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Abstract
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Surveillance and repair of DNA damage is necessary in all kinds of life. Different types of 
DNA damage require different repair mechanisms, but these mechanisms are often similar in 
all domains of life. The most serious type of damage, double stranded DNA breaks, are for 
example repaired in conceptually similar ways in both bacteria and eukaryotes. When this kind 
of breaks are repaired by homologous recombination, a homology to the site of the break must 
be found. Sometimes, this homology can be located far away from the break necessitating a 
search. Considering the large amount of heterologous DNA present, the complexity of this 
search is enormous. If and how this search can proceed has been unclear even in simple and 
well characterized organisms as E. coli.

In this thesis, microscopy together with microfluidics are used to show that DNA repair by 
homologous recombination occurs even between homologies separated by several micrometers. 
We also see that it finishes well within the time of a cell generation, with the enigmatic search 
phase being as quick as eight or possibly even three minutes. Since this time is much faster than 
expected, we present a physical model demonstrating how homology search on this time scale 
is indeed plausible. Based on these results, we conclude that homologous repair using distantly 
located templates is likely to be a physiologically relevant mechanism of DNA repair.

Microscopy together with image analysis by deep learning also provides a new method of 
detecting DNA damage in real time. Combined with tracking of cell lineages, it reveals that 
DNA damage in E. coli is repaired efficiently enough that the resulting fitness cost is close 
to none. With the same methods we also study the effect of deletions of several DNA repair 
enzymes, and largely confirms their previous characterizations. Among these, we confirm that 
the intriguing RecN protein is important but not absolutely necessary in DSB repair, that it acts 
early, and possibly aids in physically shaping the structure mediating the search.

In addition to this, it is shown how DNA transcription and translation modulates the shape 
of the E. coli nucleoid. We observe how strong a transcription of a gene within a few minutes 
moves the gene towards the periphery of the cell where the concentration of ribosomes is higher, 
a movement possibly also aided by protein translation.

We also present MINFLUX, a microscope for both nanometer scale localization of single 
fluorophores as well as in vivo single particle tracking with unprecedented trace length and 
resolution. Using this, the E. coli small ribosomal subunit could be observed to quickly shift 
between fast and slow diffusion states which might represent probing and discarding of RNAs 
suitable for translation.
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Ett hisnande faktum är att det till stora 
delar är samma DNA-molekyl som ger 

upphov till olika organismer, vare sig de är 
bakterier, växter, djur eller människor.

Nationalencyklopedin, 1991
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Introduction 

Having a genome is necessary for life as we know it. However, having a ge-
nome also comes with several practical problems. The DNA must be stored in 
a compact form to fit in the cell, be available for retrieving genetic infor-
mation, be copied to supply genomes to offspring and finally be partitioned to 
the offspring. All these problems have been solved in organisms from bacteria 
to vertebrates, and often in similar ways. The similarities have arisen either 
through convergent evolution or more often through homologies, often shared 
between all domains of life.  

The relay of a functional genome to one’s progeny is dependent of either 
protection of the DNA against damage, or correct repair if such damage oc-
curs. Protection against damage may appear as the most straightforward strat-
egy, but DNA damage is to some degree inevitable. Ionizing cosmic rays pen-
etrate every living thing in the atmosphere and reactive oxygen species are 
unavoidable in aerobic conditions. Other damage is caused by the cell itself, 
by reactive metabolic by-products, deficiencies in DNA replication or in eu-
karyotes even on purpose to promote recombination.  

These forces give rise to a variety of DNA lesions, ranging from minor 
chemical modifications at single bases to simultaneous breaks in both DNA 
backbones. What these have in common is that they prevent correct replication 
of their chromosome, and thus in the case of most single-cell organisms, rep-
lication of the entire cell. Since DNA damage is inevitable, virtually all organ-
isms have repair mechanisms and usually a variety of those adapted to the 
different things that could go wrong with the chemical substance DNA.  

This thesis investigates the most severe of these types of damage: double 
stranded breaks, or DSBs. A DSB is when covalent bonds in both backbones 
of a double stranded DNA are broken opposite each other or only a few base 
pairs apart. DSBs are uniquely toxic to a cell, as they do not only prevent the 
passage of RNA and DNA polymerases, preventing transcription and replica-
tion respectively, but also disconnects the broken ends from each other in 
space. During repair, these ends must be reconnected with each other. If the 
ends are connected incorrectly, the result is a genome rearrangement which 
may have large effects on gene expression and chromosome segregation.  

This means that the repair of a DSB requires not only a sequence of chem-
ical reactions at the damage site, but also involves a search throughout the 
space of a cell. Actually, for the type of repair studied here, homologous re-
combination repair, also a third party which is an undamaged copy of the same 
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locus must be involved. This makes the search uniquely challenging, and has 
prompted disbelief if such search is even possible [1,2].  

By combining microscopy with microfluidics, novel genomic constructs 
and automatic image analysis, I hope to shed some light on the timeline and 
participants in the most difficult type of DNA repair. I have also investigated 
the consequences of DNA damage on a larger scale to find out how DNA 
damage affects cells in the long run. Hopefully, the conclusion drawn here 
from the E. coli bacterium will be applicable to a wider set or organism, or at 
least inspire further research on related repair mechanisms in other branches 
of life. First however, we will take a look at what DNA damage is and what 
mechanisms there are to handle it. 
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Types of DNA damage and repair  

Any type of chemical modification that prevents replication of DNA can be 
considered damage, but how onerous the repair is depends on the type of mod-
ification. Some examples of DNA damage and how they can be repaired are 
shown in Figure 1. For example, a DNA alkylation, the addition of a methyl 
or ethyl group to a nucleotide, can be repaired by simply removal of the added 
group. Other types of damage require several repair steps performed by sev-
eral enzymes. Modifications to single bases can be repaired through BER, 
base excision repair, by removal of the base, cleavage of the phosphodiester 
backbone, fill-in DNA synthesis and ligation. A larger variety of damage, for 
example damage involving several nucleotides, can be repaired by NER, nu-
cleotide excision repair. Here a stretch of a dozen nucleotides on one strand 
are removed and resynthesized using the complementary strand as a template 
[3,4].  

 
Figure 1. Examples DNA damage types and how they can be repaired. Base modifi-
cations include a large variety of oxidations, alkylations and deamination. Multi-
base modifications are here illustrated as a pyrimidine dimer, but could also be sev-
eral consecutive modified bases. Single-stranded gaps varies in length and may be 
up to a kilobase. DSBs can be either opposite or staggered, which are both possible 
substrates for NHEJ and HR repair.  

If these methods fail to repair a lesion before the replication fork arrives, this 
will still not be the end of the cell lineage. Instead the DNA polymerase ceases 
replication at the lesion and reinitiates afterwards, leaving a gap of a few hun-
dred nucleotides in the newly synthesized complementary strand. This gap can 
be bridged by the RecFOR pathway, which integrates the complementary 
strand from the correctly replicated sister chromatid in the gap instead. The 
missing strand in the sister can then be synthesized from the undamaged tem-
plate [5]. 
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The most drastic type of damage is however a double stranded break, or a 
DSB. This type of lesion can itself be subdivided into several types which 
pose different problems for repair. 

Causes and types of double stranded breaks 
DSBs may be caused by many factors, including ionizing radiation, chemicals 
or spontaneous endogenous damage. In the case of radiation, the damage can 
be a direct physical effect, if a particle hits the DNA backbone or free radicals 
formed through water molecules break a backbone bond. In these cases, both 
strands must be separately affected within a short distance quicker than the 
single strand repair mechanisms can act. Since one single particle often cause 
several ionizations in close vicinity (known as clusters, or locally multiply 
damage sites), DSBs are a relatively common outcome [6,7]. Alternatively, 
and more commonly, ionizing radiation and UV light can cause a DSB indi-
rectly. If radiation causes two closely located base oxidations (closely, but at 
least one base pair apart), BER repair may cause a DSB enzymatically when 
DNA glycosylases cleave the backbone at the site of the damage [8–10].  

However, the main cause of DSBs is DNA replication itself. When the 
DNA polymerase encounters a single stranded gap or another single-stranded 
DNA lesion, it may run out the broken strand or stall. If the polymerase runs 
out the broken strand, a single-ended DSB is created which needs to be reat-
tached to the parent chromosome (Figure 2). If the DNA replication complex 
instead stalls and backtracks a slight bit, the newly synthesized leading and 
lagging strands can anneal into a helix of the two new strands (as opposed to 
the normal semi-conservatively replicated dsDNA). The four-way intersection 
between the ancestral dsDNA, the two semiconservative dsDNA helices and 
the short entirely new helix is a Holliday junction which can be cleaved by 
specific endonucleases, also generating a single-ended DSB [11–13].  

Spontaneous DSBs is a common occurrence in life, but estimates of their 
frequency in E. coli varies. Since the majority of DSBs are created at the rep-
lication fork, the number of DSBs per cell and generation is proportional to 
the number of forks. In other words, fast growing cells with several concurrent 
rounds of ongoing replication will have more spontaneous DSBs than slower 
growing cells. Initial estimates put the number of DSBs at at least 15 % per 
cell and generation in slow-growing cells. This was based on the proportion 
of cells having to resolve dimeric chromosomes, i.e. when two chromosomes 
are covalently linked through their DNA backbones. Chromosome dimers are 
believed to result mainly from HR repair, but they may not form after each 
repair as there are several pathways for the chromosomal crossover interme-
diate to be resolved [14,15]. Later, a spontaneous DSB frequency of 18 % was 
found by studying inheritance of incomplete chromosomes that occur as a re-
sult of DSBs at the replication fork [16]. Contrary to this, two other methods 
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of estimating the frequency have found significantly lower numbers. Coupling 
GFP expression to SOS induction and measuring GFP by flow cytometry has 
given a frequency of circa 1 % [17]. This order of magnitude has been rein-
forced by imaging of the phage protein Gam fused to GFP, which binds to 
DSB ends and forms fluorescent foci. Here, DSBs were calculated to occur in 
2 % of slow-growing cells [18].  

It is not clear how these numbers could be reconciled. If the former is ac-
curate, then we have to assume that the SOS induction (as measured from the 
sulA promoter) can only be observed after a fraction of the breaks, and like-
wise that Gam binding to DSB ends is also a rare event. If the latter number is 
more accurate, one explanation could be that that the absence of HR related 
enzymes not only inhibits DSB repair but also other functions necessary for 
successful DNA replication and segregation. Alternatively, DSBs might be 
caused more often in the mutants for some unknown reason.  

 
Figure 2. Classification of DSBs, with conceptual views of the break in the chromo-
some, and of the chromosome in the cell.    

As shown in Figure 2, DSBs can be divided into two types. Those caused by 
replication runout of a nicked template are single-ended DSBs, also known as 
double-stranded ends (DSEs). Here there is no corresponding opposite end to 
join the DSE to. When a DSB is caused at another location, by cleavage of 
both DNA strands, it will be a double-ended DSB. This kind of DSB can be 
repaired by joining the two ends. Another way to classify DSBs is dependent 
on if another copy of the same locus exists and whether it is located nearby. 
We will later see why this is important. In the case of a single-ended DSB, an 
identical locus is always in the vicinity. When a double-end DSB occurs, the 
loci may not yet have segregated after replication meaning that another copy 
will be closely located. If the DSB happens after segregation of the locus, 
however, the replicated copy could be anywhere in the cell. In slow growing 
or dormant cells, a part or all of the chromosome is unreplicated and then no 
other copy will be present. 
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Repair of double stranded breaks  
In opposite to other types of DNA damage, repair of a DSB cannot be per-
formed as only a local activity at a broken site, but must act throughout space 
to bring disassociated ends together. Despite this challenge, the majority of 
DSBs are successfully repaired, if we define successful as allowing the cell to 
continue DNA replication and subsequent cell divisions [19].  

Life has several different methods to repair DSBs. In the case of a two-
ended DSB, the conceptually simplest method is to ligate the ends together 
again. This process is called non-homologous end joining, NHEJ, and can be 
performed by several enzymatic pathways. If the DSB is clean, that is cleaved 
at the phosphodiester bond of the DNA backbone and not having chemical 
modifications at the end nucleotides, NHEJ mechanisms can join the broken 
ends correctly. However, frequently this is not the case and then NHEJ will 
either join damaged ends or use enzymes to remodel the ends until they can 
be ligated. This will often induce mutations, deletions or insertions [20].  

Eukaryotes frequently employs NHEJ, especially in cell cycle phases 
where the DNA is unreplicated and only present in a single copy [21]. Here, 
there are multiple pathways available: classic NHEJ (c-NHEJ) and several al-
ternative end joining pathways (a-EJ, or a-NHEJ). In c-NHEJ, the most central 
component is the protein Ku which binds the DSB end. Ku then recruits lig-
ases, and if necessary nucleases and polymerases, to edit the ends until they 
can be ligated together. The ligation is often guided by a short homology of 
less than 5 nucleotides, although blunt end ligation can also occur [22]. The 
less common a-EJ responses are employed in cases when c-NHEJ cannot li-
gate the ends and all involve longer resection of the ends to find a homology 
to join the ends by. A-EJ thus always results in a deletion [23].  

In bacteria, NHEJ is less common. In fact, this mechanism was unknown 
until the era of genome sequencing, when homologs to protein Ku were found 
in bacteria [24,25]. Such homologues are now identified in almost a quarter 
of the sequenced bacterial genomes [26]. Which other components than Ku 
that are involved in the NHEJ pathway varies widely between bacteria, but 
LigD is typically present as the main ligase [27]. NHEJ is more often present 
in bacterial species which sporulate or otherwise have an extended dormant 
stage where the cell has only a single chromosome. When no intact copy of 
the chromosome is present, NHEJ is the only method that can repair a DSB. 
Accordingly, stationary phase cells and spores, which typically are haploid, 
have been found to be much more sensitive to ionizing radiation when NHEJ 
genes are mutated [28,29]. 

