lysis buffer (without protease inhibitors) containing 300 mM 

imidazole. Peak fractions were pooled, dialyzed twice at 4°C against 1 L dialysis buffer (20 mM 

Tris-HCl, pH 8, 0.5 M NaCl, 10% glycerol, 5 mM BME), concentrated by spinning at 7000 g in a 

5 kDa MWCO centrifugal concentrator (Vivaspin-6, Sartorius Stedim), flash-frozen in liquid 

nitrogen, and stored at -80°C. For additional purification, the protein was thawed, diluted with 9 

volumes Q dilution buffer (100 mM Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM β-mercaptoethanol), 

and bound to 1 ml bed volume Nuvia Q resin (BioRad) pre-equilibrated with the same buffer. The 

resin was washed with 5 ml Q dilution buffer followed by 3 ml Q wash buffer (100 mM Tris-HCl, 

pH 7.5, 150 mM NaCl, 5 mM β-mercaptoethanol), and eluted with Q elution buffer (100 mM Tris-

HCl, pH 7.5, 250 mM NaCl, 5 mM β-mercaptoethanol). Peak fractions were pooled, concentrated 

with a 5 kDa MWCO centrifugal concentrator, aliquotted, flash-frozen in liquid nitrogen, and stored 

at -80°C. 

LIG4:XRCC4: X. laevis LIG4:XRCC4 complexes containing wild-type or K278R 

(catalytically inactive) mutant LIG4 were purified in parallel. Sf9 cells at a density of 3.5 x 106/ml 

in 200 ml were infected with 2 ml each xXRCC4-StrepII and either Flag-xLIG4-H6 or Flag-

xLIG4K278R-H6 baculoviral stocks and incubated with shaking at 27°C for ~60 h. Cells were 

pelleted by centrifugation for 5 min at 4°C at 500 g in an SLA-3000 rotor, and pellets were 

resuspended in 10 ml lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol, 10 mM 

imidazole, 0.5 mM sodium pyrophosphate, 5 mM BME) supplemented with one protease inhibitor 

cocktail tablet (cOmplete EDTA-free, Roche). Cells were sonicated on ice for 30 s at 40% 
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intensity, and additional lysis buffer was added to a volume of 20 ml. Lysates were cleared by 

centrifuging 1.5 h at 25,000 rpm in an SW-41 rotor. The supernatant was incubated with 1 ml 

NiNTA agarose (Qiagen) pre-washed with lysis buffer for 1 h on a rotator at 4°C. The slurry was 

poured into a disposable polypropylene column, washed with 20 ml lysis buffer, and eluted with 

seven 1 ml volumes of NiNTA elution buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol, 

250 mM imidazole, 5 mM BME). Peak fractions were identified by Bradford assay, pooled, and 

passed twice by gravity flow over 1.5 ml Strep-Tactin Sepharose (IBA) packed in a disposable 

column. The column was washed with 15 ml lysis buffer without protease inhibitors and eluted 

with six 1 ml volumes of ST elution buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol, 

2.5 mM desthiobiotin, 5 mM BME). Peak fractions were pooled and concentrated ~5-fold in 5 kDa 

MWCO centrifugal concentrators (VivaSpin 6, Sartorius Stedim). Aliquots were flash-frozen in 

liquid nitrogen and stored at -80°C. 

XRCC4: 100 ml Sf9 cells at a density of 4 x 106/ml were infected with 2 ml xXRCC4-StrepII 

baculoviral stock, incubated with shaking at 27°C for ~60 h, pelleted as above, washed with 1x 

PBS, flash-frozen in liquid nitrogen, and stored at -80°C. The cell pellet was thawed and 

resuspended in 10 ml lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol, 5 mM 

BME) supplemented with one protease inhibitor cocktail tablet (cOmplete EDTA-free, Roche) and 

avidin at a final concentration of 50 µg/ml. Following sonication on ice for 30 s at 40% intensity, 

the lysate was cleared by centrifuging 1 h at 25,000 rpm in an SW-41 rotor. The supernatant was 

passed over 1.5 ml Strep-Tactin Sepharose (IBA), which was then washed with 32.5 ml lysis 

buffer, and eluted with seven 1.5 ml volumes of ST elution buffer (50 mM Tris-HCl, pH 7.5, 150 

mM NaCl, 10% glycerol, 2.5 mM desthiobiotin, 5 mM BME). Peak fractions were pooled, 

concentrated ~6-fold in a 5 kDa MWCO centrifugal concentrator (VivaSpin 6, Sartorius Stedim), 

flash-frozen in liquid nitrogen, and stored at -80°C. 
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XLF: H10-SUMO-xXLF (pTG296) was transformed into Rosetta II (DE3) cells. Several 

colonies were used to inoculate a 500 ml culture of Luria broth (LB) containing 100 µg/ml ampicillin 

and 17 µg/ml chloramphenicol, which was grown with shaking at 37°C to an OD600 of 1.4, 

induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 3 h at ~25-30°C, pelleted by 

centrifugation, washed with 1x PBS, flash-frozen in liquid nitrogen, and stored at -80°C. His-

SUMO purification steps were performed as described previously for the bacterial protein Spo0J 

(Graham et al., 2014). Protein in His-SUMO dialysis buffer (20 mM Tris-HCl, pH 8, 350 mM NaCl, 

10 mM imidazole, 10% glycerol, 5 mM BME) was diluted with 1.36 volumes SP buffer (50 mM 

Na-MES, pH 6.5, 10% glycerol, 1 mM DTT) and passed over 300 µl SP Sepharose Fast Flow 

(Amersham), equilibrated with SP buffer containing 150 mM NaCl. The resin was washed with 

1.5 ml SP buffer with 150 mM NaCl and eluted with SP buffer containing 350 mM NaCl in ten 300 

µl volumes. Peak fractions were pooled, aliquotted, flash-frozen in liquid nitrogen, and stored at -

80°C. Human XLF (pTG259; used in Figure 3-7D) was purified in the same manner but without 

the cation exchange step. 

DNA-PKcs PIKK-FATC antigen (amino acids 3765-4146): BL21 (DE3) pLysS cells 

transformed with pTG314 were grown in 1 L of LB with 50 µg/ml kanamycin and 17 µg/ml 

chloramphenicol at 37°C. At an OD600 of 0.8, the culture was transferred to 30°C and induced 

with 1 mM IPTG for 6 h. Bacteria were pelleted by centrifugation, flash-frozen in liquid nitrogen, 

and stored at -80°C. The cell pellet was resuspended in 10 ml of high-salt lysis bufer (20 mM Tris-

HCl pH 8, 1 M NaCl, 10 mM imidazole, 5 mM β-mercaptoethanol, and 1 mM PMSF), lysed by 

sonication, and treated for 10 min at room temperature with ~250 U benzonase. Insoluble material 

was pelleted in a fixed-angle benchtop centrifuge at 7000 g for 10 min at 4°C. The pellet was 

washed three times with lysis buffer and then resuspended in solubilization buffer (1x PBS 

supplemented with 8 M urea, 10 mM imidazole, and 5 mM β-mercaptoethanol). The resuspended 

mixture was homogenized by sonication and then clarified by centrifugation for 10 min at 7000 g 
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followed by 10 min at 16,000 g. The clarified supernatant was diluted with 20 ml solubilization 

buffer and passed by gravity flow over 12 ml NiNTA-agarose (Qiagen). The column was washed 

with 5 column volumes of solubilization buffer and eluted with the same buffer containing 300 mM 

imidazole. Eluates were pooled, and the protein was further purified by SDS-PAGE on a horizontal 

gel rig. The gel was stained with InstantBlue (Expedeon), and the band of interest was excised. 

Protein was electroeluted in SDS-PAGE running buffer and concentrated to at least 1 mg/ml using 

a 5 kDa MWCO centrifugal concentrator (Amicon Ultra). 