Neither Ku or LigD have not been found in E. coli. Because of this, the 
popular model species was long thought to be devoid of NHEJ mechanisms 
[30]. However, an a-EJ-like pathway that repairs breaks via microhomologies 
has now been reported [31]. Instead of Ku and LigD, E. coli a-EJ uses Rec-
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BCD for end resectioning and depends on LigA, an essential ligase which oth-
erwise joins Okazaki fragments during DNA replication, for ligation. E. coli 
a-EJ was found to ligate both compatible and non-compatible ends, but in 90 
% of cases involves deletions which often span several kilobases. 

Homologous recombination repair 
The other category of repair mechanisms is homologous recombination repair, 
or HR repair, which will be the main theme of this thesis. HR repair is con-
ceptually more complex than NHEJ but generally repairs breaks correctly. 
Like NHEJ, HR repair is widespread and well conserved throughout bacteria, 
archaea and eukaryotes. HR repair can be used for both single-ended and two-
ended DSBs. However, as the name implies, HR repair requires a homology 
to the break site. i.e. another copy of the chromosome, or at least of the broken 
locus.  

In HR repair, the ends of the break are first bound by a protein complex 
that recognizes a loose double-stranded DNA end. In E. coli and many other 
gram-negatives this is called RecBCD, while in Bacillus subtilis and a wide 
range of other bacteria the structurally different but functionally similar  
AddAB enzyme is found. In eukaryotes the break is first recognized by the 
MRN (in humans) or MRX (in yeast) complex which recruit nucleases 
[32,33]. Here, E. coli terminology will be used although the process is con-
ceptually similar between species. In short, HR repair of a DSB proceeds as 
shown in Figure 3. After binding, the RecBCD complex resects the DSB ends 
and creates a 3’ single stranded DNA end, which is loaded with many copies 
of the protein RecA. Bound to the ssDNA end, RecA will now probe dsDNA 
sequences in the other binding site. RecA can bind both a single DNA strand 
and a double stranded DNA helix simultaneously. If the sequences match, 
RecA will perform a strand exchange. That is exchanging the two identical 
strands so that the previous ssDNA is now base paired with its reverse com-
plement while the previous dsDNA strand identical to the original ssDNA is 
now single stranded. Now, the broken end is base paired with a continuous 
chromosome and a DNA polymerase can use the reverse complement as a 
template to replace the resected part. In the case of a two-ended DSB, the 
strand exchange and DNA polymerization are done with both ends until the 
polymerase meets the opposite 5’ end [32,34]. A ligase can then join the se-
quences and restore the backbone continuity. At this stage however, the two 
chromosomes are now in heteroduplexes with each other and cannot segre-
gate. The two four-way DNA structure where the strands cross over is called 
a Holliday junction, and to separate the chromosomes the junctions must be 
resolved by nicking two strands and religating them with each other. The cut 
can be “vertical” or “horizontal”, referencing the way they are drawn in Figure 
3. These cuts, in E. coli performed by RuvC, can lead to a crossover between 
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the two chromosomes [35]. In circular chromosomes, a single crossover re-
sults a chromosome dimer, i.e. two complete chromosomes covalently joined 
into a large circle. This is resolved at the end of the cell cycle, just before 
septum formation when the dimeric chromosome is again crossed over by the 
protein complex XerCD. In eukaryotes, there is also a closely related synthe-
sis-dependent strand annealing (SDSA) pathway for two-ended DSBs, which 
is left out here but is instead summarized in the Discussion.  

 
Figure 3. Steps of HR repair A. A double-ended DSB. RecBCD processes both ends, 
which are bound by RecA. The ends find and invade corresponding locus on the sis-
ter chromatid. DNA polymerisation and ligation produces a correct repaired se-
quence before the chromatids are separated again. B. A single-ended DSB occurs at 
the replication fork. HR repair is used to reattach the lost strand to the parental 
chromosome and restart replication. Here the DSB is created by an SSB in the lead-
ing strand, but a stalled replication fork can also lead to a similar situation through 
replication fork reversal and cleavage of the resulting Holliday junction.  
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A single-ended DSB is processed similarly, but the here the goal is instead 
only to reattach the loose DSB end to the sister chromatid. After that, a reac-
tion cascade started by protein PriA allows reassembly of the replisome and 
continuation of DNA replication.  

The actions of the individual enzymes will be described in more detail be-
low. One step that was skimmed over here however, was the probing of 
dsDNA before strand exchange. This step is not trivial, instead it is a complex 
search where the RecA-bound ssDNA must probe every position of the sister 
chromosome before the single correct position is found. How this complex 
process can finish in a reasonable time has been a mystery for decades. Despite 
this, homologous recombination works and resolves spontaneous DSBs in 
many E. coli cells during every generation, and several times per generation 
in eukaryotes. Actually, eukaryotes create DSBs on purpose during meiosis 
and depend on HR to recombine the chromosomes afterwards. Eukaryotes use 
this to achieve genetic variation between their descendants, which is prereq-
uisite for evolutionary selection of several traits simultaneously. It is thus clear 
that life puts a lot of faith in efficient homologous recombination 

The actors of homologous recombination repair  
HR repair in E. coli involves at least half a dozen of proteins and protein com-
plexes, the most important of which will be described already here: RecBCD 
and RecA. Other bacteria generally have direct homologues of these, while 
the situation in eukaryotes can involve a much larger number of enzymes. 

Endonuclease RecBCD  
E. coli RecBCD, previously also known as endonuclease V, is a large protein 
complex with very potent nuclease and helicase activities. RecBCD is ex-
tremely processive and can degrade tens of kilobases of dsDNA while displac-
ing any DNA-bound proteins in its way. Surprisingly, it is responsible for both 
efficient destruction of invasive foreign DNA and accurate repair of the en-
dogenous DNA. To combine these two roles, it is controlled by sequence spec-
ificity. The components are expressed from two different promoters, RecC, a 
protein of 1120 amino acids, from one and RecBD, 1180 and 608 amino acids, 
from another. Despite that RecBCD is only present in about 10 copies per cell, 
inactivation of either of the RecBC genes reduces cell viability by three quar-
ters even without exogenous DNA damage [36–38]. 

Bioinformatics and structure determination have shown that all three sub-
units have helicase homology. RecB also has a C-terminal nuclease domain 
[32,39–41]. In agreement with this, in vitro experiments have demonstrated 
that RecB has is a ATP-dependent DNA helicase, with a preference for 
ssDNA [37,42]. RecB and RecC together degrades both linear ssDNA and 
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dsDNA in the presence of ATP. RecD, which was discovered later, has a weak 
ATPase activity in the presence of ssDNA [43]. When combined into the en-
tire RecBCD complex, the DNA degradation remains, but the ATPase activity 
gains a dsDNA preference and the helicase activity is much more potent [44]. 
RecBCD binds blunt double-stranded ends with high affinity (Kd ≈ 3 nM), and 
even tighter when there is a short overhang on either strand [45].  

As indicated by biochemistry, the primary activity of RecBCD is to bind 
dsDNA ends, unwind and degrade them with high processivity. How can then 
this enzyme be useful in DNA repair? That is, because this destructive first 
activity, is changed for a different mode of activity after recognition of a spe-
cific DNA sequence named chi. After chi, the second mode of the enzyme 
instead only degrades the 5’ strand and leaves a 3’ ssDNA end which is used 
for HR as we saw above. The chi1 sequence was first discovered as a sequence 
that rescued recombination-deficient phage lambda by allowing RecBCD to 
step in instead [46,47]. In E. coli, chi is traditionally given as the eight-nucle-
otide sequence 5’-GCTGGTGG-3’, but this is not an absolute recognition se-
quence for RecBCD. Chi is only recognized by RecBCD in 20-40 % of pas-
sages [48], and single point mutations of chi lower but does not abolish recog-
nition [49,50]. Recently it was found that additional nucleotides in the 3’ di-
rection outside of the traditional chi strongly affects recognition [51]. Based 
on this, the optimal chi site might be 5’-TTGCTGGTGGCCNAAAA-3’, or a 
very similar sequence. 

 
Figure 4. Structure of RecBCD unwinding DNA, . A. Front view. dsDNA entering 
from the right hand side. B. Back view, rotated around the horizontal axis from A. a) 
Helicase domain of RecB. b) Nuclease domain of RecB. C. Front view cartoon 
showing dsDNA unwinding and chi recognition. From PDB id 6SJB [54].  

The mechanism of the entire RecBCD complex has been elegantly shown by 
DNA-bound structures and electron micrographs. The three subunits of Rec-
BCD bind each other in a tight conformation, with RecB and RecC wrapping 
around each other. The helicase and nuclease domains of RecB are far apart 
and only connected through a peptide linker [41]. The dsDNA is fed into the 
complex between RecB and RecC. Here the double helix is split, after which 
                               
1 The chi site is sometimes written as the Greek letter . But chi is also an abbreviation of 
crossover hotspot instigator, the role it has in the phage lambda mutant mentioned above. 
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the 3’ strand is passed on to the RecB helicase domain, and then to RecC 
where recognition of chi takes place [52–54]. Then the strand reaches the nu-
clease domain of RecB and can be cleaved. The 5’ strand takes a different path 
directly after the split. It passes through RecC before it is handed to RecD, and 
then passes close to the RecB nuclease domain also exposing itself to possible 
cleavage. The loose conformation of linker to the nuclease domain likely al-
lows it to access both DNA strands on their way out of the complex [41]. 

Mutants where either helicase is inactivated still translocates along the 
DNA, but the RecD 5’-to-3’ activity is on average three times as fast as the 
RecB 3’-to-5’ activity. Due to the difference in rate, an excess of 3’ strand 
would be expected to pile up in from of RecB. Exactly this is observed in 
electron microscopy, where a large loop of the 3’ stand is seen protruding out 
of the complex [36,55,56]. In vivo the loop is 100-500 nucleotides [57]. The 
fact that separate helicases act on each strand in the enzyme might explain the 
extreme processivity of RecBCD. The complex processes on average 30 
kilobases in vitro and possibly even longer in vivo before falling off the DNA, 
and it does so at rate of more than 1 000 base pairs per second [58,59]. The 
active translocation on both strands may also help the enzyme bypass ssDNA 
gaps and other DNA lesions, which would allow it to process DNA where a 
DSB is part of a locally multiply damage site.  

When a chi sequence reaches the recognition site2, it binds and it is believed 
that the RecD helicase activity ends [60]. The binding causes RecBCD to ex-
trude a new loop through a latch between the RecB and RecC [61]. RecBCD 
now enters the second mode where the slower RecB provides the force driving 
the complex along dsDNA. Now, RecBCD will also load the 3’ tail with RecA 
through a RecA binding site on the RecB nuclease [62,63].  

As the last step before leaving the complex, both strands pass by the endo-
nuclease domain. Before chi binding, it is normally oriented towards the 3’ 
strand and cleaves it much more often than the 5’ strand. After chi, it changes 
conformation and now only cleaves the 5’ strand but much more often [54,64]. 
How often cleavage occurs at all in vivo is unclear, as the frequency varies 
based on the relative concentrations of Mg2+ and ATP. With high Mg2+ and 
low ATP, cleavage is frequent; with low Mg2+ and high ATP, cleavage hap-
pens rarely or never [65]. As the intracellular concentration of free Mg2+ is 
hard to determine, this has led to two competing views on what is actually 
going on in vivo. The first view is that intracellular Mg2+ and ATP concentra-
tions are similar, and that RecBCD in vivo digests both strands during before 
chi. The 3’ end is cut into pieces of oligos tens of nucleotides while the 5’ 
strand becomes kilobase fragments [32]. After chi, cleavage of the 5’ strand 
becomes more frequent. The other view is that Mg2+ is lower than ATP, and 
that cutting in practice only occurs once. That is close to chi on the 3’ strand 

                               
2 Note that RecBCD might be positioned far beyond chi on the dsDNA already, since chi must 
pass through any extruded loop before reaching the site. 
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when the enzyme pauses there [66]. This model is referred to as “nick-at-chi”. 
There is recent evidence of either model. For example, qPCR shows approxi-
mate half the normal DNA concentration around a DSB, which is compatible 
with 5’ strand degradation [59]. On the other hand, the observed chi site con-
text dependence, that appears to be used by E. coli to increase recognition, is 
only effective at such Mg2+ concentrations where nick-at-chi is expected [51]. 
In this work the former model is assumed and used in illustrations. HR repair 
would however work in both cases, although some intermediates differ from 
what is illustrated here.  

The eight-bp classical chi site is highly overrepresented in the E. coli ge-
nome, and especially so in the direction towards the origin of replication 
where it is three times more common than towards the terminus. The direc-
tional bias aids the repair of the more common single-ended DSBs. While it 
is debatable what the hen and the egg here, e.g. whether these biases have 
evolved to aid HR repair or if the sequence exists due to other factors (certain 
common codon sequences, CG bias etc) and RecC has evolved to recognize it 
[67], they provide a mean for RecBCD to distinguish the E. coli chromosome 
from other DNA. A phage is unlikely to contain a chi site, and even if it does, 
RecBCD will in most cases miss it. In the chromosome there will sooner or 
later be another chi, but a phage will in most cases be entirely degraded3 and 
the degradation products may be turned into CRISPR spacers, giving future 
immunity against that phage [68].  

In summary, RecBCD is a very intricate dsDNA end processing machine 
which fulfills several cellular functions by changing between enzymatic ac-
tivities. This explains how the enzyme can be both destructive against phages 
and aid DNA repair, and also why so much undamaged DNA is seemingly 
needlessly degraded after a DSB. Apparently, the cost of polymerizing DNA 
again after a break is small compared to the advantage of efficiently degrading 
phages. Similar complexes exist in other bacteria. The AddAB variant is wide-
spread and is present among others in Bacillus subtilis. It has structural and 
mechanistic differences, but fulfills the same function. In mycobacteria, the 
simpler AdnAB appears to have a similar role [69]. In eukaryotes however, 
no protein homologous to RecBCD is known [32].  
  

                               
3 At least if the former view on RecBCD nuclease activity is true. With the nick-at-chi model, 
it is possible that the helicase activity alone would disable phages, especially if the ssDNA is 
bound by SSB before it can anneal again. Here the 3’ strand loop could play a role in offsetting 
the output strands to prevent reannealing. 
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Recombinase RecA 
E. coli RecA is a small but very versalite protein at 354 amino acid residues, 
whose homologues are ubiquitous among both prokaryotes and eukaryotes 
[70]. RecA was first discovered already 1965 as the cause of a recombination-
deficient phenotype in E. coli [71]. RecA and homologues have since been 
found to take part in a diverse range of processes all involving recombination, 
including DNA repair, bacterial conjugation and meiotic recombination in eu-
karyotes. RecA null mutations have serious consequences for the cell: it gives 
extreme UV sensitivity, reduces cell viability to around 50 % even under nor-
mal conditions and leads to chromosome degradation, resulting in anucleate 
cells [38,72]. 

 
Figure 5. DNA strand exchange. A circular ssDNA with bound RecA can take the 
complementary strand from a homologous dsDNA, leaving the homologous strand 
as ssDNA.    

The most important reaction catalyzed by RecA is DNA strand exchange. 
Strand exchange involves two homologous ssDNA and dsDNA strands, and 
RecA switching the two homologous strands for each other, or in other words 
move the complementary dsDNA strand to the ssDNA (Figure 5). As men-
tioned above, RecA achieves this through two DNA binding sites: one ssDNA 
binding site and one dsDNA binding site [73,74]. RecA binds ssDNA in a 
multimeric filament with one RecA monomer per three nucleotides and the 
monomers in contact with each other. Initial RecA binding to ssDNA, i.e. nu-
cleation, is slow. In vivo, nucleation is aided by RecBCD or RecFOR which 
load RecA on newly created ssDNA. Once a nucleus of two monomers is 
formed, the filament can grow in both ends with additional monomers, alt-
hough faster in the DNA 3’ direction. [75–78] 

The final RecA-ssDNA filament assumes a helical shape with the DNA 
strand embedded in the middle of the filament. This filament, with a pitch of 
94 Å and an average rise of 5.08 Å per nucleotide, is stretched ca 1.5 times 
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compared to normal B-form dsDNA4. Notably however, the bases are une-
venly spaced. They are held together in groups of three, each belonging to one 
RecA monomer, with a 7.1 Å distance between each group. The stretching 
within each triplet group is thus only 1.2 times compared to the B-form [79]. 
This state is called the presynaptic filament. When the RecA-ssDNA filament 
meets a dsDNA, the dsDNA is first caught by a binding patch on the RecA N-
terminal domain before being led into the dsDNA binding site. Simulations 
suggest that binding here promotes flipping out of two bases in the dsDNA, 
allowing them to pair with two of the bases in a ssDNA triplet. If those two 
match, two bases in the next triplet are tested similarly. If three consecutive 
triplets pair two bases each, two of the third, unflipped, bases are flipped as 
well. If they match, i.e. eight bases are paired, a metastable recombination 
intermediate has been reached [80]. These simulations are corroborated by 
experiments showing DNA pairing only with homologies of at least 8 nucle-
otides [81]. Single molecule experiments have also shown that a homology of 
8 nucleotides is a critical limit in achieving more than transient binding (>10 
s in vitro) between dsDNA several ssDNA-bound RecA homologues [82]. 

When the initial 8 base contact has been established, pairing continues in 
three-base steps in the 3’ direction of the ssDNA direction [82]. A stable con-
formation is reached after 15-20 base pairs. After finishing strand exchange, 
RecA dissociates in the 5’ end leaving a rolling synapsis region through which 
the strand exchange progresses. While strand exchange can progress for sev-
eral kilobases, the active synapsis region has been measured in vitro to cover 
only ca 80 base pairs [83]. 

RecA can also initially bind dsDNA although with a very slow nucleation 
rate. This reaction pathway is much less studied, but it has been shown that it 
can also lead to binding of homologous ssDNA and subsequent strand ex-
change [84]. 

Additionally, RecA has an inhibitor, RecX, which is expressed from the 
same operon but at a fraction of the RecA level. RecX prevents formation of 
filaments and promotes their disassembly, possibly by capping the 3’ filament 
ends. The physiological significance of the inhibitor is unknown [85,86].  

Intriguingly, while RecA is a facilitator in HR repair it is actually also a 
bottleneck. Directed evolution experiments have yielded single position mu-
tants of RecA which increase E. coli radiation resistance by three orders of 
magnitude [87,88]. This suggests that efficient DNA repair is not the only 
purpose of RecA, and that E. coli RecA may have evolved as a compromise 
between several functions. 

                               
4 B-form DNA has a pitch of 33.2 Å and a rise of 3.32 Å per base pair.  
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LexA proteolysis & SOS response 
Apart from DNA binding and strand exchange, RecA-ssDNA catalyzes the 
protolytic autocleavage of LexA. LexA is a transcription factor that normally 
represses a large number of genes involved in several DNA repair pathways, 
including recA, recN, uvrD, ruvAB, sulA and ssb. When RecA creates a fila-
ment on ssDNA, LexA binds in the groove of the filament, causing it to pro-
teolyse itself into two peptides. Proteolysed LexA cannot bind to its sequence 
motif, which means that the effective concentration of LexA decreases in the 
cell whenever RecA-ssDNA is present. This depresses the genes mentioned 
above and many others, which is called the SOS response [89,90].  

As different LexA-repressed genes have LexA binding boxes of different 
affinity, transcription of the genes will be activated in a sequence depending 
on how fast and for how long LexA is degraded. In the first wave are genes 
for “simple” repair methods as excision repair and DNA translesion synthesis 
(uvrAB, polB), then recombination repair genes (recA, recN) and a cell divi-
sion inhibition (sulA), and last a mutagenic repair pathway (umuCD) [5,91].  

In short, RecA-ssDNA acts as a signal of distress, which sequentially acti-
vates more and more desperate rescue mechanisms depending on the severity 
and duration of the emergency. LexA cleavage is irreversible, but the protein 
also represses its own gene. It will thus be expressed during SOS response, 
and is restored to the normal concentration when all RecA-ssDNA is gone.  

RecA-ssDNA is also exploited by several bacteriophages whose repressors 
are autocleaved in the same way as LexA, causing phages to go into a lytic 
cycle whenever there is DNA damage.  

ATP hydrolysis in RecA  
RecA is a DNA-dependent ATPase, however the purpose of the ATP hydrol-
ysis is not obvious. For the presynaptic filament to be active, ATP must be 
bound, but the filament can bind ssDNA, search for homology, perform strand 
exchange and proteolyse LexA without hydrolysing ATP [92]. In other words, 
ATP hydrolysis is unnecessary for all key enzymatic activities. Burning ATP 
is of course costly for the cell. So why does it happen?  

RecA has actually been shown to take advantage of ATP hydrolysis in sev-
eral ways. When RecA nucleates on ssDNA, it does not necessary do so “in 
phase”, so when the protofilaments grow there might be 1-2 nucleotide gaps 
between them. These gaps can be filled through ATP hydrolysis, apparently 
through some mechanism that shifts the protofilaments along the ssDNA [93].  

ATP hydrolysis will also speed up homology search by allowing RecA-
ssDNA to disassociate four times faster from non-homologous dsDNA once 
the initial 8-base interaction has completed [94]. After stable pairing has been 
achieved, ATP hydrolysis allows strand exchange to proceed through short 
non-homologous regions as well [95]. Finally, ATP hydrolysis promotes 
RecA disassociation after the strand exchange has finished [96].  
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It is not clear how these outcomes of ATP hydrolysis relate to each other 
structurally and mechanistically, but the end result is that hydrolysis-deficient 
RecA despite its prolifency in the basic biochemical reactions is completely 
unable to support recombination in vivo [97].  

The challenge of RecA homology search  
The most interesting and elusive property of RecA is its ability to find homol-
ogies within vast amounts of heterologous DNA within a biologically relevant 
timescale. The difficulty of finding exactly the correct genomic position was 
conveniently skipped over in the description of pairing above, but this is a 
monumental challenge for the RecA-ssDNA filament. Even though the fila-
ment and its homology are both long, the actual target is to bind exactly on the 
right base pair on the genome, a target which is of a size of only about 3 Å. 
Before that point is reached, every ssDNA-dsDNA interaction is meaningless 
and the time spent there should be minimized.  

The task can be compared to that of Cas9 or a Cascade complex which in 
its defense against invading phages must find phage DNA matching the guide 
RNA before the phage can hijack the cell. Two studies have shown that a sin-
gle enzyme can find a genomic position in 1.5 to 6 hours in E. coli [98,99]. 
This timescale is long, but not entirely implausible for DNA repair consider-
ing that the E. coli generation time is can range up to more than an hour in 
poor growth conditions. However, this time is not reasonable to assume for 
RecA-mediated homologous search. The search rate is, if we assume random 
collisions, ultimately limited by the diffusion rates of the searcher and the tar-
get [100]. In RecA-mediated search both of those will be very slow, the chro-
mosomal locus is the same as in the Crispr search, but now the other party will 
be a RecA-ssDNA filament instead of a small molecule. The RecA-ssDNA 
filament is long and stiff. Its persistence length in vitro has been estimated to 
ca 950 nm which can be compared to ca 50 nm in dsDNA [101,102]. The 
persistence length and diffusivity of such a filament in vivo is not easy to es-
timate, but we can safely assume it is orders of magnitude slower than a Cas9 
and very likely slower than a chromosomal locus.  

However, it is possible to find a chromosomal target faster than a simple 
diffusion and collision would allow. The lac repressor in E. coli is one exam-
ple, in vivo it finds its operator in just 3-5 minutes [103,104]. Bearing in mind 
that the lac repressor senses sequence specificity in the DNA major groove 
and thus does not have to denature the dsDNA helix, this search rate is still 
allowed only by a combination of hopping (microscopic dissociation-reasso-
ciation), intersegment transfer (simultaneous binding of several uncorrelated 
chromosomal loci) and sliding on nonspecific DNA [104,105].  

The RecA-ssDNA also has several features that accelerates search. First, 
the filament is long, can interrogate dsDNA at several points simultaneously, 
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and these points may interrogate loci that are separated far along the chromo-
some. This has been termed intersegment contact sampling and has been 
shown in in vitro [106].  

Second, the RecA C-terminal patch where dsDNA first binds is flexibly 
hinged, and the dsDNA can remain bound there while being fitted in the 
dsDNA binding site in up to four different base pair alignments according to 
simulations. This allows interrogation of several positions without macro-
scopic dissociation [80].  

Third, short-range RecA-ssDNA filament sliding on dsDNA has been ob-
served in vitro. This means that each initial binding with dsDNA interrogates 
several positions, effectively increasing the size of the search target. Sliding 
in vitro was estimated to take place over 60-300 bp [107]. Sliding over longer 
distances than ca 800 bp has been excluded by studies using other methods 
[82,108]. In vivo sliding over these distances appears unlikely, since that 
would require the dsDNA to wrap around the RecA-ssDNA filament. How-
ever also a more plausible short sliding would aid search by increasing the 
target size several fold. The mechanism of sliding is not clear but it is possibly 
related to the flexible C-terminal binding mentioned above.  

Fourth, the ca 50 % stretching of RecA-bound ssDNA means that RecA-
ssDNA and dsDNA aligned parallel to each other will make contacts in dif-
ferent sequence registers and can probe at different sequence offsets simulta-
neously. If the two helices had the same rise per nucleotide, all contacts would 
effectively probe the same relation between the ssDNA and dsDNA.  

It is not clear which of these mechanisms that are relevant in vivo and if 
there are additional mechanism that might speed up search further. It has ac-
tually been doubted whether HR repair between segregated sites occur at all, 
considering the complexity of HR search [1,2]. Some mechanisms might have 
different impact in the cell than in the test tube - for example, several in vitro 
studies have found that the concentration of heterologous dsDNA does not 
affect time needed to find the homologous dsDNA, implying that heterologous 
DNA is entirely ignored by RecA [109,110]. However, in both cases the high-
est concentration of heterologous DNA used was much lower than in the E. 
coli cell (300 μM and 9 μM vs 7 mM5 incorrect sites, respectively). With that 
little heterologous DNA, the RecA-ssDNA might have spent so little time non-
specifically bound that no effect on the final binding rate could be measured.  

                               
5 The concentration of incorrect sites in an E. coli is approximately 1.5 chromosomes ∙ 4.6 ∙ 106 
nucleotides / 1 fl ≈ 7 mM, and significantly higher inside the nucleoid.  
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Double stranded breaks 
and molecular search   

When specific DSBs are generated in Caulobacter crescentus, it has been ob-
served that the DSB site travels towards a homologous sister locus which is 
tethered to the opposite cell pole [111]. In E. coli, where there is no chromo-
somal tethering6, there are also indications that one locus travels further than 
the other, but it is not known whether this is the cut loci or its sister [112]. 
There are also questions about how to interpret the results, since chromosomal 
labels such as those used in that study were later shown to be ejected during 
RecBCD end processing [59]. However, since asymmetric migration between 
DSB loci and their sister could potentially be very informative on the search 
for homology, we devised a system where a DSB can be induced in a specific 
position, detected and then tracked by fluorescent microscopy.  