 

Antibody generation and immunodepletion 

For immunodepletion, antibodies were bound to protein A sepharose beads at a ratio of 3 

µg antibody per 1 µl beads. In the case of anti-DNA-PKcs antibody and the associated mock IgG 

control, 20 µg of antibody were bound per 1 µl beads. Beads were washed thoroughly with egg 

lysis buffer with sucrose (ELBS; 10 mM HEPES, pH 7.7, 50 mM KCl, 2.5 mM MgCl2, 250 mM 

sucrose), and the buffer was aspirated thoroughly with an ultrafine gel loading tip (Eppendorf 

GELoader 20 µl) before addition of extract. One volume of extract was incubated for 2 rounds (for 

XLF and XRCC4) or 3 rounds (for Ku80 and DNA-PKcs) with 1/5 volume (for DNA-PKcs) or 1/10 

volume (for XLF, XRCC4, and Ku80) of antibody-bound beads for 20 min per round on a rotator 

at room temperature. Beads were pelleted by centrifugation at 2000 g after each round, and 

extract was collected with a standard P200 pipette tip followed by an ultrafine gel-loading tip. For 

rescue experiments, roughly 0.05 pmol LIG4:XRCC4 complex, 0.05-0.1 pmol XRCC4 (quantity of 

monomer), 0.3 pmol of Ku70/80, or 0.2 pmol (quantity of monomer) X. laevis XLF were added per 

µl of extract. Protein concentrations were estimated relative to a BSA standard on a colloidal 

Coomassie blue-stained SDS-PAGE gel. For the XRCC4 stability experiment in Figure 3-7I, 

proteins were added at the usual concentration to end-joining reactions containing non-

radiolabeled DNA. Samples were withdrawn at the indicated times, mixed with 4 volumes of SDS-
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PAGE loading dye, separated on a 12% SDS-PAGE gel, and analyzed by western blotting with 

anti-XRCC4 antibody as described below. 

 

LIG4 autoadenylation assay 

Bead-bound immunoprecipitates from the first round of an XRCC4 immunodepletion were 

incubated 15 min at room temperature in ELBS with or without 0.5 mM sodium pyrophosphate to 

reverse endogenous adenylation of LIG4, and pyrophosphate was removed by washing twice 

more with ELBS. As a control, recombinant LIG4:XRCC4 complex (from an early preparation, 

purified using buffers not containing pyrophosphate) was incubated with different amounts of 

sodium pyrophosphate for 15 min at room temperature in adenylation buffer (60 mM Tris-HCl, pH 

8, 10 mM MgCl, 5 mM DTT, 50 µg/ml BSA) (Chen et al., 2006). Pyrophosphate was not removed 

from the recombinant protein prior to the adenylation reaction. Beads and recombinant protein 

were incubated in adenylation buffer with [α32P]-labeled ATP at room temperature for 15 min, and 

reactions were stopped by adding one volume of SDS-PAGE sample buffer. Proteins were 

separated on a 7.5% SDS-polyacrylamide gel, which was dried on a gel dryer, exposed to a 

storage phosphorscreen, and imaged using a BioRad Personal Molecular Imager. 

 

Western blotting 

For the anti-DNA-PKcs western blot shown in Figure 3-1B and Figure 3-7F, samples were 

separated on a 4-15% precast SDS-PAGE gel (BioRad), transferred to a polyvinylidine fluoride 

membrane for 1 h at 100 V at 4°C, blocked with 5% powdered nonfat milk in PBST (PBS with 

0.05% Tween 20), and probed overnight with a 1:5000 dilution of concentrated hybridoma 

supernatant containing αDNA-PKcs 42-27 mouse monoclonal antibody (a kind gift of Prof. 

Katheryn Meek, Michigan State University). The blot was washed with PBST, probed with 

1:20,000 horseradish peroxidase (HRP)-conjugated rabbit anti-mouse IgG (H+L) secondary 
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antibody (Jackson ImmunoResearch Cat. #315-035-003) in 5% milk/PBST for approximately 1 h 

at room temperature, washed again with PBST, incubated with chemiluminescent HRP substrate 

(HyGLO Quick Spray, Denville Scientific), and imaged on an Amersham Imager 600 (GE 

Healthcare Life Sciences). The same blot was reprobed with 0.1 µg/ml affinity-purified anti-Ku80 

antibody followed by 1:20,000 horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG 

(H+L) secondary antibody (Jackson ImmunoResearch Cat. #111-035-003) and imaged as before 

(data shown in Fig. 1A and Fig. 3-7G). For the anti-XRCC4 western blot shown in Fig. 1D and 

Fig. 3-7H, samples were separated on a 12% precast SDS-PAGE gel, 0.2 µg/ml affinity-purified 

anti-XRCC4 antibody was used for the primary step, and 1:5000 HRP-conjugated anti-rabbit IgG 

light chain-specific antibody (Jackson ImmunoResearch, Cat. #211-032-171) was used for the 

secondary step. For the anti-XLF western blot in Fig. 3-7J, eluates from XLF IP bands were 

separated on a precast 12% SDS-PAGE gel and transferred to a polyvinylidine fluoride (PVDF) 

membrane, 1 µg/ml affinity-purified anti-XLF antibody was used for the primary step, and 1:20,000 

HRP-conjugated goat anti-rabbit IgG (H+L) was used for the secondary step. The blot was 

incubated with chemiluminescent HRP substrate and exposed to film. 

 

Single molecule microscope and chamber preparation 

Single-molecule FRET measurements were made on a dual-color through-objective TIRF 

microscope, constructed using an inverted microscope body (Olympus IX71). 532 nm and 641 

nm laser beams (Coherent, Sapphire 532 and Cube 641) were expanded and focused through 

the rear port of the microscope onto the back aperture of an oil immersion objective (Olympus 

UPlanSApo, 100x, NA 1.40) using a focusing lens on a vertical translation stage to adjust the 

TIRF angle. Cy3 and Cy5 emission wavelengths were separated using a set of dichroic mirrors 

and filters (Chroma) and imaged on two halves of an electron multiplying charge-coupled device 

(EM-CCD) camera (Hamamatsu, ImageEM 9100-13). The camera was operated at maximum EM 
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gain for single-molecule imaging. Focus was maintained manually, and the horizontal position of 

the sample was controlled by an automated microstage (Mad City Labs). 

Glass coverslips were functionalized with a mixture of methoxypolyethylene glycol 

(mPEG) and biotin-mPEG (Laysan Bio, Inc.), and flowcells were constructed as described 

previously (Tanner et al., 2008). To make closely spaced channels while avoiding leakage 

between channels, 20 mm long, 1 mm thick pieces of quartz (Technical Glass Products, Inc.) 

were cut into segments ~5 mm wide with a Dremel tool and a diamond-coated rotary blade. Holes 

were drilled 10 mm apart and fitted with PE20 and PE60 polyethylene tubing for the inlet and 

outlet, respectively. Flowcells were sealed with epoxy (Devcon #14250) and stored under vacuum 

until needed. The biotin-mPEG functionalized surface was incubated for at least five minutes with 

streptavidin at a concentration of 0.7 mg/ml and washed with 200 µl of ELB prior to the addition 

of biotinylated DNA. For the majority of experiments, solutions were drawn into the channel with 

a P200 pipette by inserting a gel loading tip into the outlet tubing. 

 

Single-molecule tethering assay and image analysis 

Substrate preparation: Cy5-labeled 100 bp duplex (for the experiments in Fig. 3-2 and Fig. 

3-8B): 100 pmol each of oTG538 and oTG539 were mixed with 200 pmol oTG416 in 25 µl 1x 

NEBuffer 3 (New England Biolabs), heated to 95°C for 1 min, and cooled at 0.1°C/s to 25°C. 1.3 

µl of 20 mM ATP and 1 µl of T4 DNA ligase (NEB) were added, and the reaction was incubated 

at 37°C. After approximately 1 h, the reaction was separated on a 1x TBE, 5% polyacrylamide 

(19:1 bis-acrylamide:acrylamide) gel, alongside 40 pmol each of oTG538 and oTG416 to confirm 

clear separation of the final product from the reactants. The full-length product, which appeared 

as a light blue band, was excised, and the remainder of the gel was stained with ethidium bromide. 