Creating double stranded breaks  
The endonuclease I-SceI was used to create locus-specific DSBs. This endo-
nuclease, originally cloned from a yeast transposon, recognizes an 18 bp se-
quence which does not occur in the wild type E. coli genome [113]. It has been 
used previously to generate DSBs, but expression of the enzyme often causes 
DSBs in all chromosomes present [59]. This leads to a lack of homologous 
repair templates, prevents repair and leads to cell death. To modulate the cut-
ting in time, we overlapped the restriction site with a lacO1 lac operator which 
was expected to prevent I-SceI binding (Figure 6A). To decrease the search 
time of the lac repressor (LacI), a secondary stronger operator (lacOsym) was 
inserted a full DNA helix turn from the first [104,114]. We theorized that with 
this system could be used together with fast media switching in microfluidics 
to turn the restriction site on or off. First, media inducing endonuclease ex-
pression could be given, and switched for media with the lac inducer IPTG to 
allow cutting. By adjusting the time when cutting is allowed, an arbitrary pro-
portion of restriction sites would be cut. When tested with wild type LacI ex-
pression, the LacI protection was very effective although some restriction 
could still be detected (Paper I figure 1C). We also attempted additional LacI 

                               
6 Disregarding cotranscriptional membrane insertion, or transertion, which is temporary.  



 29

expression from a low copy pSC101 plasmid, but this largely prevented re-
striction cutting even when IPTG was present. In the following experiments 
only wild type expression was used.  

 
Figure 6. A. Ends created by I-SceI restriction, and the overlap with lacO1. B. The 
mutated restriction site CS3mut. C. Formation of RecA4155-GFP structures after 
expressing I-SceI in a strain without restriction sites. The enzyme was expressed for 
30 minutes from the pSN1 plasmid using 0.4 % arabinose, at 30 �C.   

The I-SceI enzyme itself was expressed from a p15a plasmid with an ampicil-
lin resistance gene. The I-SceI gene was transcribed from a tetracycline in-
duced promoter and C-terminally fused to at AANDENYALAA tag, which 
marks a protein for degradation similarly to tmRNA. The efficiency of the 
degradation in this specific case has however not been evaluated.  

Detection of DSBs 
To detect DSBs in real time, we used the ejection of DNA-bound proteins by 
RecBCD end processing. A parS-pMt1 site was integrated close to an endo-
nuclease restriction site (Figure 7A). The parS-pMt1 site is a binding site for 
the ParB-pMt1 plasmid segregation protein from a Yersinia pestis plasmid, 
and has the advantage that it does not delay chromosome segregation as some 
other parS/parB systems do [116,117]. Hereafter these will be referred to 
simply as parS and ParB. Three variants of this construct were developed, 
with parS located 250 bp in the terminus direction of the restriction site (CS1, 
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Figure 7A), directly adjacent in the terminus direction (CS2) and 250 bp in the 
origin direction (CS3). To visualize the loci, ParB fused N-terminally to 
mCherry was expressed constitutively from the chromosome.  

Since it is not entirely clear how ParB binds to parS, it was interesting to 
note that placing parS directly adjacent to the lac operators inhibited ParB 
binding (Figure 7B). Adding IPTG restored binding, showing that it is LacI 
that prevents ParB from binding, presumably either by acting as a roadblock 
during binding or sterically through the LacI-induced loop. Only the CS3 con-
struct was used in the experiments described here.  

 
Figure 7. A. Three variants of the genetic construct designed for creating and de-
tecting specific DSBs. With the parS site in the terminal direction of the DSB with 
spacing in between, in the origin direction of the DSB without spacing, and in the 
origin direction of the DSB but with spacing. B. mCherry-ParB fluorescence in the 
three constructs, without and with IPTG. C. The CS3 restriction site as it appears in 
vivo, with a malO array towards the origin and LacI looping. 

Additionally to this, an array of 12 malO binding sites were integrated ca 25 
kb in in the origin direction. These sites are bound by the maltose inhibitor, 
MalI, which was constitutively expressed from the chromosome and fused to 
the yellow fluorescent protein mVenus. MalI is not well characterized but it 
has strong homology to LacI. If we assume it to bind as a dimer, as LacI-
mVenus does, up to 24 fluorophores could bind each malO array [118].  

We also integrated a reporter for the SOS response to detect DNA damage 
independently from the mCherry-ParB focus. Here we used sCFP3a [119] ex-
pressed from the sulA promoter, similarly to what has been done previously 
with GFP [17]. A cyan reporter is required to avoid interference with either 



 31

mCherry or mVenus, but due to the slow maturation and poor brightness we 
had to optimize the expression. This involved changing the promoter -35 box 
to the E. coli consensus sequence and manually adjusting the codon usage to 
avoid secondary structure at the ribosomal binding site, resulted in a useful 
level of expression. The resulting promoter was named pSulA’.  

Inducing double stranded breaks in microfluidics  
Inducing DSBs in cells in a microfluidic system has several advantages: The 
growth media can be exchanged within seconds, allowing precise control of 
the time window where restriction cuts are allowed. It is also possible to in-
duce breaks while microscopic observation is ongoing, and catch any fast dy-
namics that happen shortly after a break. Lastly, it is possible to track cell 
lineages over time to ensure that return to normal cell division, indicating that 
DSB repair was successful.  

Cells were loaded in microfluidic traps, and grown in minimal media cho-
sen so the vast majority of cells (> 97 %) had at most two foci of either color. 
DSBs were generated by temporarily changing to a media containing IPTG 
and the tet inducer ATC. An induction with three minutes of IPTG (1 mM) 
and ATC (20 ng/ml) followed by three minutes of only IPTG was found to 
provide an appropriate level of DSB induction at 37° C.  

Since DSB generation is stochastic, three types of outcomes were observed 
in cells that initially had two mCherry-ParB foci (Figure 8A, Paper I figure 
1D). Some cells were unaffected and divided normally. Others lost both 
mCherry foci, elongated without division and expressed high levels of the 
SOS reporter CFP. Most Interesting to us, however, were those which only 
had one single DSB. These typically survived and divided, but later and with 
a longer final cell length than the unaffected cells (Paper I figure 1G). The 
CFP was also on average increased in their daughters (Paper I figure 1F). The 
DSB induction protocol was adjusted to optimize the proportion of cells hav-
ing a single DSB. Although the induction efficiency varied between experi-
ments, typically around 30 % of the loci were lost and about 10 % of cells lost 
both loci, suggesting the cuts are independent.  

The cell images were segmented and cell lineages were built. From these, 
cells that divided twice (into granddaughters of those present at induction 
time) were selected. These were further filtered on segmentation quality cri-
teria and an average increase of CFP fluorescent of at least 5 camera counts 
between time zero and 90 minutes. Since the cells divided in the meantime, 
the CFP fluorescence was measured in the descendants of the initial cells. The 
cells selected automatically were visually inspected and cells with probable 
single DSB and subsequent repair were identified based on mCherry-ParB 
spot disappearance, merging of MalI-mVenus spots and finally splitting into  
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Figure 8. A. Phase contrast image of one mother machine cell trap over time, with 
CFP insert at 90 minutes. Cell 1 is without DSBs, cell 2 has two DSBs and cell 3 has 
one single DSB. B. Examples of cells with single DSBs and their daughters, in 
mCherry and mVenus fluorescence channels. C. Number of mCherry-ParB foci per 
cell after induction of DSBs, in cells with active endonuclease and cut site and con-
trols with uncuttable site and inactive enzyme. D. Number of DSBs detected in the 
chromosomes segregating towards the old and to the new poles, respectively.    

two spots again (Figure 8B). These cells showed a rest period following the 
mCherry dot loss, with no visible events, then largely symmetric pairing be-
tween the MalI-mVenus foci, colocalization in the cell center and finally re-
segregation before cell division. Notably, the remaining mCherry focus (at the 
sister locus) stays colocalized with the 25 kb distant mVenus focus throughout 
the repair. To ensure that these events represent actually double stranded 
breaks, strains with a mutated, uncuttable restriction site or an inactive endo-
nuclease were induced alongside the strain with a cuttable site. Here, the num-
ber of mCherry foci drops notably after 20 minutes only in the cuttable strain, 
followed by a recovery and then a temporary increase of cells with 3 and 4 
foci (Figure 8C). This pattern was not observed either in cells lacking a func-
tional restriction site or an active endonuclease. The data was then processed 
identically, and images from the cutting strain and a control strain were pre-
sented in random order to a human observer. Cells with DSBs were selected  
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Figure 9. A. Examples of cells with single DSBs and their daughters, with the MalI-
mVenus label on the left chromosomal arm. B. Examples of cells with single DSBs 
and their daughters, with the MalI-mVenus label 75 kb upstream of the cut site. C. 
Examples of cells with single DSBs and their daughters, with HU-yPet. D. Long-axis 
distributions of MalI-Venus, 25 kb from CS3, and mCherry-ParB during 4 min time 
windows before the DSB, after the DSB and before mCherry resegregation. Cells 
have been reoriented with the DSB on the right hand side. (n=77, 77 & 73 cells) E. 
As D, but with MalI-Venus on the opposite chromosomal arm to CS3. (n=42, 42 & 
40 cells) F. Long-axis mean HU-yPet density, at the time of a DSB, the estimated 
time of pairing and at the time of mCherry resegregation. (n=4 cells)  

and the timings of mCherry foci loss, mVenus foci merge and foci resegrega-
tion were annotated. While 35 DSBs were identified in the cuttable strain, 
none were found in the control strains.  

Notably, dot loss was observed on average 16.6 ± 6.4 min (n = 77) after the 
start of DSB induction, which is more than 10 min after IPTG has been re-
moved and when the restriction site would again be protected by LacI. The 
delay is explained by the unusual property of I-SceI to first bind the recogni-
tion site, but not execute the double-stranded cut until after a resting period of 
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several minutes [120]. There was no bias for DSBs being generated in either 
the chromatid segregating towards the old or the new cell pole (Figure 8D).  

What was immediately evident is that the repair process was significantly 
faster than what has previously been reported in E. coli [112]. The initial 
phase, from the loss of a DSB focus until MalI-mVenus foci pairing lasted 8.3 
± 4.4 min (mean ± SD, n = 55). The second phase, from the pairing until re-
segregation of mCherry-ParB lasted 8.4 ± 6.4 min (n = 51). We termed the 
first phase repair phase I and the second phase repair phase II. The timescale 
of repair is surprisingly fast, but also makes DSB repair using a segregated as 
repair template a mechanism more plausible to be relevant in vivo. From here, 
the next step is to identify which mechanistic steps that correspond to each 
phase.  

The specific search for the sister locus could be performed either in the 
phase I with the chromosomes in their normal positions, or in phase II when 
the chromosomes may be compacted in the cell center. To investigate this, the 
malO array was moved to a position on the other, left, chromosomal arm, on 
a similar distance to the origin of replication (ygaY). Now when DSBs are 
induced, the MalI-mVenus foci did not merge in the cell center (Figure 9A, 
E) which is notably different from when the labels were proximally located 
(Figure 9D). In a few cases, the locus on the left arm migrated a few hundred 
nanometers towards the cell center, but most often they were unaffected visi-
bly. Additionally, placing the malO array on the same arm as the cut site, but 
circa 75 kb in the origin direction, yielded MalI-mVenus pairing in a majority 
of cells but with a minority migrating towards the middle without merging 
(Figure 9B). To visualize the entire nucleoid during HR repair, the chromoso-
mal binding protein HU was fused with mVenus, and showed that while a 
single DSB reverses the chromosomal segregation temporarily it does not 
cause general chromosomal condensation (Figure 9C, F).  

These results show that only a region around the sister locus pairs during 
the repair process, indicating that the search for a specific homology finishes 
during the initial 8.3 minute phase. This equals about a fifth of a generation 
time under these conditions, and is several times faster than the circa 50 
minutes that were reported previously in E. coli [112]. There is also no evi-
dence of short- or long-traveling loci. Instead, pairing occurs symmetrically 
and only shows that the homologous locus has to be located before it is moved 
to mid-cell.  
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RecA activity after a double stranded break  
The short time frame needed for homology search raises questions about the 
mechanism that achieves this. Although the search is mediated by RecA, most 
of our knowledge about this enzyme comes from in vitro studies and we can 
only guess what activities that are relevant in the cell and on what time scales 
they act. To investigate the behavior of RecA in vivo, we replaced the MalI-
mVenus label by a chromosomally expressed RecA-mVenus fusion. As fluo-
rescent RecA fusions typically partly inhibit the enzymatic activity [115], we 
coexpressed RecA-mVenus with wild type RecA from the native recA locus 
similar to what was done by [121]. When expressed like this, no persistent 
foci or other structures that suggested protein aggregation were seen. As be-
fore, DSBs were found by a combination of automatic filters and manual in-
spection. When a control strain with uncuttable restriction site was induced 
alongside the cuttable strain, no DSBs were found in the former while 21 
DSBs were found in the latter strain.  

When DSBs were induced in this strain, a strong focus involving the almost 
all RecA-mVenus in the cell developed quickly at same place where a 
mCherry-ParB focus was lost. Actually, on average a RecA foci was observed 
43 ± 82 s (n = 89) before the mCherry focus was lost. Assuming that the RecA 
focus is formed by RecA being loaded on ssDNA by RecBCD, and since there 
are no chi sites before the parS, this could be due to two reasons. It either 
suggests that the two DSB ends are independently processed by RecBCD, pos-
sibly with a preference for the terminus end, or it could be due to ParB clus-
tering at parS which could conceivably last for some time after the parS site 
is degraded.  

About 4.9 ± 2.1 (n = 89) min after the initial RecA focus was observed, a 
different type of structure could be observed. Often first seen as a protrusion 
from the initial focus, a more diffuse structure was observed. Typically, the 
second type of RecA structure was elongated along the long cell axis, although 
it often was bent and had several nodes with more dense fluorescence (Figure 
10A, Paper I figure 3A). This structure lasted for several minutes, with a grad-
ual demise that is often hard to pinpoint in time. In many cases the second 
structure starts well-defined and filament-like, but after 3-4 minutes trans-
formed into a loosely shaped cloud of RecA-mVenus that rapidly shifts posi-
tion between the cell lobes. Notably, the lifetime of the second RecA structure 
is similar to the time observed until MalI-mVenus pairing, suggesting that this 
RecA conformation is indeed active in mediating the pairing. When filament-
like, the second structure can easily be interpreted as identical to the RecA- 
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Figure 10. A. Cells with single DSBs and their daughters, with RecA-mVenus. B. 
Magnification of RecA-mVenus structures. C. RecA-rsEGFP2 in wide-field fluores-
cene, a z plane max projection of the MoNaLISA image and colored by z plane. Rec-
tangles indicate elongated structures. D. Examples of elongated structures, with 
FWHM measurements at the arrows.   

ssDNA filaments that are known to perform homology search and strand ex-
change in vitro.  

Superresolution imaging  
To resolve the elongated structures better, they were imaged in superresolu-
tion. We used the recently developed RESOLFT method MoNaLISA [122]. 
For this purpose, mVenus was exchanged for the reverse-switchable fluores-
cent protein rsEGFP2 [123]. The superresolution imaging was performed in 
microfluidics as before, except that now a device without subdivisions be-
tween the individual cell channels was used. Instead the cells grow in a mon-
olayer in a rectangular cell trap which increases the number of cells that can 
be observed within the region of interest of a camera several fold. The super-
resolution imaging was performed at room temperature since the microscope 
is hard to align properly when the objective is heated.  

Similarly to RecA-mVenus, the RecA-rsEGFP2 fusion did not form stable 
structures or aggregates during normal exponential growth. When DSBs were 
induced, dynamic structures could be observed already by widefield micros-
copy. Since MoNaLISA is a technique with thin horizontal slicing, we ac-
quired up to four z slices over a span of 540 nm. In those images we observed 
long structures which were generally longitudinally oriented in the cells. Since 
the structures often transcend multiple z planes, they are best visualized in a z 
projection (Figure 10C). Although the label density of the structures is rela-
tively low, compared for example to the eukaryotic Vimetin-rsEGFP2 used 
for demonstration [122], the width of the structures could still be estimated 
(Figure 10D). Measures of the full-width at half maximum gave an estimated 
structure width of ca 80 nm, which may however be an upper bound limited 
by the resolution of the microscope. The extension of the structures show that 
they are stiff over a micrometer length scale. This can be compared to the ca 
950 nm persistence length of ssDNA-RecA filaments.  

As a contrast, cells that had failed repair and filamented eventually exhib-
ited very bright and stable elongated RecA structures together with large 
bright clusters (Figure 11). The elongated structures appeared to be nucleoid 
excluded and did not reorganize or dissolve within a time scale of up to ten 
minutes. The clusters extended several hundred nm in all directions and were 
consistent with protein aggregates.  

We attempted to acquire time lapses in superresolution with MoNaLISA, 
but fluorophore fatigue limited the number of usable frames strongly. In addi-
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tion to this, the number of RecA-rsEGFP2 foci increased after imaging, sug-
gesting that the 405 and 488 nm laser exposure from MoNaLISA caused DNA 
damage.  

 
Figure 11. Thick, immobile RecA-rsEGFP2 structures in irreparable cells, imaged 
by MoNaLISA. Maximum projection (left) and colored by z plane (right).    

Based on the observation of RecA after a DSB, we can refine the two phases 
of DSB repair previously described. The phase I, before MalI-mVenus pair-
ing, can be divided into  

Ia. when RecA is assembled in a single strong focus and,  
Ib. when RecA creates an elongated filament.  
When DSBs are caused by SbcCD just after the replication fork, a single 

strong RecA-mCherry focus with similar life time as here has been observed 
[121]. This focus however dissolves without creating an elongated filament. 
The SbcCD-mediated DSB occurs between unsegregated chromosomes, so 
only minimal homology search is needed. Since the elongated structure only 
forms after a DSB in segregated loci, we believe these structures are necessary 
for search and that the search occurs in phase Ib. The shape, as observed in 
superresolution, and the function of the elongated structure together strongly 
suggest that this structure is identical to the ssDNA-RecA structures observed 
in vitro to mediate homology search and strand exchange.  

Phase II, when MalI-mVenus is paired, involves less well-defined RecA 
behavior. The RecA filament often dissolves gradually. Sometimes, RecA-
mVenus is observed to oscillate between the cell lobes on a minute time scale. 
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This oscillation is yet unexplained. In a few cases, weaker RecA-mVenus foci 
are observed at the cell poles (Paper I figure 3A). Those foci last for a few 
minutes and might be caused by nuclear exclusion or be short-lived aggregates 
caused by high RecA expression during SOS response.  
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Double stranded breaks and the cell cycle  

While RecA-mVenus did not produce persistent structures in exponentially 
growing cells, we did see foci, and less often elongated structures, lasting a 
few minutes also without DSB induction (Figure 12A). These are similar to 
the RecA-mCherry foci detected by [121] when single-ended DSBs were gen-
erated using SbcCD-mediated chromosome cleavage. We hypothesized these 
foci indicate spontaneous DNA damage, repaired by either the RecBCD or the 
RecFOR pathways. If this hypothesis is correct, we have the opportunity 
measure the effects of DNA damage in individual cells on a larger scale by 
using microfluidics.  

 
Figure 12. A. Example of a microfluidic cell trap with cells carrying the RecA-Venus 
gene during steady state growth. RecA-Venus structures are annotated. B. Number 
of cells and the proportion of cells with spontaneous RecA-mVenus structures, with 
a 20-minute average, during a microfluidic experiment without DSB induction.  



 41

C. Proportion of cells with spontaneous RecA-mVenus structures of different dura-
tion. D. Percent of daughter cells that have structures of different duration, sorted 
by the duration of structures in the mother cells.    

Detecting DNA damage by a neural net classifier  
To allow for automatic detection of RecA structures, a neural network was 
trained to recognize cells with structured RecA. A strain expressing RecA-
mVenus but with inactive I-SceI was grown in non-inducing media in micro-
fluidics for up to 16 hours, while being imaged in phase contrast and YFP 
fluorescence every minute. The images were segmented and fluorescence cell 
images were extracted. First, a small dataset of ca 4 359 fluorescent cell im-
ages (79 of which had RecA structures) was classified manually and input into 
AlexNet [124]. The features from layer fc7 were used to train a support vector 
machine. This classifier was then used to automatically classify a larger da-
taset which was then manually corrected, and used to train neural networks 
with six different architectures. Since the classes are heavily unbalanced with 
only 2 % of the images having a structure, accuracy is not very useful as a 
performance metric. Instead the added specificity and sensitivity on the vali-
dation set were used to rank the architectures. The best performing architec-
ture (Table 1) was again used to classify an even larger set of cell images. 
After manual correction this resulted in a dataset of 7 069 unstructured and 1 
220 structured cell images of which 90 % were used for training and 10 % for 
validation. The structured cells in the training set were augmented by dupli-
cating each image 4 times with 1 % normally distributed noise added. This 
dataset was used to train the final neural net classifier. 

Table 1. The network architecture used for the final classifier 

 Layers  

1 Input layer of size 13x42 px, normalization around zero   
2 Convolution 8 5x5x1, stride 1, padding to original size   
3 ReLU  
4 Batch normalization   
5 Convolution 8 5x5x8, stride 1, no padding   
6 ReLU  
7 Batch normalization   
8 Convolution 16 3x3x8, stride 1, no padding   
9 ReLU  
10 Batch normalization  
11 Average pooling 3x3, stride 1  
12 Fully connected layer 2720x2  
13 Softmax layer  
14  Weighted cross entropy classification layer   
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For final training, the extracted cell images were cropped to a height of 13 
pixels by removing the darkest rows at top and bottom, and scaled to a length 
of 42 pixels. As training input, we used either the entire bounding box of the 
cell or applied the segmentation mask and replaced the outside pixels with 
either the mean of the cell or zeros. After training six randomly initialized 
networks, with the architecture in Table 1, up to 20 epochs on each of the three 
input variants. The results achieved were very similar but marginally better 
with masked cells surrounded by zeros. When this classifier was applied to an 
independent test set of 11 454 unstructured and 223 structured cell images, 
which corresponds to actual class proportions, specificity was found to be 0.80 
and sensitivity 0.75. Manual inspection revealed that many of the misclassi-
fied cells were borderline cases where the class could not be assigned unam-
biguously even by a human observer, thus putting an upper limit on the clas-
sification performance achievable. We were thus content with the accuracy 
and applied the classified to all the cell images.  

Effects of spontaneous DNA damage 
The proportion of cells with RecA-mVenus structure was stable at circa 2 % 
during exponential growth while imaging every minute (Figure 12B). We 
found that 14.4 % of the cells have RecA structures lasting for one minute of 
more during their lifetime (Figure 12C). This number is similar to the 18 % 
of cells that have found to have a DSB per generation [16]. Since the micro-
fluidic system allows recording of cell lineages, it is possible to compare the 
proportion of cells with RecA structures from one generation to the next (Fig-
ure 12D). Here there is no apparent inheritance of RecA structures, except for 
after the longest lasting structures. 

More interestingly, the cells that were found to have RecA structures also 
induced the SOS response and produce more RecA, which corroborates the 
interpretation of these structures as a sign of DNA damage (Figure 13A, Pa-
per I figure S3C). Longer lasting structures gives a stronger SOS-response, 
which agrees with SOS induction lasting as long as there is RecA-bound 
ssDNA. RecA structures also give a prolonged generation time, and a corre-
spondingly increased cell elongation before division (Figure 13C), similar to 
the cell elongation caused by a chronic DSB [125]. However, this delay in 
division is accompanied by a decrease in the generation time of the daughters, 
showing that the extra cell elongation during a repair helps the eventual daugh-
ters to complete their cell cycle faster. When combining the generation times 
of mothers and daughters, the faster daughter cell cycles actually entirely off-
sets the division delay in the cell where the DSB occurred (Figure 13D). Thus, 
the detected DNA damage has virtually no fitness cost when measured over 
two cell cycles.  
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Figure 13. Cells with RecA-mVenus structures of different durations, and their 
daughters. A. SOS induction, measured by increase of RecA-mVenus fluorescence 
over the cell cycles. B. Generation times of cells with RecA-mVenus structures of dif-
ferent durations. C. Length extension, as ratio between last and first observed 
lengths. D. Combined generation times of mothers and daughters. The circle and 
vertical lines in the violin plots indicate median and quantiles. The horizontal dotted 
lines is the median of the leftmost distribution. Outliers have been omitted for clar-
ity. ✱ indicates p < 0.01 with Welch's t-test. (mothers n = 15 773, 4 000, 1 369, 655, 
398, 265, 644, daughters n = 13 786, 3 712, 1 215, 579, 365, 243, 576)    
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Early and late participants in 
homologous recombination repair 

Since we can now recognize DNA damage from RecA behavior, we wanted 
to use this to investigate other enzymes involved in HR repair. While a num-
ber of players are mentioned in the introduction, there are many other proteins 
that are known to either interact with the known HR proteins or to be involved 
in chromosomal topology activities necessary after HR repair. Several have 
been shown to have moderate effects on HR efficiency, which may be inter-
preted as if some DSBs can still be repaired but others not. Since we can now 
differentiate between DSBs between segregated and non-segregated sites, we 
can investigate whether a deficiency to perform the extensive search needed 
between segregated sites is what results in a partly HR deficient phenotype. 
To test this, we separately deleted a selection of candidate genes and per-
formed DSB inductions in microfluidics as before.  

The genes chosen were 
RecC, which is part of RecBCD and is indispensable for HR repair.  
RecF, a protein similar to structural maintenance of chromosomes (SMC) 
proteins which is part of single strand gap repair pathway RecFOR . Since 
RecF is known to mediate RecA filament growth through RecX, it is conceiv-
able that is active also on filaments created through RecBCD [126].  
RecG, a helicase which mediates branch migration at Holiday junctions [127]. 
This leads to resolution of the D-loop created during HR repair.  
RecN, a SMC-like protein induced during SOS response and whose mutants 
have increased sensitivity to DNA damage [128,129].  
RecO, part of the RecFOR pathway and helps RecA displace SSB from 
ssDNA [130].  
RuvA, part of the RuvABC resolvasome which resolve Holliday junctions 
created during HR repair [35]. RuvAB mediates branch migration. RuvABC 
is an alternative resolution pathway to RecG.  
RuvC, which cleaves Holliday junctions to resolve the D-loop [35].  
UvrD, a helicase involved in NER which has also been implicated to interact 
with RecA [131].  