The full-length product band was pulverized by centrifugation through a 27-gauge needle hole in 

the bottom of a silanized 0.65 ml microcentrifuge tube. The fragments were resuspended in 1.1 
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ml egg lysis buffer (ELB; 10 mM HEPES, pH 7.7, 50 mM KCl, 2.5 mM MgCl2), and DNA was 

eluted by rotating overnight at room temperature. Gel fragments were removed by filtering the 

slurry through a 0.22 µm cellulose acetate centrifuge tube filter (Spin-X, Costar). DNA was 

isopropanol precipitated, washed with 70% ethanol, and resuspended in ELB. The concentration 

of DNA determined based on absorbance at 260 nm was 0.89 µM and the concentration of Cy5 

determined based on absorbance at 650 nm was 1.8 µM, in excellent agreement with the 

expected stoichiometry of 2 Cy5 dyes per DNA duplex. Cy5-labeled duplex from the same 

preparation was used for all tethering experiments. 

Cy3-labeled biotinylated duplex (for the experiments in Fig. 2): 20 pmol each of oTG048F, 

oTG415, oTG532, and oTG533 were combined in 20 µl 1x TE with 100 mM NaCl, heated to 95°C 

for 1 min, and cooled at 0.1°C/s to 25°C. Nicks were sealed by adding 2.3 µl 10x T4 DNA ligase 

buffer and 1 µl T4 DNA ligase (New England Biolabs) and incubating overnight at 37°C. Products 

were separated on a 0.5x TBE, 8% polyacrylamide (19:1 bis-acrylamide:acrylamide) gel for 30 

min at 200 V. The band corresponding to the full-length product was excised after staining with 

ethidium bromide, and pulverized as above. The crumbled pieces were suspended in 100 µl 1x 

TE, and DNA was eluted by shaking at 1200 rpm for 1 h at 50°C. Gel fragments were removed 

by filtering the slurry through a 0.22 µm cellulose acetate centrifuge tube filter (Spin-X, Costar), 

and the filtrate was used without further purification. 

For the Cy5 photostability control shown in Fig. 3-2D, a 1 kb biotinylated PCR product with 

the same Cy5-labeled end sequence as the 100 bp duplex used in the tethering assay was 

generated using primers oTG416 and oTG042F and template pTG064. The fragment was purified 

by agarose gel electrophoresis, electroeluted, extracted twice with isobutanol, and ethanol 

precipitated. 

Data analysis: Using custom MATLAB scripts, movies containing multiple fields of view 

were automatically segmented in time based on the sudden drop in correlation in pixel intensities 
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between successive images when the stage was moved to a different field of view. Integrated 

intensities derived from raw images were used for FRET efficiency calculations. For particle 

detection and selection of spots having both donor and acceptor fluorophores, images from each 

channel were spatially bandpass filtered (using the function bpass.m, available at 

http://site.physics.georgetown.edu/matlab/code.html) as follows: Image IA was generated by 

convolving the original image with a Gaussian kernel of width (standard deviation) 1.4 pixels, and 

image IB was generated by convolving the original image with a boxcar kernel of width 10 pixels. 

The bandpass filtered image was obtained by subtracting IB from IA. Unlike in the original bpass.m 

script, pixels with negative values were not set equal to zero.  

To align the Cy3 and Cy5 channels, calibration images were taken during each 

experiment, either of a trans-illuminated grid of 150 nm holes in a thin film of aluminum or of a 

sample of TetraSpeck™ fluorescent microspheres (Life Technologies). A linear translation was 

determined that maximized the Pearson correlation coefficient between pixel intensities in the two 

channels. Particles were identified in one channel, and the positions of the corresponding particles 

in the other channel were estimated by applying the linear translation. The particles in both 

channels were then localized more precisely by fitting to a 2-dimensional Gaussian function, and 

a nonlinear transformation between coordinates in the two channels was constructed using the 

MATLAB function cp2tform. Particles were located in the bandpass-filtered Cy3 channel using a 

script derived from pkfnd.m (http://site.physics.georgetown.edu/matlab/code.html) to find local 

intensity maxima greater than the 95th percentile of all pixel intensities. Particles within a radius 

of 5 pixels of other particles were excluded from the analysis to avoid crosstalk. The fluorescence 

intensity of each particle over time was determined by summing the pixels within a circular region 

of interest (ROI) of radius 4 pixels centered on the particle. The local background intensity was 

determined as the average of the intensities of pixels flanking the ROI. Integrated intensities were 

determined for both the raw image (for FRET efficiency calculation) and the bandpass-filtered 
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image (for tethering and photobleaching event detection). The statistics of Cy5-labeled duplex 

binding and dissociation were determined as follows: The zero-Cy5 peak of the Cy5 intensity 

histogram was fit locally to a Gaussian distribution, and the detection threshold for Cy5 

appearance was set at two standard deviations above the mean of the zero-Cy5 peak. Similarly, 

the single-Cy3 peak in the Cy3 intensity histogram was fit locally to a Gaussian distribution, and 

a threshold for Cy3 photobleaching was set at two standard deviations below the mean. Sets of 

successive acceptor excitation frames in which the Cy5 intensity exceeded the detection 

threshold were considered tethering events. Frames subsequent to Cy3 photobleaching were 

excluded, as Cy3 photobleaching made it impossible to determine if the complex was in a low-

FRET (long-range complex) or high-FRET (short-range complex) state (see below). The tethering 

rate, r, was calculated using the formula 

𝑟 =
∑ 𝑒𝑖𝑖
∑ 𝑡𝑖𝑖

 

where ei is the number of tethering events observed for the ith Biotin-100 bp-Cy3 duplex 

and ti is the total amount of time that the ith Biotin-100 bp-Cy3 duplex was “available” for detection 

of binding events (i.e., Cy5 not already bound and Cy3 not photobleached). Total numbers of 

Cy3-DNAs tracked are given in  

Table 3.1. The nonspecific tethering rate was determined from movies without Biotin-100 bp-Cy3 

by applying the same analysis (without the Cy3 photobleaching criterion) to randomly chosen spot 

centers in the Cy5 channel. Survival times were taken to be the number of frames in which Cy5 

was present multiplied by the alternating laser excitation period (2 s).  

Survival curves were constructed using the Kaplan-Meier procedure, regarding as right-

censored those particles for which 1) the molecule transitioned to a high-FRET (short-range 

complex) state with FRET efficiency > 0.4, 2) Cy3 photobleached, making it impossible to 

determine if the molecule was in a high-FRET or low-FRET state, or 3) the molecule remained in 
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a tethered state at the end of the observation interval. To estimate the fraction of long-range 

complexes that transitioned to a short-range complex (Fig. 3-10), transitions to high FRET were 

considered to occur when the FRET efficiency exceeded 0.4 for four consecutive donor excitation 

frames (~8 seconds). This criterion is reasonable, given that most short-range complexes survive 

much longer than this (Fig. 3-5B). 

Statistical comparison of tethering rates and long-range complex lifetimes between 

different conditions was performed using one-way ANOVA (MATLAB function anova1) followed 

by Tukey’s post-hoc test (MATLAB function multcompare). The Kolmogorov-Smirnov test 

(MATLAB function kstest) was used to check for normality of the input data. Because of the order-

of-magnitude difference in tethering rates observed between different conditions, statistical tests 

were performed on the logarithm of the tethering rate to better satisfy the assumption of 

homoscedasticity. 

For Cy5 photostability measurements, photobleaching (or blinking) events were detected 

using an intensity threshold two standard deviations below the single-Cy5 intensity peak, and a 

survival curve was calculated using the Kaplan-Meier procedure, considering events to be right-

censored if Cy5 had not bleached or blinked by the end of the movie. 

 

Calculation of corrected FRET efficiencies 

FRET efficiencies were corrected for Cy3 bleedthrough into the Cy5 channel and Cy5 

direct excitation by 532 nm light as previously described (Lee et al., 2005). Signal in the Cy5 

channel due to Cy3 bleedthrough was determined to be ~6.5% of the Cy3 signal in the Cy3 

channel. Cy5 signal due to direct excitation by 532 nm light was found to be ~4.6% of the Cy5 

signal due to excitation by 641 nm laser light under illumination conditions used in circularization 

experiments and ~6.8% under illumination conditions used in tethering experiments and long 

timecourse circularization experiments. A correction factor for differences in Cy3 and Cy5 
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quantum yield and detection efficiency (the “γ” factor in (Lee et al., 2005)) was determined by 

monitoring the change in Cy3 and Cy5 signal upon photobleaching of Cy5. A γ factor of ~0.8 was 

obtained in extract, that is, (quantum yield)*(detection efficiency) for Cy5 was about 80% that of 

Cy3. 