Mutants alleles from the Keio collection, except for ΔrecN which was de-
rived from [132], were transduced into the strain used for visualizing DSBs 
with RecA-mVenus. DSBs were induced as before during imaging in a micro-
fluidic chip.  
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Unsurprisingly, the RecC mutant was severely deficient in DSB repair 
(Figure 14A). RecA does not assemble at the location of lost mCherry-ParB 
foci and SOS response was rarely induced. Instead, most the growth of most 
cells stalled (Figure 14B, C). No DSB repair between segregated foci was ob-
served in ΔrecC.  

 
Figure 14. A. ΔrecC cells with induced DSBs. B. Growth rate, as a 20 minute mov-
ing average, in ΔrecC and wild-type cells following a DSB induction. C. Cell lengths 
in ΔrecC and wild-type cells following a DSB induction. Shown are, from top to bot-
tom, 90th percentile, 75th percentile, average, 25th percentile and 10th percentile.    

Aside from for ΔrecC, successful DSB repair between segregated foci was 
observed in all the mutants listed above. In all these, successful HR repair was 
superficially similar to how it was observed to proceed in the wild type, in-
cluding a rapid RecA-mVenus focus, an elongated RecA-mVenus structure, 
migration to the cell center and eventual resegregation (Figure 16Figure 18). 
However, some of the mutants exhibited notable phenotypes. Several of them 
failed to repair DSBs in some cases, leading strong SOS induction and fila-
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mentous cells. The proportion of cells that failed to repair a DSB was esti-
mated by classifying the cells present during DSB induction based on RecA-
mVenus structures. In all strains, cells with no or only one frame with RecA-
mVenus structures almost universally divided within 90 minutes after birth 
(Figure 15A). In the cells with structures lasting for two minutes or more, as-
sumed to be mostly I-SceI-induced DSBs, the proportion of cells dividing 
within 90 minutes was always lower and ranged from 95 % in the wild type 
to 61 % in ΔrecN.  

 
Figure 15. A. Proportion of deletion mutants that divide within 90 minutes of birth, 
sorted by normal cells (no more than one frame with RecA structure during cell life-
time) and cells with RecA structures (at least three consecutive frames with RecA 
structures). (normal cells n = 97, 94, 224, 32. 117, 97, 59, 33, structured cells n = 
61, 65, 86, 98, 108, 132, 110, 145) B. Ratio between generation times in dividing 
cells with RecA structures and dividing normal cells. Error bar is standard error of 
the mean. (normal cells n as in A, structured cells n = 58, 61, 79, 88, 86, 103, 79, 
88)   

This number cannot be considered as an absolute measure of the proportion 
of cells which can successfully repair a DSB since there are several confound-
ing factors that are unaccounted for. First, while the majority of RecA-mVe-
nus structures are likely caused by I-SceI mediated DSBs, some may also be 
spontaneous single-ended DSBs or RecF-mediated SSB repair. Second, since 
I-SceI restriction is stochastic some cells will cut both chromosomes or their 
single yet unreplicated chromosome. In these cases, no repair is possible. The 
5 % which failed repair in the wild type strain likely represent those. Third, 
the detection of cell divisions is imperfect and especially very long filamen-
tous cells are sometimes incorrectly split by the cell segmentation algorithm. 
Despite this however, the proportion of cells with RecA structures that man-
age cell division is likely a useful measure when comparing the importance of 
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various genes in HR repair. While ΔrecF, ΔrecO, ΔuvrD had approximately 
90 % successful divisions, the ΔrecG, ΔruvA, ΔruvC & ΔrecN mutants stood 
out with less than 80 % of RecA-structured cells dividing. When the time until 
division was compared between the cells with RecA structures and those with-
out, including only dividing cells, ΔruvA and ΔruvC were found to also have 
prolonged generation times after DSBs, while ΔrecN and ΔrecG were less af-
fected. A significant increase in the generation time after DNA damage was 
also seen in ΔrecF cells.  

RecN 
Inspection of the cell images confirmed that the ΔrecN mutant failed a large 
proportion of repairs, and when it succeeded, the Ib phase, where an elongated 
RecA structure is visible, was often prolonged and could last up to 20 minutes 
(Figure 17A). In these cases the RecA filament did not appear to develop into 
a thin filament, was not as dynamic as those in the wild type and often did not 
extend throughout the opposite cell lobe. This suggests a function of the RecN 
SMC-like protein in the HR search process, possibly as an organizer of RecA-
mediated HR search.  

RuvC 
The ΔruvC mutant also failed a large proportion of HR repairs but in a differ-
ent way (Figure 18B). Here, phases Ia-Ib proceeded normally, but a propor-
tion of the cells stayed unusually long in phase II with one single centrally 
located mCherry-ParB focus. Sometimes, this central focus resegregated into 
two foci, which rapidly segregated to different cell lobes followed by cell di-
vision. In other cases, the central focus persisted and no further cell divisions 
were observed, resulting in failed DSB repair.  

RuvA 
A similar phenotype was observed in ΔruvA (Figure 18A). As with ΔruvC, 
some cells repaired as normal while others were stuck in phase II. Even short-
lived (3-4 min) RecA-mVenus foci at the single mCherry-ParB focus in cells 
with yet unsegregated ParS loci, i.e. where the search-related RecA filament 
is never observed, could lead to a stuck central mCherry-ParB focus and pre-
vent cell division. While some cells did recover by segregating their chromo-
somes and dividing, others never divided. Interestingly, filamentation was 
rarely observed in these cells. Instead they typically grew little even over sev-
eral hours. This results confirms that RuvABC complex is involved in the late 
phase of HR repair, as was already believed based on biochemical studies 
[35].  
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Figure 16. Examples of cells 
with DSBs in segregated 
loci, which repair and re-
sume cell division. A. Wild 
type (as in Figure 8A)  
B. ΔrecG C. ΔrecF    
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Figure 17. Examples of cells with 
DSBs in segregated loci, which repair 
and resume cell division. A. ΔrecN  
B. ΔrecO C. ΔuvrD.  
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RecG 
DSBs in ΔrecG were typically repaired, leading to successful division. How-
ever, in a minority of cells repair led to anomalous chromosome segregation 
with several mCherry-parB foci which did not segregate well into the cell 
halves (Figure 16A). In some cases, these anomalous chromosome segrega-
tions resolved after delay of 20 minutes or more and the cell eventually di-
vided into a two normally appearing daughter cells. In other cases, the cells 
did not divide and instead filamented. Similar non-resolvable anomalous chro-
mosome segregation was observed in some cells also without DSB induction, 
indicating that also spontaneous DNA damage sometimes requires RecG for 
successful repair. These results agree with the view that RecG and RuvABC 
provide complementary pathways for resolving Holliday junctions after HR 
repair [5].  

RecF 
No clear phenotype was seen in the images of ΔrecF cells (Figure 16C), de-
spite that these show an increased generation time after DNA damage in Fig-
ure 15B. RecF acts in a separate pathway from RecBCD and is thus not ex-
pected to affect the repair of DSBs. A possibility is that the lack of RecF leaves 
single strand gaps unrepaired which are then converted to single-ended DSBs 
by the replication fork, effectively increasing the rate of spontaneous DSBs. 
This could lead to several DSBs in a single cell, resulting in delayed cell divi-
sion. In this case, however, is it unclear why a RecO deletion does not have 
the same effect.  

RecQ and RuvB 
In addition to those HR-related genes mentioned above, deletion mutants of 
RecQ, a helicase known to suppress incorrect recombination during RecFOR 
recombination [133], and RuvB, which catalyzes branch migration together 
with RuvA, were constructed and tested as those above. Automatic analysis 
could not be performed on these strains due to imaging data quality issues. 
However, successful repair between segregated loci was observed in both 
these strains.  

Figure 18. Examples of A. ΔruvA and B. ΔruvC cells with DSBs in segregated loci. 
Two leftmost panel cells repair and resume cell division. Rightmost panel cells has 
mCherry-ParB focus stuck in central position until it is pushed out of the microflu-
idic trap, and are not observed to resume division.   
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Dynamics of chromosomal loci  

When a DSB occurs at a segregated locus and the sister locus must be located, 
the question arises to what degree chromosome organization and mobility aids 
the search. E. coli, and many other bacteria, have genomes with a contour 
length about one thousand times longer than the cell length. This genome must 
be packed in the cell in such a way that it can still be transcribed, replicated 
and segregated before cell division. Although the prokaryotic genome typi-
cally is small compared to eukaryotes, the organization is in ways more com-
plex since their cell cycles are not divided into clear separate phases. Instead 
chromosome segregation can proceed simultaneously with not only one but 
several ongoing rounds of chromosome replication. 

The chromosome of many rod-shaped bacteria is confined to a central re-
gion in the cell termed the nucleoid [134,135]. Despite the lack of a nucleus 
membrane, the bulk of the chromosome is still held in a dense central region. 
The organization of the chromosome is solved differently in different bacterial 
species. In slow growing E. coli, the two sister chromatids are segregated into 
the respective cell halves, with the origin and terminus regions at the quarter 
positions and left and right chromosome arms on each side [136,137]. Exactly 
what forces that holds the nucleoid together is not clear and is likely a combi-
nation of nuclear proteins, negative supercoiling and entropic forces. Recent 
research suggests that the SMC protein MukBEF organizes the chromosome 
by binding two DNA positions as a dimer and extruding a DNA loop between 
them. This might create a MukBEF-bound chromatid backbone with extruded 
loops of circa 50 kb between them [138]. These loops may then be organized 
by other nuclear proteins such as H-NS, HU and Fis. 

In paper II, we show that the chromosome structure is modulated by tran-
scription and possibly translation. After the lac promoter has been dere-
pressed, the lac locus moves within three minutes out of the nucleoid towards 
the cell periphery (Paper II figure 3BC). This movement, which was 48 ± 7 
nm (mean ± standard deviation), brings the transcribed locus towards the re-
gion between the nucleoid and the cell membrane where actively translating 
ribosomes reside [139]. This movement was shown to be dependent on trans-
lation, as the distance decreased to 18 ± 11 nm without ribosomal binding site 
on the mRNA and disappeared entirely when also the start codon was removed 
(Paper II figure 4). However, cotranscriptional membrane insertion of pro-
teins, transertion, was not found to affect the locus movement (Paper II figure 
S7). This does not necessarily mean that translation provides the main driving 
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force for the movement. The translated mRNAs also had a severalfold higher 
transcription rate, leaving the possibility that high transcriptional activity 
alone induces a movement of a genomic locus towards the cell periphery.  

The change in position of induced loci largely agrees with what I found 
previously with a different but similar experimental system [140]. It is also in 
agreement with the localization of transcribing RNA polymerases in general, 
which are located farther from the cell axis than non-transcribing RNA poly-
merases [165]. We can now say that it is not only due to genes at the periphery 
being transcribed more, there are also individual genes which moves outwards 
upon expressed.  

In an earlier study, however, a movement towards the cell membrane was 
only observed with transertion and not with non-membrane proteins [141]. 
Here the distance was not measured from the cell axis and outward but from 
the membrane and inward. Hence, these methods are not entirely equivalent. 
It is possible that both results are correct, only that the latter method is more 
accurate in determining association with the membrane while ours is more 
reliable at determining the locus position relative the nucleoid.  
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Active single particle tracking 

To determine single particle diffusion coefficients at higher resolution and at 
various timescales, we have developed a novel method for particle tracking. 
Since the resolution of a conventional optical microscope is fundamentally 
limited by physics, there has been much interest in methods to increase the 
effective resolution for different types of imaging problems. One class of flu-
orescence super-resolution methods relies on keeping the fluorophores sparse 
enough that their point spread functions (PSFs) do not overlap [142–144]. 
They can then be imaged by widefield microscopy and each fluorophore can 
be localized individually by fitting the observed fluorescence to the expected 
PSF. The localization accuracy of this method depends on the number of pho-
tons that can be detected from the fluorophore and the background level. An 
accuracy down to 30 nm can be reached in practical in vivo applications (Pa-
per III table S2). To determine diffusion coefficients, time lapse images are 
acquired, the fluorophores localized in each frame and the diffusion coeffi-
cient is estimated from the mean squared displacement of the particles over 
time.  

The second class of superresolution methods rely are scanning methods that 
rely on manipulation of the fluorophores. These methods, together called 
RESOLFT, involve scanning over the sample with an excitation beam while 
using another beam to turn all fluorophores but those in the excitation center 
off [145–147]. Since only fluorophores in the center are allowed to emit, any 
collected photons can be attributed to the position of the beam center. These 
methods are not very useful for diffusion estimation, since the scanning beams 
bleach the fluorophores too quickly.  

Instead MINFLUX was developed as a tracking microscope that minimizes 
bleaching while estimating the particle position over time. The idea of MIN-
FLUX is to avoid exposing the particle to the light beam, i.e. only direct the 
excitation beam where the particle probably is not. If we do not observe emit-
ted photons from this point, then we know that the fluorophore was not there. 
If we have some a priori information about the position of the fluorophore, 
we can use this cleverly to narrow down the location by probing positions 
around the most likely position. If we miss, i.e. do excite the fluorophore at 
one of these positions, we can use this information to improve our position 
estimate. Here we can take advantage of the intensity gradient of diffraction 
limited beams and use the number of photons collected as input for our posi-
tion update. In Paper III, this concept was realized using “doughnut” shaped 
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beams. In this case, the fluorophore was kept in in the middle and probed with 
a pattern of one central and three offset doughnut beams (Paper III figure 2B).  

For a stationary fluorophore, the pattern can be repeated and the total num-
ber of detected emission photons from all cycles can be used to localize the 
fluorophore with precision down to the nanometer scale (Paper III figure 4). 
If the fluorophore is moving while imaging, a new position estimate must be 
made after each cycle based on the photons collected there. If the excitation 
beam pattern is recentered on the new estimated position after each cycle, the 
beams will follow in the particle and we now have a single particle tracking 
microscope (Paper III figure 5).  