Chapter 4 : Investigating the Role of XLF-
XRCC4 Interactions in Non-Homologous 
End Joining 

 

Introduction 

As described in Chapter 1, XLF is a core NHEJ factor that is essential for end joining in 

various contexts. It was identified in parallel by two groups: Stephen Jackson and colleagues 

identified XLF in a yeast two-hybrid screen for XRCC4 interactors, and discovered that mutation 

of the XLF gene is responsible for NHEJ defects in cells derived from a radiosensitive and 

immune-deficient patient (Ahnesorg et al., 2006). The labs of Jean-Pierre de Villartay and Patrick 

Revy cloned XLF (which they named Cernunnos) by complementation screening in cells derived 

from patients with immunodeficiency and radiosensitivity, but without mutations in the known 

NHEJ factors (Buck et al., 2006). 

A decade after its discovery, the role of XLF in NHEJ remains mysterious. XLF can 

stimulate the activity of LIG4 in vitro, although the mechanism of this stimulation is poorly 

understood (Gu et al., 2007; Lu et al., 2007; Riballo et al., 2009; Roy et al., 2015; Tsai et al., 

2007). XLF also stimulates the autoadenylation of LIG4 (Riballo et al., 2009), but it is unclear if 

this alone accounts for its stimulation of LIG4 activity. XLF interacts directly with XRCC4 through 

the globular head domains of the two proteins (Andres et al., 2012; Deshpande and Wilson, 2007; 

Li et al., 2008; Malivert et al., 2010; Ropars et al., 2011), and replacing wild-type XLF or XRCC4 
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with mutants that are deficient for this interaction impairs NHEJ in some but not all contexts 

(Malivert et al., 2010; Roy et al., 2012, 2015; Zha et al., 2007). Co-immunoprecipitation of XLF 

and XRCC4 is impaired in LIG4-deficient cell lines, suggesting that XLF may bind more strongly 

to XRCC4 in the context of the XLF-XRCC4-LIG4 ternary complex (Cottarel et al., 2013; Malivert 

et al., 2009; Wu et al., 2007). EMSA experiments suggest that XLF also interacts with Ku on DNA 

(Yano et al., 2008, 2011). 

Because both XLF and XRCC4 are symmetric homodimers, their interaction can lead to 

the formation of filaments composed of alternating XLF and XRCC4 dimers. Filaments are seen 

in XLF-XRCC4 co-crystal structures and in solution (Andres et al., 2012; Hammel et al., 2011; 

Ropars et al., 2011; Wu et al., 2011). Both XLF and XRCC4 also bind DNA weakly (Hentges et 

al., 2006; Lu et al., 2007), and it has been proposed that XLF-XRCC4 filaments might help to 

bridge broken DNA ends during NHEJ (Andres et al., 2012; Brouwer et al., 2016; Hammel et al., 

2011; Mahaney et al., 2013; Reid et al., 2015). 

In support of this model, in vitro bridging of DNA molecules by XLF and XRCC4, but not 

either component alone, was demonstrated by pulldown experiments and atomic force 

microscopy (Andres et al., 2012). More recently, single-molecule FRET experiments with Cy3- 

and Cy5-labeled DNA duplexes in a mixture of purified Ku70/80, XLF, XRCC4, and LIG4 proteins 

showed bridging of DNA in complexes with heterogeneous and fluctuating FRET efficiency (Reid 

et al., 2015). In the same work, extended foci of XLF, XRCC4, and LIG4 were observed in super-

resolution immunofluorescence images of permeabilized, formaldehyde-fixed U2OS cells (Reid 

et al., 2015). Based on these results, the authors proposed a model in which DNA ends bound by 

heterogeneous filaments of NHEJ factors are aligned by the diffusion or rearrangement of these 

filaments. Another single-molecule study combined mechanical manipulation of single DNA 

molecules with fluorescence imaging of purified, labeled XLF and XRCC4 proteins to observe 

bridging of DNA by XLF-XRCC4 complexes. XRCC4- and XLF-containing foci were able to slide 
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along DNA and hold together different segments of DNA with remarkable mechanical resilience 

(Brouwer et al., 2016). 

Despite the popularity of the XLF-XRCC4 filament model, there has been no direct test of 

the importance of these filaments for bridging of DNA ends during a physiological end joining 

reaction. Here, using the Xenopus egg extract system described in Chapter 3, I present 

preliminary data arguing that XLF-XRCC4 interaction, but not XLF-XRCC4 filament formation, is 

required for bridging of DNA ends during NHEJ. Three-color single-molecule imaging experiments 

indicate that a single XLF dimer binds several seconds prior to the formation of the short-range 

synaptic complex. Experiments with artificial XLF "heterodimers" with one wild-type and one 

interaction-deficient mutant subunit showed that interaction of XLF with XRCC4 on both sides of 

the XLF dimer is not required for synapsis or end joining, arguing against a requirement for 

formation of extensive filaments. These results suggest that rather than forming filaments with 

XRCC4 to bridge DNA ends in this system, XLF associates with the synaptic complex to regulate 

a structural transition to the short-range state.  

 

Results 

Putative interaction-deficient XLF and XRCC4 mutants impair short-range synapsis and 

end joining 

Previous work with human XLF and XRCC4 proteins identified several mutants of each 

that disrupt the XLF-XRCC4 interaction, including hXLF-L115D, hXLF-L65D, and hXRCC4-K99E 

(Malivert et al., 2010; Roy et al., 2012, 2015). The xXLF-L117D mutant, corresponding to hXLF-

L115D, was defective at interacting with XRCC4 in a bio-layer interferometry (BLI) interaction 

assay (Figure 4-1A) and failed to bridge DNA in pulldown experiments conducted following the 

protocol of Roy et al., 2015 (Sean Carney, unpublished). Both xXLF-L117D and xXLF-L68D, 
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which corresponds to hXLF-L65D, failed to rescue end joining in egg extract immunodepleted of 

XLF (Figure 4-1B). A complex of LIG4 and the X. laevis equivalent of hXRCC4-K99E, xXRCC4-

K104E, also failed to fully rescue end joining in XRCC4-immunodepleted extract (Figure 4-1C). 

xXLF-L117D also failed to support short-range complex formation in single-molecule FRET 

experiments (Figure 4-1D). Together, these results indicate that, as in mammalian cells, the XLF-

XRCC4 interaction is important for end synapsis and joining in Xenopus egg extract. 

 

Figure 4-1 XLF and XRCC4 interaction-deficient mutants 

(A) Bio-layer interferometry (BLI) analysis of wild-type and L117D mutant xXLF binding to xXRCC4. 
Biotinylated XRCC4 was tethered to a BLI sensor tip, which was washed in buffer and then transferred 
repeatedly between buffer (black horizontal bars) and 3 µM xXLF (green horizontal bars). Wild-type protein 
did not fully dissociate from the sensor tip during each wash step. The oscillatory signal superimposed on 
each binding curve is likely an instrument artifact. (B) The L117D and L68D mutants of xXLF are unable to 
rescue end joining in extract immunodepleted of XLF. oc, open-circular (nicked) product. lin, linear 
substrate. cc, supercoiled, closed-circular product. di, dimer. (C) A complex between LIG4 and the K104E 
mutant of XRCC4 is unable to rescue end joining in extract immunodepleted of XRCC4. (D) The L117D 
mutant of XLF fails to rescue short-range synaptic complex formation in extract immunodepleted of XLF. 
Fraction of FRET-positive (FRET efficiency > 0.25) single-molecule circularization substrates as a function 
of time after extract addition. 
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Determination of XLF stoichiometry during synapsis of DNA ends in extract 

A model in which XLF and XRCC4 form filaments to tether DNA ends predicts that many 

XLF and XRCC4 molecules should be present per broken DNA end. Crystal structures of the 

XLF-XRCC4 filament give a helical rise per XLF2:XRCC42 unit of ~120 Angstroms (Mahaney et 

al., 2013). If a single filament stretched along DNA, this would involve about one XLF monomer 

per 20 bp. Even a short filament covering 100 bp next to each broken end would contain ~10 

monomers. Assembly of a bundle of filaments (Andres et al., 2012; Hammel et al., 2011; Mahaney 

et al., 2013; Ropars et al., 2011; Roy et al., 2012; Wu et al., 2011) would multiply this number 

severalfold. If the several hundred nanometer-long XLF and XRCC4 foci seen in immunostaining 

by Reid et al. (2015) were in fact filaments, they would likely contain >100 XLF monomers.  

To count the number of XLF monomers that bind DNA during NHEJ, we purified N-

terminally Halo tagged XLF and confirmed that this fusion protein rescued end joining in extract 

immunodepleted of XLF (Figure 4-2A). Halo-XLF was labeled with Alexa Fluor 488 Halo substrate 

and visualized in single-molecule end joining experiments. Three-color alternating excitation of 

AF488, Cy3, and Cy5 allowed XLF binding and FRET between labeled DNA ends to be monitored 

in successive frames. We found that AF488 was quenched to some extent in extract (not shown). 

To account for this quenching, and for slight variations in illumination from day to day, we also 

imaged biotinylated, AF488-labeled Halo protein in the same field of view to determine the 

intensity of single AF488 molecules in situ (see Experimental Methods). 

Interestingly, we did not detect accumulation of complexes with large numbers of AF488-

Halo-XLF molecules on DNA. A histogram of signal from AF488-Halo-XLF divided by the mean 

intensity of single-AF488 reference spots indicated that 0-2 XLF dimers bound per DNA substrate 

(Figure 4-2B). In individual traces with transitions to high FRET, single stepwise XLF binding 

events were often visible just prior to FRET onset (Figure 4-2C). Even when taking into account 
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the incomplete (~65%) labeling of Halo-xXLF in this experiment, this low number of AF488 dyes 

per substrate excludes the possibility of extensive XLF-XRCC4 oligomer formation. To determine 

the stoichiometry of XLF during end synapsis, we selected trajectories that showed a transition to 

high FRET (i.e., short-range complex formation), aligned the corresponding AF488 intensity 

trajectories at the time of FRET onset, and calculated an ensemble average. A prominent peak 

of XLF binding was seen seconds before the appearance of FRET signal (Figure 4-3, blue curve). 

A peak in AF488 signal was not seen in the absence of labeled protein (Figure 4-3, red curve). 

Corrected for the efficiency of XLF monomer labeling (see Experimental Methods), the average 

XLF stoichiometry peaked at slightly under 2 monomers, i.e. one dimer. These results imply that 

a single dimer of XLF binds to the synaptic complex several seconds before the transition to the 

short-range synaptic complex. Because this curve is an ensemble average, transient binding of 

more than a single dimer remains possible; however, these results definitively rule out the 

formation of stable filaments comprising many XLF dimers. The timescale between the peak of 

XLF binding and the transition to the short-range complex (~6 s) is consistent with the average 

long- to short-range complex transition time (~10 s) measured in our system, consistent with our 

prior observation that XLF is required for the long- to short-range complex transition (see Chapter 

3). 
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Figure 4-2 Single-molecule circularization reporter with AF488-labeled XLF 

(A) Joining of a linear DNA substrate (lin) into open-circular (oc) and closed-circular (cc) products in XLF-
immunodepleted extract supplemented with Halo-xXLF protein (in this case conjugated to HaloTag 
substrate-tetramethylrhodamine) or buffer only. (B) Intensity of AF488-Halo-xXLF signal in an end-joining 
experiment, expressed as a multiple of the single-AF488 intensity determined from Biotin-Halo-AF488 
reference spots in the same field of view. Based on UV-Vis absorbance measurements, 65% of Halo-xXLF 
was labeled with AF488 in the protein preparation used in this experiment. (C) Single-substrate traces from 
three-color end joining experiments in extract immunodepleted of endogenous XLF and supplemented with 
AF488-labeled XLF. The top panel in each set of traces shows Cy3 (cyan) and Cy5 (red) signal with Cy3 
excitation. The second panel shows Cy5 signal with direct excitation. The third panel shows AF488 signal 
(with the contribution from Cy3 excitation by 488 nm light subtracted). The fourth panel shows calculated 
FRET efficiency. Vertical dotted lines show the approximate time of AF488-XLF binding (purple) and FRET 
onset (black). 



108 
 

 

 

Figure 4-3 Average stoichiometry of XLF during short-range synaptic complex formation 

Number of AF488-Halo-XLF monomers at different times relative to the transition to the short-range 
complex, averaged over 10 trajectories from a single experiment and corrected for the fraction of monomers 
that were labeled (65%). A peak of XLF association is seen shortly before the transition to high FRET. No 
such peak is seen in the absence of labeled protein.  

 

XLF heterodimers are functional for end joining 

The defect of various interaction-deficient mutants of XLF and XRCC4 indicates that XLF-

XRCC4 interaction is required for synapsis and joining of DNA ends. However, it says nothing 

about whether interaction with XRCC4 must occur on both sides of the symmetric XLF 

homodimer, as would be predicted by a model in which XLF and XRCC4 form filaments. To test 

this, we used tandem affinity purification to generate XLF "heterodimers" consisting of one wild-

type and one interaction-deficient (L117D) subunit (Figure 4-4). These heterodimers are expected 

to be stable, as subunit exchange was not observed in a mixture of XLF dimers labeled with 

different epitope tags incubated for three hours in either storage buffer or extract (Figures 4-5 and 

4-6). Remarkably, XLF WT:L117D heterodimers rescued end joining in egg extract 

immunodepleted of XLF (Figure 4-7). As these heterodimers cannot interact with XRCC4 on both 
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sides, this provides further evidence against a requirement for XLF-XRCC4 filaments for end 

joining. 

 

Figure 4-4 Purification of XLF heterodimers  

H10- and Flag-tagged XLF were coexpressed with different tags in E. coli, and heterodimers containing 
one H10-tagged and one Flag-tagged subunit were isolated by tandem affinity purification with NiNTA and 
anti-Flag M2 agarose. 
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Figure 4-5 Test for XLF monomer exchange in buffer  

Flag- and H10-tagged XLF dimers were mixed in storage buffer and incubated at room temperature for 
three hours. H10-XLF was bound to NiNTA agarose, washed with buffer containing 1 M NaCl, and eluted. 
Flag-XLF was not present in the eluate, indicating that Flag-H10 heterodimers are not formed with 3 h of 
incubation. 

 

 

Figure 4-6 Test for XLF monomer exchange in egg extract  

The same experiment was performed as in Figure 4-5, except that HA-tagged XLF was used in place of 
Flag-XLF, and the proteins were incubated in an end joining reaction in egg extract for three hours. As in 
Figure 4-5, subunit exchange is not observed. 
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Figure 4-7 End joining in the presence of WT-L117D XLF heterodimers  

A bulk end joining assay was performed in XLF-immunodepleted extract supplemented with H10-Flag 
heterodimers consisting of two wild-type subunits (WT:WT), one wild-type and one mutant subunit 
(WT:L117D), or two mutant subunits (L117D:L117D). In the last set of lanes, the reaction was 
supplemented with a 1:1 mixture of WT:WT and L117D:L117D heterodimers. End joining was almost 
completely abolished in the presence of the L117D:L117D dimer, but occurred with near wild-type efficiency 
in the presence of the WT:L117D dimer, arguing that interaction of XLF with XRCC4 on only one side of 
the dimer is required for productive end joining.  
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Discussion 

The role of XLF in non-homologous end joining has remained enigmatic since its 

discovery. A popular model, based on the interaction of symmetric XLF and XRCC4 dimers, is 

that long oligomeric filaments of XLF and XRCC4 serve to bridge DNA ends. 