Tracking results  
For the tracking of ribosomal subunits in Paper III, a cycling rate of 8 kHz was 
used and the excitation beams were moved using electro-optical deflectors and 
a piezoelectric mirror on the small (~1 μm) and the large (~20 μm) length 
scales, respectively. A field-programmable gate array (FPGA) was employed 
to allow calculation of a new position estimate with an 8 kHz cycling rate. 
While tracking the small E. coli ribosomal subunit, labeled by the switchable 
fluorescent protein mEos2 [139], less than a fifth of the number of photons 
were needed to achieve the same localization precisions with camera tracking. 
Particle trajectories of up to a half second could be acquired, with the trajec-
tory length mainly limited by fluorophore blinking (Paper III figure S12A). 
When mEos2 blinks, it temporarily (average ~0.6 ms) goes into a dark state 
and can then diffuse out of center of the excitation pattern and will be excited 
with much higher light intensity and risk bleaching. Blinking is a common 
phenomenon in fluorescent proteins and is rarely characterized on a millisec-
ond time scale.  

The result of the ribosomal subunit tracking shows a similar overall diffu-
sivity as seen before [139], but now periods of faster and slower diffusion can 
be distinguished within the same trajectory (Paper III figure 5D). These peri-
ods are on the order of 100 ms, and could represent small ribosomal subunits 
probing RNA for a ribosomal binding site. Short-lived interactions between 
the small ribosomal subunit and unspecific RNA is expected to exist, but has 
not been observed previously in vivo.  

The MINFLUX concept has been developed further to track particles on 
both fast and very slow timescales and in three dimensions, now using Gauss-
ian excitation beams instead of doughnut beams. One important aim has been 
to track the diffusion of chromosomal loci, for example using MalI-mVenus 
bound at the codA-cynR locus (Figure 7A). If chromosomal loci experience 
anomalous diffusion, MINFLUX could give the opportunity to explore behav-
ior at different length scales, especially at longer distances which are most 
relevant to cell-wide molecular search. Attempts to characterize the diffusion 
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behavior of chromosome-bound MalI-mVenus have already been done. How-
ever, at the time of writing there are still challenges, including sample drift, 
that precludes drawing reliable conclusions.  
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Discussion 

The results here confirm that homologous recombination repair does occur 
between segregated sites in E. coli, and that it is both efficient, fast and has no 
measurable fitness cost. First after a DSB, RecA is seen to aggregate on the 
site of a DSB. This has been seen both in this study, and with RecA-mCherry 
after SbcCD-induced breaks at non-segregated locations [121]. This focus 
very likely represents the loading and binding of RecA to ssDNA created by 
RecBCD. The initial RecA focus involves virtually all labeled RecA in the 
cell within on average less than a minute. If we assume that wild type RecA 
behaves similarly, about 900 RecA are bound to DNA within a minute. Rec-
BCD has been shown to degrade dsDNA in vivo at a rate of 1 600 bp/s, and 
assuming half the speed after a chi encounter, it will every second produce 
ssDNA for 270 RecA monomers to bind. With two RecBCD machines pro-
cessing one DNA end each, this is with a good margin enough to bind all the 
initially available RecA within seconds. Actually, it raises an opposite ques-
tion: How come that all available RecA is not consumed by one of the DSB 
ends?  

Since nucleation of RecA filaments is very slow, the sequestration of RecA 
by one DSB end would prevent the ssDNA of the other end from forming a 
ssDNA-RecA filament. The current model of two-ended HR repair requires 
two RecA-ssDNA ends. This problem could be solved either by coordinating 
the RecBCDs, making sure that post-chi degradation happens simultaneously 
so that one of the ends is not left without RecA. There is however no known 
mechanism to do so, and our finding that RecA foci can form either before or 
after the mCherry-ParB focus has dissolved suggests that the end processing 
is not synchronized. Alternatively, if RecA is only loaded sparsely on the 
ssDNA by RecBCD, the initially available RecA pool may last long enough 
to populate both newly created ssDNA ends with enough nucleation sites even 
if resection starts at slightly different time points. The SOS response will then 
ensure production of new RecA molecules which will bind and fill in the gaps 
between the nucleation sites.  

It should be mentioned that there is a possible alternative HR repair path-
way that only requires a RecA to bind one of the ssDNA ends. Synthesis-
dependent strand annealing (SDSA) is well documented in eukaryotes and in-
volves strand invasion by just one of the break ends, extensive DNA synthesis 
to bridge the RecBCD-degraded sequence, reversal of the strand invasion and 
then annealing of the now extended ssDNA end to the other [148]. SDSA has 
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not been described in bacteria, although there are helicases that could theoret-
ically mediate the strand invasion reversal [149]. UvrD and RecQ have been 
proposed among those [148], and while a UvrD deletion did not give any clear 
phenotype in cells with DSBs in this study, RecQ remains to be investigated. 
Notably, we do not have any clear observation of more than one elongated 
RecA-mVenus structure at a time in any cell.  

Phase Ia, with a single RecA focus, lasts circa 5 minutes before an elon-
gated filament extends. Since the elongated filament is only observed when 
the DSB takes place in a segregated locus, the filament is likely to be the struc-
ture that performs the HR search. However, there is no biochemically known 
step that would require such a wait period before HR search could commerce. 
Instead this time may be needed for enough new RecA to be produced, which 
then bind the ssDNA stretches already present and together form a filament. 
This filament may not straighten until it is sufficiently RecA-covered, and if 
this threshold is close to a full coverage it could be expected to extend in the 
rapid and sudden fashion observed in many cells here.  

When the ssDNA-RecA filament has extended, it will be ready to pair with 
dsDNA to probe for homology. Here the length and stiffness of the filament 
helps it to reach out of the local area into the other cell lobe where an intact 
chromosome with a sister locus can be found. A deletion of the recN gene is 
strongly deleterious for this step in the process, resulting in many cells failing 
HR repair. However, contrary to what was originally reported [150], some 
cells can repair DSBs although they take longer time to achieve pairing of the 
sister  

Additionally, the structure and the dynamics if the ssDNA-RecA filament 
appears different with RecA structures failing to extend, suggesting that RecN 
is involved in shaping the ssDNA-RecA filament. How that occurs is not 
known, but since we never observe two separate filaments extending through-
out the cell, it can be imagined that RecN also binds the two ssDNA-RecA 
filaments together during search. However, we do not observe multiple struc-
tures even when RecN is deleted, making it more likely that RecN has another 
function in organizing the searching filaments. A recent in vitro study found 
that RecN preferentially first binds a ssDNA strand and then captures a 
dsDNA strand, suggesting it can have a role in stabilizing the interaction pre-
ceding strand exchange [151]. This would however not explain why the elon-
gated structures are different. In other organisms, RecN has been demon-
strated to be first to bind severed dsDNA ends [152] and to stimulate DNA 
ligation by ligases [128]. We are still at the level of speculation about the in 
vivo function of RecN, beyond that it is critical for efficient homology search 
in E. coli.  

With a typical length of circa 2 μm, a fully extended filament would involve 
400 bp and 130 RecA molecules. If ssDNA from both ends are in this struc-
ture, it would include 260 RecA, which is only a fraction of circa 900 mole-
cules are present in E. coli already before SOS induction [153]. After SOS 
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induction, the RecA concentration increases severalfold. If wild type RecA is 
as involved in the filaments as labeled RecA, and almost all RecA takes part 
in the visible structures, then most of the RecA molecules are not directly 
bound to DNA and may fulfill some yet unknown function. An alternative 
hypothesis is that the ssDNA is folded somehow to include much more DNA 
than suggested by the observed length of the structure. The same conclusion 
was previously reached with RecA4155-GFP bundles [112].  

Search time of homologous recombination  
From the experiments with two fluorescent chromosomal markers, we could 
conclude that 8.3 minutes is an upper bound for the average HR cell-wide 
search time. This time is several times faster than what was previously de-
scribed in E. coli [112], but is similar to the time from a DSB until sister pair-
ing in C. crescentus [111]. The time measured here is necessarily an upper 
bound for the search time, since it also includes the time of RecBCD end re-
section and RecA binding before the search as well as the transportation to-
wards the cell center after search. Since the MalI-mVenus label is placed 25 
kb away from the DSB, we also expect it to pair later than the DSB site itself.  

The pairing of fluorescent chromosomal markers close to a I-SceI cutting 
site has been reported previously, but on a much slower time scale by Lesterlin 
et al. [112]. There, pairing occurred 103 minutes after DSB induction, 51 
minutes after formation of RecA-GFP “bundles”, and lasted for 50 minutes. 
While those experiments performed at 30 °C are expected to be slower, the 
repair time was still longer than one generation time. In this work, the entire 
process finishes in less than a half generation. What complicates the interpre-
tation of the experiments described in Lesterlin et al. is that the chromosomal 
labels were located closely to the break and that such labels have been shown 
to be ejected by RecBCD processing [59]. Ejection of such labels are also 
observed here, and is the basis of DSB detection in this work. One possible 
way to reconcile the results is to consider the unspecific I-SceI activity re-
ported in Paper I. Although this activity was hard to detect in the presence of 
a fully functional HR repair system, at 30 °C unspecific breaks were caused 
in a large proportion of cells as shown in a ΔrecA strain. Since unspecific nu-
clease activity is uncontrolled for in Lesterlin at al., it is possible that DSBs at 
other loci contributed to those results. Unspecific DSBs could explain why 
chromosomal markers close to the restriction site can still be observed while 
they migrate towards each other. Chromosomes with multiple lesions have 
been observed to compact in the cell center [154], which could cause general 
colocalization of any chromosomal markers.  

The elongated RecA structures imaged here are also markedly different 
from the bundles observed with the labeled mutant used by Lesterlin et al., 
RecA4155-GFP. While the RecA-mVenus structures are highly dynamic and 
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short-lived, the bundles were typically stable. Instead, the bundles are similar 
to the RecA-rsEGFP2 structures observed in non-repairing cells with Mo-
NaLISA (Figure 11). Both of these are similarly bent in the cell poles, do not 
show fast reorganization and are nucleoid excluded. RecA-rsEGFP2 bundles 
did however never lead to repair, suggesting that they are not active in HR 
search. It is currently not easy to fully explain the differences between our 
results, and further work will be needed, for example within characterization 
of the different labeled RecA variants used.  

How long is the search time actually? 
By considering the behavior RecA-mVenus, we may attempt to further narrow 
down the timespan of HR search. When comparing the two-marker results and 
the results with RecA-mVenus, we can find that phase Ib with the elongated 
RecA structures appear circa 3 minutes before MalI-mVenus pairing (Paper I 
table 1). If these structures truly represent the ssDNA-RecA filament de-
scribed in vitro, then they likely perform the search during this short time pe-
riod. If this is the search time, it is as fast as the search time of the lac repressor, 
and more than an order of magnitude faster that of Cas9. Whether the search 
time is 8 or 3 minutes, a such short time span may seem physically improbable 
considering the slow diffusion of the ssDNA-RecA filament and the sister lo-
cus.  

However, in paper I, we describe a physical model that allows homology 
search to proceed on a similar time scale. We have chosen to reverse the view 
of the two sister loci, the searcher and the target. From a physical perspective, 
these are of course the same, but since the ssDNA-RecA filament due to its 
stiffness with all likelihood is diffusing slower than the sought after dsDNA 
locus, it is more intuitive to consider the former as the target and the latter as 
the searcher.  

When the ssDNA-RecA filament extends throughout the cell, including 
through the sister chromatid, any point along the filament will provide one 
possible correct position for the sister locus to find the target. As the filament 
extends approximately along the cell long axis, it spans through all planes per-
pendicular to the long axis. At every such plane, there is one ssDNA nucleo-
tide which is the correct pairing for exactly one nucleotide in the sister nucle-
oid. While there are several thousands of homologous positions between the 
filament and the sister locus, we can reduce the problem to considering only 
one. That is, since the first binding to the correct ssDNA nucleotide among 
many independently searching dsDNA base pairs has the same rate as that of 
one dsDNA searcher that can bind anywhere on the ssDNA, we only have to 
model the search of one single dsDNA position for any position on the fila-
ment. Since the filament transcends all planes, we may restrict ourselves to 
one plane and transform the 3D search problem to a less complex 2D search.  
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The rate of reaching a central target in a plane through 2D diffusion has 
been described as k= 2 π Dln / , where D is the diffusion constant and R and r the 
radii of the plane (nucleoid) and the target (ssDNA-RecA), respectively [155]. 
Since there is one searcher that matches each target, i.e. which is relevant in 
each plane, the searcher concentration is = = , and the time to find the 

target is = = ∙ ln . With the assumptions in Paper I, radii R = 200 nm 
and r = 1 nm, and ssDNA diffusion rate D = 0.001 μm2/s, we arrive at a time 
of ca 3.5 minutes. Depending on the time spent probing incorrect sequences 
and the accuracy of the D estimate, this reversed sampling reduced dimen-
sionality model shows that search on the time scale observed is physically 
plausible. Our model assumes intersegment contact sampling, i.e. that several 
parts of the RecA-ssDNA filament can make different dsDNA contacts sim-
ultaneously, but does not include RecA sliding on dsDSB. Sliding does not 
affect the search rate with this model, since the target in each plane is still only 
one nucleotide.  

In an evolutionary perspective, a short search time would also be expected. 
If a DSB takes hours to be repaired, this repair would only be of use to an E. 
coli under starvation conditions where growth is slow or non-existent. Other-
wise the cell would have been long outcompeted by its peers before the repair 
is finished. However, under such conditions E. coli would also be largely hap-
loid, preventing repair. The intricate system of HR repair machinery would be 
of little use if repair could not finish in less than one generation.  