What is the evidence for this model? Previous biochemical experiments supporting the 

XLF-XRCC4 filament model relied on mixtures of purified proteins that lacked NHEJ factors that 

are essential in vivo. The study of Brouwer et al. (2016) used only XRCC4 and XLF. The study 

by Andres et al. (2012) found that DNA bridging occurred with a mixture of XLF and XRCC4 but 

was inhibited by addition of the XRCC4-binding tandem BRCT domain of LIG4. Reid et al. did not 

directly assay covalent joining of DNA ends in their reconstituted system and omitted DNA-PKcs 

from their key experiments because it caused aggregation under the reaction conditions 

employed. Using super-resolution imaging, this study additionally observed what were proposed 

to be filaments of XLF, XRCC4, and LIG4 in the nuclei of fixed cells (Reid et al., 2015). However, 

potential concerns with this observation are that the permeabilization and fixation procedure used 

might generate artifacts, the experimental method cannot establish whether the observed foci 

were physically continuous filaments, and double-labeling was not performed to verify that the 

purported filaments actually contained both XLF and XRCC4. In none of the super-resolution 

imaging or single-molecule experiments published previously were controls performed with 

interaction-deficient mutants of XLF or XRCC4 to test whether the assembly of bridging 

complexes actually occurred via the canonical XLF-XRCC4 interaction.  

Our preliminary results indicate that interaction of XLF and XRCC4 is required for non-

homologous end joining in Xenopus egg extract. Bulk biochemical experiments show that putative 

interaction-deficient mutants of XRCC4 and XLF fail to support end joining, while single-molecule 

experiments reveal a defect in short-range complex formation. While our preliminary binding 

assays suggest that xXLF-L117D is deficient at interacting with xXRCC4, additional experiments 
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will be required to verify that this and the other point mutations, like their human counterparts, 

disrupt the interaction between X. laevis XLF and XRCC4. 

Though interaction between XLF and XRCC4 appears to be required for end joining in 

egg extract, our results argue that XLF-XRCC4 filaments are not required and do not form. 

Imaging of labeled XLF reveals a limited stoichiometry on DNA substrates during the end joining 

reaction, likely a single dimer per pair of DNA ends. Furthermore, artificial XLF heterodimers with 

one wild-type and one interaction-deficient subunit could rescue end joining, implying that 

interaction with XRCC4 on both sides of the XLF dimer, and hence filament formation, is not 

required.  

We propose instead a model in which XLF fits into the long-range synaptic complex by 

binding to XRCC4, LIG4, Ku70/80, and possibly other components, in a way that favors a 

conformational transition to the short-range synaptic complex. This might occur, for instance, by 

direct allosteric modulation of a transition between conformers of DNA-PKcs or XRCC4-LIG4, or 

indirectly through an effect on DNA-PK activity (Cottarel et al., 2013). 

 

Experimental Methods 

Bulk end joining experiments 

Bulk end joining experiments were performed as described in Chapter 3, except that the 

experiments in Figures 4-1C and 4-7 were performed with carrier DNA at a reduced concentration 

of 30 ng per µl of extract, which was found to give more efficient end joining. It is possible that the 

dependence of end joining efficiency on total DNA concentration varies between different 

preparations of extract, although we have not tested this carefully. 
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Protein purification  

AviTag-Halo protein was expressed as a His-SUMO fusion in BL21(DE3) cells co-

transformed with a BirA biotin ligase-expressing plasmid. It was purified essentially following the 

protocol described in Chapter 2 for purification of His-SUMO-Spo0J.  

Halo-tagged XLF was expressed as a His-SUMO fusion and purified in the same way as 

XLF, as described in Chapter 3, except that instead of ion exchange, size-exclusion was 

performed on a HiPrep Sephacryl S-200 26/60 High Resolution column with isocratic elution in 

20 mM Tris-HCl pH 8, 350 mM NaCl, 10% glycerol, 5 mM BME. 

H10/Flag-tagged XLF heterodimers were produced by co-expressing H10- and Flag-

tagged XLF from ampicillin and kanamycin-resistant plasmids in BL21(DE3)pLysS cells. Proteins 

were subjected to the same NiNTA purification step as His-SUMO fusion proteins described in 

Chapter 2, except that the lysis and wash buffers contained 30 mM imidazole. Proteins were 

eluted in His-SUMO elution buffer without BME and incubated with Anti-Flag M2 Affinity Gel 

(Sigma Aldrich) for 30 min at 4°C. The resin was washed with 20 mM Tris-HCl pH 8, 350 mM 

NaCl, and eluted in the same buffer supplemented with 100 µg/ml of 3xFlag peptide (Sigma 

Aldrich). Four elution fractions were collected, and beads were allowed to rotate at room 

temperature for 5 min during each elution. 

Other proteins were purified as described in Chapter 3.  

 

Fluorescent labeling of XLF 

Halo-tagged XLF was mixed with a 2-fold molar excess of Alexa Fluor 488 (AF488) 

HaloTag ligand (Promega) and incubated for 10 min at room temperature. Labeled protein was 

separated from free dye by size exclusion chromatography on a Superdex 200 Increase column 

in 20 mM Tris-HCl pH 8, 350 mM NaCl, 10% glycerol, 5 mM BME. Peak fractions were pooled 
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and concentrated using a 4 ml Amicon 10 kDa MWCO centrifugal concentrator, and the efficiency 

of labeling was determined by measuring absorbances at 280 nm and 495 nm using a NanoDrop 

spectrophotometer. Extinction coefficients of 82390 M-1cm-1 and 73000 M-1cm-1 were assumed 

for the protein at 280 nm and AF488 at 495 nm, respectively. When determining the concentration 

of protein, we subtracted the absorbance of AF488 at 280 nm, which was taken to be 11% of its 

peak absorbance at 495 nm.  

Single-molecule experiments 

Flowcells were constructed and two-color smFRET experiments were performed as in 

Chapter 3. For simultaneously imaging of AF488-labeled proteins with and FRET between Cy3 

and Cy5-labeled DNA ends, substrate DNA and biotinylated, AF488-labeled Halo protein were 

both bound to the surface of a coverslip at roughly equal density. A syringe pump (Harvard 

Apparatus) was used in three-color experiments to minimize drift of the stage due to manual 

manipulation. ELB supplemented with PCA, PCD, and Trolox (see Chapter 3 methods) was 

introduced to the flowcell, and several fields of view were imaged for 6 alternating laser excitation 

cycles each. Each cycle consisted of one frame each of 488 nm, 532 nm, and 641 nm excitation 

at 0.5 s per frame. XLF-immunodepleted extract (see Chapter 3 for immunodepletion procedure) 

supplemented with 50 nM of labeled protein was pulled into the flowcell, and the pre-imaged fields 

of view were revisited in reverse order, one field of view every 3 min (120 ALEX cycles). A carrier 

DNA concentration of 30 ng per µl of extract, rather than 100 ng per µl, was used for the single-

molecule experiments in this chapter. Data were analyzed essentially as described in Chapter 3, 

with the following modifications: AF488 reference spots were first identified in reference images. 

Then, using image correlation in the Cy5 channel, images from end joining experiments were 

aligned to reference images by linear translation, and AF488 reference spots were re-located. 

Due to protein-induced fluorescence enhancement (PIFE) of Cy3 in extract, excitation with 488 

nm light led to a non-negligible contribution from Cy3 excitation. To subtract this, Cy3-DNA spots 
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in extract were imaged with 488 nm and 532 nm excitation and the ratio of the two intensities was 

determined by linear regression. In analysis of end joining experiments, the same proportion of 

the signal with 532 nm excitation was then subtracted from the signal with 488 nm excitation. The 

effectiveness of this subtraction is evidenced by the flat line at zero intensity (red curve) in the 

absence of protein in Figure 4-3. 
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Chapter 5 : Conclusions and Future 
Directions 

 

In this thesis, I have presented two applications of single molecule methods for studying 

how protein complexes bridge DNA. In Chapter 2, I described a newly identified DNA bridging 

activity of the chromosomally encoded ParB protein Spo0J, and I argued based on analysis of 

mutants in vitro and in vivo that DNA bridging is important for Spo0J spreading. In Chapters 3 and 

4, I presented a new model of how DNA ends are held together during non-homologous end 

joining, based on single-molecule visualization of the process. Below, I discuss some general 

themes arising from my Ph.D. work and possible future directions for both projects. 

Physiologically relevant single-molecule experiments 

One lesson that I have learned from both projects is that it is important in single-molecule 

biochemistry experiments, as in any biochemistry experiment, to critically assess whether the 

observed phenomena have any relation to what occurs in cells. No matter how sophisticated the 

observation technique, it is not enough to mix proteins and DNA together and expect that 

whatever is observed will be biologically meaningful.  

We sought in both projects to ground our observations in biological reality. In the work in 

Chapter 2, we were initially skeptical that the compaction of single DNA molecules driven by 

purified Spo0J had anything to do with in vivo spreading of the protein. However, our discovery 

that several ParB box II point mutants disrupt both in vitro compaction and Spo0J complex 

formation in cells gave credence to this idea. Following publication of our paper, another group 

replicated our observations of DNA bridging by a different method (Taylor et al., 2015), a crystal 

structure of Spo0J was solved that identified a bridging interface containing the residues we had 

identified as being important for bridging (Chen et al., 2015), and additional mutants were 
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identified based on this structure that disrupted both in vitro DNA bridging and in vivo complex 

formation (Linda Song and Kristen Rodrigues, manuscript in preparation). These results lend 

further support to the idea that the interactions assayed by our single-molecule compaction assay 

have physiological relevance. 

Prior work suggested that the X. laevis egg extract used in Chapters 3 and 4 could join 

DNA ends by non-homologous end joining (Labhart, 1999a, 1999b; Postow et al., 2008; Sandoval 

and Labhart, 2002; Thode et al., 1990; Di Virgilio and Gautier, 2005). However, we thought it 

essential to verify that the joining of DNA ends in the extract required the full complement of 

factors known to be necessary for NHEJ in cells. We demonstrated this by showing that end 

joining was eliminated by immunodepleting Ku, DNA-PKcs, XLF, or XRCC4-LIG4, or by inhibiting 

DNA-PK. Moreover, the different stages of bridging that we observed in single-molecule 

experiments were selectively disrupted by perturbing different NHEJ factors. 

 

The role of oligomeric filaments in organizing DNA 

A topic that unexpectedly bridges the two projects (pun intended) is the role of protein 

filaments for establishing the spatial organization of DNA in the cell. It was initially proposed that 

ParB spreads by forming one-dimensional filaments along DNA. Similarly, a hypothesis in the 

NHEJ field is that XLF and XRCC4 form one-dimensional filaments to bridge DNA ends. A 

challenge for both models is how such filaments would be localized to the desired location and 

prevented from assembling elsewhere on DNA. With only one-dimensional interactions, the single 

subunit that interacts with a parS site or with Ku/DNA-PKcs could be localized by the free energy 

of this interaction. However, each additional subunit would only interact with its nearest neighbor, 

which would be equivalent energetically to binding a nearest neighbor anywhere else on DNA. 

Given that specific binding sites (parS sites or DNA ends) are vastly outnumbered by nonspecific 
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sites (the rest of the genome), the entropic cost of restricting filament assembly to the desired 

location would be enormous. This argument is cogently presented for a hypothetical ParB-inspired 

protein by Broedersz, Wingreen, and colleagues (Broedersz, 2014).  

Some proteins form filaments on DNA, for instance Rad51. But in this case the protein 

does not assemble filaments by equilibrium binding to ssDNA. Rather, its binding affinity is 

regulated by an ATPase cycle that is stimulated or inhibited by various recombination mediators. 

The free energy cost of assembling the complex at the desired location, and preventing it from 

assembling elsewhere, is paid indirectly by the hydrolysis of ATP. Proteins that form dynamic 

cytoskeletal filaments—tubulin, actin, and their prokaryotic homologs in plasmid partitioning 

systems TubZ and ParM—are likewise NTPases. Non-NTPases may self-associate stably 

enough to form filaments at equilibrium, as in the case of intermediate filaments or prions, but 

such filaments are generally so stable that they do not disassemble spontaneously. 

Future directions for studies of the ParABS system 

Though we have provided evidence that DNA bridging is required for ParB complex 

formation, we have not solved the problem of why ParB complex assembly requires parS sites. 

In the lattice model simulations of Wingreen and colleagues (Broedersz et al., 2014), a 

combination of nearest-neighbor and bridging interactions provided the cooperativity needed to 

assemble large complexes of ParB on DNA. Furthermore, these complexes preferentially 

localized to high-affinity “parS" sites, and directional disruption of spreading from parS sites by 

roadblocks could be recapitulated in the simulations. However, complexes still formed when high-

affinity sites were removed from the simulation, in contrast to complete absence of ParB 

complexes observed when parS sites are deleted in cells (Sullivan et al., 2009). To resolve this 

conundrum, Broedersz et al. postulated a kinetic barrier to complex assembly that could be 

overcome by ParB binding to parS. Perhaps parS-bound ParB adopts a conformation that is 

especially conducive to bridging or nearest-neighbor interactions, allowing it to form a small local 
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ParB-DNA cluster that nucleates the assembly of a larger complex. This is analogous to how 

defects on the inside surface of a glass (hopefully) nucleate effervescence of carbon dioxide from 

champagne at a Ph.D. defense celebration. Without such nucleation, complex formation at 

nonspecific sites might be thermodynamically favorable but occur at a very low rate. An additional 

idea not discussed by Broedersz et al. is that nascent complexes may be periodically disrupted 

by transcription or replication, selecting more stringently for complexes that can rapidly re-

nucleate at preferred sites. 

Though we have not yet been successful at observing differences in binding of Spo0J to 

long DNA molecules with and without parS sites, it may be possible to identify conditions in which 

parS-dependent complex assembly can be recapitulated in vitro. This will undoubtedly require the 

use of relaxed, rather than flow-stretched DNA to permit bridging, and it may require a lower 

concentration of protein or a high concentration of nonspecific competitor DNA. Other productive 

directions for understanding the mechanism of ParB complex assembly may include PALM 

imaging of these complexes in B. subtilis or reconstitution of ParB complex formation in bacterial 

species like E. coli that do not have a ParABS system. Using fluorescence imaging to measure 

differences in the number of ParB proteins within complexes as a function of cell cycle phase and 

number of binding sites may constrain future quantitative models of ParB-parS assembly. 

Future directions for studies of non-homologous end joining 

Studying synaptic complex assembly  

Key questions raised by our work are the nature of the two synaptic intermediates that we 

observe and their significance for regulating processing of DNA ends. One approach for 

characterizing these intermediates in more detail could be to use crosslinking and mass 

spectrometry to map interactions between different NHEJ factors in complete extract or in extract 

depleted of different factors or treated with DNA-PK inhibitor. Analysis of different perturbations 
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that disrupt formation of the long- or short-range states might make it possible to infer which 

portions of each protein interact with which others at each stage of complex assembly. 

It seems likely that structural studies will ultimately be required to understand synaptic 

complex organization at the molecular level. Cryo-EM seems like the best route for obtaining 

structures of synaptic intermediates, as it would allow trapping of these intermediates by flash 

freezing and computational sorting of different complexes. Reconstitution of the long- and short-

range complexes from purified components would be useful, if not essential for structural studies. 

Reconstituted mixtures could be tested in our single-molecule end joining assays to verify that 

they show similar behavior to whole-cell extract. Alternatively, synaptic complexes could be 

assembled in extract and purified, or at least enriched, for structural studies. However, the short 

lifetime of the long-range complex would probably make it difficult to purify without some sort of 

chemical crosslinking. 

 

Understanding the role of XLF and its interaction with XRCC4 

A number of experiments need to be done to complete the preliminary work described in 

Chapter 4. It should be verified by a more reliable assay that mutants of X. laevis XLF and XRCC4 

are interaction-deficient in the same way as their human counterparts. Dynamic light scattering, 

analytical size exclusion chromatography, single-molecule pulldown, and bulk or single-molecule 

FRET experiments may be useful for this purpose. Multiple mutants of both XLF and XRCC4 

should be tested in bulk and single-molecule assays to assess their competence for end joining 

and formation of the long- and short-range synaptic complexes. 