After homology search  
The steps after synapsis, i.e. strand exchange, HR DNA polymerization and 
ligation, have not yet been visualized in vivo. However, we find here that at 
some point the DSB locus and a region of 30-75 kb, together with the homol-
ogous sister, are transported to the cell center. The mechanism and purpose of 
this transport are unknown. Immediately after synapsis the chromosomes are 
joined by Holliday junctions, and after their resolution they are either cate-
nated or dimerized.  Possibly, the transport is not necessary for the repair per 
se, but might be a consequence of the normal chromosomal segregation forces 
acting on what is now two chromosomes joined at the DSB position. 

After the transport, in phase II, the DSB region rests at the cell center for 
about 8.4 minutes, for a purpose that is also yet unknown. For HR repair to 
complete after pairing, the DNA corresponding to the resected DNA ends 
must be resynthesized. As these RecBCD-generated gaps could range several 
tens of kilobases, this time may be significant depending on the polymerase 
used. While the E. coli main replicative DNA polymerase III is as fast as 1000 
nucleotides per second, the alternative DNA polymerases I and II only add 15-
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30 nucleotides per second [156,157]. If the latter polymerases perform the 
bulk of the DNA resynthesis, this step would last up to a minute per kilobase 
and could use up a large part of the 8.4 minutes spent in phase II. The large 
cell to cell variation in this timespan, larger than in phase I, could then also be 
explained by different RecBCD processing lengths. However, there is no ob-
vious reason why polymerase III could not perform the replication, at least not 
with the otherwise undamaged DNA ends of our experiments. Future experi-
ments with polymerase I and II mutants using our system could be elucidating 
here.   

Some time of phase II may also be spent resolving the Holiday junctions 
that result from HR repair, and the following dimerisation or catenation. Ex-
periments on SbcCD-generated DSBs suggests that uncoupling of the chro-
mosomes delays cell division also when the two sisters are initially unsegre-
gated [125]. Mutations in both Holliday junction resolution pathways, RecG 
and RuvABC, prolong the time spent in phase II and sometimes prevent cells 
from leaving it, leading to the conclusion that the resolution take place here.  

The helicase RecG has an enigmatic function in HR repair, and has been 
suggested to participate in both migration of Holliday junctions, positioning 
of the primosome or removal of incorrect primosome substrates 
[127,158,159]. In this study, the increase in mCherry-ParB foci seen in ΔrecG 
agrees with the anomalous replication that has been shown in a such mutant, 
and was suggested to result from incorrect primosome positioning [160].  

The partial HR deficiency phenotypes of either ΔruvA, ΔruvC and ΔrecG 
also agree with previous experiments where DSBs were induced in bulk cul-
tures [161,162]. In addition to this, these bulk experiments show that ΔrecG 
combined with either ΔruvA or ΔruvC inhibited all detectable HR repair. 
While the RuvABC resolution pathway appears to be the most important 
based in the results here, there is also a considerable proportion of HR inter-
mediates which are not resolved by RuvABC as shown by the ΔrecG pheno-
type. What is not clear is if these two pathways are necessary to resolve two 
separate classes of recombination intermediates or if they can handle an over-
lapping set of substrates. If the ratios of successful versus failed repair can be 
measured absolutely (as opposed to current relative number given in Figure 
15A), it could be concluded if the activities are truly complementary or over-
lapping, and open up for speculation on what the difference between these two 
types of HR intermediates could be.  

The DNA damage penalty  
A cell with DNA damage requiring RecA-mediated repair experiences a sig-
nificant generation time penalty, depending on the duration of the repair, as 
seen in Figure 13. However, the cell does not pause its growth to repair dam-
age. Instead elongation and cell metabolism continues during the repair, even 
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if septation is inhibited by the SOS response. This results in daughter cells that 
are born larger than average and will divide again faster than average, effec-
tively compensating for the division delay in the mother generation. This 
means that the cost of a DSB over two generations is almost none, which is a 
testament to the great efficiency of the DNA repair pathways. This agrees with 
the earlier bulk culture results showing that a double-ended DSB at an unseg-
regated location gives a less than one percent growth deficit over several gen-
erations [163], and explains how a significant delay in the division of a cell 
can be reconciled with a very small or non-existent cost observed over several 
generations. It is not surprising that the DSB repair mechanism has evolved to 
minimize the cost on a multi-generation time scale, since that is what matters 
in the evolutionary perspective. 

For the future, it would be enlightening if different types of RecA-repaira-
ble DNA damage could be distinguished, including SSBs, one- and two-ended 
DSBs and DSBs at cohesive or segregated loci. Then the repair time and cost 
of each of those lesion types could be determined. This could be achieved by 
either labeling proteins involved only in each of these pathways, or deleting 
those genes to exclude certain pathways.  

Conclusion and outlook 
From the results in this work, it is clear that DSB repair is a rapid and efficient 
process even in the difficult case of a break in an already segregated locus. 
Although this type of DSBs cannot be distinguished among the spontaneous 
breaks, there is also no sign that having a single DNA lesion confers any dis-
advantage for the cell in the long term. Since this type of DNA damage is 
thought to be rare compared to single-ended DSBs and single-stranded le-
sions, it was not clear from beforehand that cells would actually have such an 
efficient method to repair them. We did however observe a mechanism that 
appears to be well-tuned to work within the time frame given by the normal 
cell functions. The good adaption to such DSBs makes us believe that HR 
repair in segregated loci is a physiologically relevant mechanism that is active 
in vivo during the normal growth conditions of E. coli. It also suggests that E. 
coli regularly experiences this kind of DNA damage although its natural hab-
itat is protected from both light and oxygen.  

While only E. coli has been studied here, these findings are likely to extend 
also to other bacteria. Pairing and RecA structures acting on similar timescales 
has been reported in C. crescentus and B. subtilis [111,164]. Since we now 
know that HR search and repair is physically possible to execute in circa 20 
minutes in cells with the volume and genome size of E. coli, it would be sur-
prising if it was less perfected in other types of cells with similar physical 
constraints. Exceptions are if either other species are either less exposed to 
DSB-generation forces, or if the ability to repair DSBs efficiently requires a 
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compromise which prevents the cell from simultaneously performing some 
other function that is more important in the natural environment of that spe-
cies. Actually, the fact that E. coli can easily be evolved to be far more DNA 
damage resistant than wild type hints that some compromise between different 
function may indeed be the case [87,88].  

There are still however many unanswered questions. How are the searching 
ssDNA-RecA filaments assembled, and why is much more RecA expressed 
than what would be needed to create the visible filaments? Furthermore, de-
fining the function is the enigmatic RecN protein is paramount for understand-
ing how the searching structure is organized. Currently RecN is the only pro-
tein known to have a strong, but confusingly enough non-critical, influence on 
the HR search but where there is no accepted model explaining its role. There 
are also questions in the late stage of HR repair. Why cannot RuvABC and 
RecG compensate for the loss of each other? If they differ in in substrate spec-
ificity, these two types of substrates should be results of different upstream 
processes which we cannot distinguish by current methods.  

A different question is to what degree the findings here can be transferred 
to eukaryotes. Since eukaryotic genomes are often orders of magnitude larger 
than that of E. coli, the search problem is also more complex. On the other 
hand, the more sophisticated eukaryotic genome organization means that a 
homologous locus can often be found nearby. The NHEJ pathway also offers 
eukaryotes an alternative when HR repair is difficult or impossible, but HR 
search is still this critical for crossing over the eukaryotic chromosomes to 
produce genetic variation. The model for HR search that we describe does not 
offer obvious advantages if the chromosomes are well organized and closely 
located, but Rad51 is despite this biochemically very similar to RecA. It would 
be exciting if the experiments described here could be repeated in eukaryotes 
to build a similar timeline for yeast or human cells.  
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Sammanfattning på svenska 

I allt levande finns arvsmassa i form av DNA. Denna DNA är nödvändig för 
alla sorters liv vi känner till. Att ha DNA innebär dock också en hel del prak-
tiska problem. Cellens DNA måste lagras kompakt för att få plats i cellen, det 
måste vara tillgängligt för att kunna läsas av, det ska kunna kopieras åt cellens 
avkommor och slutligen ska det fördelas mellan dem.  

För att cellens arvsmassa ska kunna föras vidare korrekt till avkommorna 
så måste det skyddas mot skador och eventuella skador som uppstår måste 
repareras. Att skador i arvsmassan uppstår är i någon mån oundvikligt då skad-
ligt inflytande från strålning, reaktiva syreföreningar samt cellens egna pro-
cesser är ständigt närvarande. I eukaryoter skapas till och med DNA-skador 
avsiktligt under meiotisk celldelning.  

Skadorna som uppstår är av olika slag. De sträcker sig från kemiska för-
ändringar i enstaka DNA-bokstäver (eller baser), till skador i flera baser, sam-
manbindning av närliggande baser och i det allra värsta fallet DNA-dubbel-
strängsbrott. Gemensamt för alla slags skador är att de förhindrar korrekt ko-
piering av arvsmassan, vilket oftast hindrar cellens fortplantning överhuvud-
taget. På grund av detta har i stort sett alla organismer flera 
lagningsmekanismer för olika slags DNA-skador.  

Denna avhandling utforskar lagning av DNA-dubbelsträngsbrott i bakte-
rien Escherichia coli. Dubbelsträngsbrott är när båda strängarna i DNA-dub-
belhelixen går av nära varandra samtidigt. Denna form av skador är de farlig-
aste för cellen, då de inte bara hindrar kopiering över själva brottet utan också 
låter kromosomens delar glida isär i rummet. För att laga ett dubbelsträngs-
brott räcker det inte med en serie kemiska reaktioner genomföras vid skadan, 
utan först måste de två trasiga ändarna föras ihop igen. Om fel ändar sätts ihop 
så orsakas omkastningar i arvsmassan, vilka kan allvarligt påverka genuttryck 
och fördelningen av arvsmassa mellan avkommorna. I högre organismer kan 
sådana omkastningar leda till cancer.  

Den lagningsmekanism för dubbelsträngsbrott som finns i E. coli, lagning 
genom homolog rekombination (HR-lagning), finns också i eukaryota celler 
inklusive våra egna. HR-lagning använder en annan, oskadd, kopia av den 
plats på kromosomen där brottet skett som en mall för att para ihop de trasiga 
ändarna korrekt. Det innebär att tre olika delar av cellens DNA måste hittas 
och föras samman innan lagningen kan genomföras. Med tanke på hur mycket 
DNA cellen innehåller är sökningen för att hitta de rätta delarna, och då sär-
skilt den oskadda kopian, oerhört svår. Vissa forskare har tvivlat på att det ens 
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är möjligt att hitta kopian inom rimlig tid, förutom i vissa specialfall då den 
ligger bredvid brottet från början.  

Genom att kombinera avancerad mikroskopi och mikrofluidik så kan vi här 
visa att dubbelsträngsbrott repareras snabbt och effektivt i E. coli, även då 
kopian befinner sig flera mikrometer bort. Vi kan se att lagningen sker på cirka 
20 minuter, vilket är mindre än hälften av cellernas generationstid. Särskilt 
den befarat svåra sökningen efter lagningskopian är mycket snabbare än vän-
tat. Den slutförs i genomsnitt på som längst åtta minuter, och kanske så snabbt 
som tre minuter. Det är inte lätt att förstå hur sökningen kan genomföras så 
fort. För att kunna paras ihop så måste delarna slumpmässigt stöta på varandra, 
då alla tre är stora och diffunderar mycket trögt genom cellen. Vi presenterar 
dock en ny fysikalisk modell där vi istället för att tänka oss att brottet letar 
efter kopian föreställer oss att kopian letar efter DNA kring brottstället, vilket 
har sträckts ut längs med cellen. En utsträckt form av proteinet RecA kan 
också observeras i cellerna efter att ett dubbelsträngsbrott skett. Under dessa 
förhållanden framstår det utifrån modellen faktiskt som möjligt att komponen-
terna finner varandra inom den tidsram som experimenten visar.  

Genom att känna igen DNA-skadade celler med hjälp av ett neuralt nätverk 
kan vi också visa att lagningen av DNA-skador är så effektiv att skador inte 
kostar cellerna någon tid. Även om delningen av en DNA-skadad cell fördröjs 
något, så kommer dess döttrar att dela sig snabbare än vanligt så att de redan 
en cellgeneration senare kommit ifatt de oskadda cellerna. Detta visar hur för-
finat och i vilket gott samspel med cellens normala processer HR-lagningen 
sker. Genom att mutera olika enzym som tros vara inblandade i lagningspro-
cessen så har vi bekräftat att enzymen RecN, RuvABC och RecG är viktiga 
för lagning av dubbelsträngsbrott, men att ingen av dem är helt oundgänglig. 
Som tidigare misstänkts så är det förstnämnda enzymet viktigt tidigt under 
lagningen, då sökningen efter en kopia pågår, medan de senare är verksamma 
i slutet, när den lagade kromosomen åter ska skiljas från kopian så att kromo-
somerna kan fördelas mellan cellens avkommor.  

Dessa resultat visar att lagning av dubbelsträngsbrott med användning av 
homologa kopior som befinner sig långt bort från brottet är tillräckligt effektiv 
för att vara en relevant och fungerande mekanism när E. coli växer i sin natur-
liga miljö. Eftersom lagningsmekanismerna är liknande mellan de flesta bak-
terier så gäller detta sannolikt även många andra sorters bakterier, och kanske 
även eukaryoter som oss själva.  
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