Labeled XLF should be characterized in the single-molecule DNA tethering assay to 

determine the temporal relationship between long-range complex formation, XLF binding, and 

transition to the short-range complex. It will also be interesting to characterize how the binding 
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and dissociation rates of XLF change in response to depletion of different factors, inhibition of 

DNA-PK, or the use of different XLF and XRCC4 mutants. Preliminary results (not shown) indicate 

that XLF binding requires Ku. 

I have fused a CLIP tag to XRCC4 and generated a functional LIG4:XRCC4-CLIP complex 

that can be labeled with different fluorophores (not shown). Similar experiments to those with XLF 

can be done with this protein to determine how its stoichiometry changes during synaptic complex 

assembly and what is required for its association with the synaptic complex. It may be possible to 

perform multi-color experiments with labels on DNA ends, XLF, and XRCC4:LIG4 to determine 

the order of XLF and XRCC4:LIG4 binding relative to synaptic complex assembly. 

For experiments with XLF heterodimers, it will be important to place a precise upper bound 

on the amount of XLF monomer exchange and demonstrate that this is insufficient to account for 

the observed rescue of end joining by the heterodimer. The detection limit in the monomer 

exchange experiment can first be established using positive control samples doped with different 

small quantities of doubly-tagged heterodimer. It can then be demonstrated in bulk end joining 

experiments that the level of wild-type homodimer that would be generated by this amount of 

monomer exchange is insufficient to account for rescue by the WT:L117D heterodimer. 

It would be interesting to purify heterodimers containing a wild-type AF488-Halo-tagged 

subunit and an untagged L117D subunit and monitor their binding to the synaptic complex in 

single-molecule experiments. A model in which a single dimer binds just prior to short-range 

synaptic complex formation would predict that the fraction of substrates for which such a binding 

event is seen will be equal to the fraction of heterodimers that are AF488 labeled. 

Another way to rule out subunit exchange in heterodimer experiments would be to link the 

monomers in such a way that they cannot exchange. This could be done by making an XLF 

tandem dimer with both subunits encoded by the same polypeptide. This might require circular 
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permutation of XLF, given that the N-terminus of one monomer is far from the C-terminus of the 

other monomer in the crystal structure. An advantage of a tandem dimer is that it could also be 

used for experiments in cells. Alternatively, ligating together the N- and C-termini of each XLF 

monomer, for instance with sortase, is predicted based on the crystal structure of the human 

protein to produce a molecule in which the two polypeptide chains of each monomer are 

catenated. Purification of these catenanes by size exclusion under denaturing conditions, 

refolding, and tandem affinity purification, should give covalently closed heterodimers that cannot 

possibly exchange. 

Even if XLF-XRCC4 filaments are not important for end joining in our extract system, it 

remains possible that they occur on chromosomes in intact cells and that some aspect of our cell-

free system prevents them from forming. To assess XLF-XRCC4 filament formation in cells, it 

would be interesting to repeat previous super-resolution imaging (Reid et al., 2015) with a few 

modifications to make the results less ambiguous: 1) Endogenous XLF and XRCC4 proteins could 

be fused to Halo, CLIP, or SNAP tags, allowing them to be labeled with bright organic fluorophores 

without the need for cell permeabilization and immunofluorescent staining, which could introduce 

artifacts. 2) A fixation procedure less likely than formaldehyde fixation to produce ultrastructural 

damage, for instance high pressure freezing, could be employed. This could be combined with 

freeze substitution to embed the sample in resin, and ultra-thin sectioning could be used to permit 

superresolution reconstruction of the entire nucleus by array tomography (Collman et al., 2015; 

Linhoff et al., 2015). 3) XLF and XRCC4 could be labeled with different fluorophores to verify that 

any putative “filaments” actually contain both proteins. 4) Interaction-deficient mutants of XLF and 

XRCC4 could be tested to check that “filaments” disappear. 5) DSBs could be introduced at a 

specific genomic location, which could be labeled with a fluorescent repressor-operator array, to 

check rigorously for colocalization between NHEJ proteins and a DSB at a defined site. Analogous 

to prior work on ParB, ChIP experiments could also be used to determine whether XLF and 
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XRCC4 “spread” from breaks induced at defined genomic loci. If previously observed XLF and 

XRCC4 foci were actually filaments, then spreading ought to extend multiple kilobases on either 

side of the break. 

The future of single-molecule biochemistry in cell-free extracts and intact 

cells 

Future technical advances in single-molecule biochemistry will enable the study of 

increasingly complex biochemical processes within increasingly physiological environments. It will 

be useful to pursue the development of single-molecule methods across a continuum of 

experimental preparations, from reconstituted systems composed of purified biomolecules, to 

cell-free extract systems, intact cells, tissue explants, and whole organisms. 

Non-homologous end joining is far from the only process that can be studied in cell-free 

extracts. DNA replication and replication-coupled repair, other DNA repair processes, 

transcription, RNA splicing, translation, and mitotic spindle assembly have all been studied in 

extract systems. We have only scratched the surface of what is possible to observe in extract with 

single-molecule resolution. 

A particular advantage of Xenopus laevis egg extract is the possibility to reconstitute 

formation of nuclei around added chromatin, potentially allowing interesting in vitro studies of 

nuclear organization. It might be possible to tether reconstituted nuclei to the surface of a coverslip 

by incorporation of biotinylated lipids into the nuclear envelope. Processes associated with the 

nuclear periphery, such as nuclear import/export, could be imaged in tethered nuclei by TIRF. 

Additionally, synthetic labeled DNA substrates (for instance, a FRET reporter with Cy3 and Cy5 

dyes separated by a Cas9-cleavable linker) could be integrated into the chromosomal DNA used 

to reconstitute nuclei, either randomly using a transposase or in a directed fashion using a 
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recombinase. This would permit single-molecule studies of DNA replication and repair in a normal 

chromosomal context within an intact nucleus. 

Technical advances are also facilitating single-molecule imaging in live cells. Single-

molecule imaging in live bacteria has been used, among other things, to study the dynamics of 

transcription factor binding to operator sites and the stoichiometry of proteins at active replisomes 

(Elf et al., 2007; Reyes-Lamothe et al., 2010). In eukaryotic cells, early work from Rob Singer and 

colleagues demonstrated detection of single mRNA molecules (Bertrand et al., 1998). It is now 

possible to image transcription and translation of single mRNAs in live cells and to monitor mRNA 

transport within neurons in both cultured cells and live animals (Halstead et al., 2015; Park et al., 

2014; Wu et al., 2016). New technologies like lattice light sheet microscopy have facilitated single-

molecule imaging in “thick” samples like mammalian cells by improving optical sectioning ability 

and acquisition speed while reducing photobleaching and phototoxicity (Chen et al., 2014; Liu et 

al., 2014). 

Along with advances in microscopy, single-molecule imaging will be facilitated by 

continued advances in protein labeling. Halo, CLIP, and SNAP tags with cell-permeable 

fluorescent substrates combine the advantages of a genetically encoded tag with those of 

synthetic organic dyes (Liu et al., 2014). As an extension of this concept, it will be interesting to 

develop dyes whose fluorescence substantially increases after being bound by a engineered 

partner protein, thereby reducing background signal from unbound label (Kumagai et al., 2013). 

It is also possible to fluorescently label purified proteins or nucleic acids (for instance, FRET 

reporters) and deliver them to cells for single-molecule imaging by electroporation or patch 

clamping (Sustarsic and Kapanidis, 2015). Incorporation of unnatural amino acids in proteins and 

unnatural nucleotides in nucleic acids has been achieved in live cells (Liu et al., 2007; Malyshev 

et al., 2014). Combined with suitable dyes and bio-orthogonal attachment chemistry, this will 

permit site-specific labeling of proteins and nucleic acids for live imaging. 
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Together, these technological advances will continue to expand the scope of single-

molecule methods in biology, allowing us to understand complex biochemistry by watching it 

directly. 
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