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1 | INTRODUCTION

Abstract

Replication initiation, elongation and completion are tightly coordinated to ensure
that all sequences replicate precisely once each generation. UV-induced DNA dam-
age disrupts replication and delays elongation, which may compromise this coordi-
nation leading to genome instability and cell death. Here, we profiled the Escherichia
coli genome as it recovers from UV irradiation to determine how these replicational
processes respond. We show that oriC initiations continue to occur, leading to copy
number enrichments in this region. At late times, the combination of new oriC initia-
tions and delayed elongating forks converging in the terminus appear to stress or im-
pair the completion reaction, leading to a transient over-replication in this region of
the chromosome. In mutants impaired for restoring elongation, including recA, recF
and uvrA, the genome degrades or remains static, suggesting that cell death occurs
early after replication is disrupted, leaving partially duplicated genomes. In mutants
impaired for completing replication, including recBC, sbcCD xonA and recG, the
recovery of elongation and initiation leads to a bottleneck, where the nonterminus
region of the genome is amplified and accumulates, indicating that a delayed cell
death occurs in these mutants, likely resulting from mis-segregation of unbalanced

or unresolved chromosomes when cells divide.
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thereby confining the completion event to this region of the
genome (Hill & Marians, 1990; Hill et al., 1989; Kobayashi

Duplication of the circular Escherichia coli genome normally
initiates bidirectionally from a single locus, oriC (Kaguni
et al., 1982; Meijer et al., 1979). The two replisomes prog-
ress until they converge to complete replication at a point
localized within a 400-kb terminus region opposite to the
origin. The terminus region is flanked by nonpalindromic
ter sequences, which bind the protein, Tus, and block repli-
cation fork progression in an orientation-dependent manner,

© 2020 Molecular Biology Society of Japan and John Wiley & Sons Australia, Ltd

et al., 1989). While Tus determines the region where comple-
tion most frequently occurs, it does not appear to be directly
involved in the completion reaction since fus mutants have
no phenotype and complete replication normally, as do plas-
mids and bacteriophage that lack ter sequences (Roecklein
etal., 1991).

The three stages of DNA replication—initiation, elonga-
tion and completion—must be tightly coordinated to ensure
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that each daughter cell inherits an identical copy of the ge-
netic information. A large number of the cell's gene products
are devoted to each of these processes and are required to
maintain genome stability and viability. The timing and spec-
ificity of initiation is regulated by DnaA, DnaC and a num-
ber of regulatory proteins (reviewed in (Costa et al., 2013;
Katayama, 2017)). Elongation requires 15 distinct proteins
for the replisome core and is maintained by processivity
factors such as DnaN, helicases DnaB and Rep, and other
accessory factors (reviewed in [Kelman and M. O’Donnell,
1995]). Finally, proteins including RecG, SbcCD, RecBCD
and likely others ensure that replication completes accurately
at the precise point where replication forks converge and all
sequences have doubled (Courcelle et al., 2015; Midgley-
Smith et al., 2018, 2019; Wendel et al., 2014, 2018). Excess
initiations, incomplete elongations or failed completion
events would create over- or under-replicated portions of the
genome, leading to copy number imbalances, incomplete
chromosomes and heritable changes to the genome or death
upon cell division.

DNA damage can compromise the coordination between
these three stages of replication, as DNA adducts can block
replication fork progression, delaying elongation. A number
of studies have shown that excessive DNA ends introduced
either directly by the damaging agent or as intermediates in
the repair process can lead to illegitimate or recombinational
initiation events, producing abnormal copy numbers of chro-
mosome segments, rearrangements and a loss of genome sta-
bility (Asai & Kogoma, 1994; Bhatia et al., 2014; Donnianni
& Symington, 2013; Hamperl & Cimprich, 2014; Magee
et al., 1992; de Massy et al., 1984). To prevent these potential
threats, cells encode a number of genes that play critical roles
in maintaining the ability of the genome to accurately dupli-
cate in the presence of DNA damage and often render cells
hypersensitive to damage when absent.

Two classes of these gene products include those that pro-
mote the recovery of replication when it stops prematurely,
and those that prevent illegitimate replication or limit repli-
cation from going too far. The first class includes genes re-
quired for nucleotide excision repair, the recF pathway and
recA. Following the disruption of replication by UV-induced
damage, the recovery of replication largely depends on the
repair of the lesions by nucleotide excision repair, encoded
by uvrA, uvrB and uvrC (Courcelle et al., 1997, 1999; Setlow
& Carrier, 1964; Setlow et al., 1963). Cells deficient in nu-
cleotide excision repair are unable to remove UV-induced
DNA lesions, are severely impaired in their ability to resume
replication and exhibit elevated levels of mutagenesis, rear-
rangements and cell lethality (Courcelle et al., 1999, 2001;
Howard-Flanders et al., 1969; Rothman & Clark, 1977;
Rupp et al., 1971; Setlow & Carrier, 1964). In addition,
the recovery of replication also depends on several gene
products in the RecF pathway which maintain and process
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blocked replication forks in a manner that allows the block-
ing lesion to be repaired and replication to resume (Chow &
Courcelle, 2004; Courcelle et al., 1997, 1999, 2003; Rothman
& Clark, 1977; Rothman et al., 1975). In the absence of RecF
or RecA, the DNA at the blocked replication fork is not main-
tained, replication fails to recover and RecJ-RecQ-mediated
exonucleolytic processing of the nascent DNA continues be-
yond that occurring in wild-type cells (Courcelle et al., 1997,
2003; Courcelle & Hanawalt, 1999). RecF, along with RecO
and RecR, facilitates the formation of a RecA filament which
restores the region to a form that allows repair to occur. RecA
also plays a critical role in protecting DNA ends, including
those created by the disrupted fork. In recA mutants, the deg-
radation at the fork is much more extensive, involving both
nascent DNA and parental DNA strands, resulting in a rapid
and complete exonucleolytic digestion of the entire genome
(Courcelle et al., 1997; Horii & Suzuki, 1968).

The second class of gene products complete replica-
tion events or prevent illegitimate replication from occur-
ring and include enzymes such as RecG, SbcCD, Exol and
RecBCD. RecG is a helicase-branch migration enzyme that
functionally disrupts 3 DNA ends in duplex DNA to pre-
vent replication from continuing or initiating from illegiti-
mate substrates (Courcelle et al., 2015; Hong et al., 1995;
Midgley-Smith et al., 2019; Rudolph et al., 2009; Rudolph
etal.,2010; Rudolph et al., 2013; Wendel et al., 2014; Wendel
et al., 2018). In recG mutants, an extreme over-replication is
observed specifically in the terminus region of the chromo-
some (Rudolph et al., 2013; Wendel et al., 2014). By cloning
in additional origins into the E. coli chromosome, Rudolph's
laboratory group has shown that new sites of over-replication
can be induced in recG mutants anywhere replication forks
converge, consistent with the idea that substrates generated
by convergent replication forks must be processed by RecG
to allow it to complete efficiently and prevent replication
from continuing or reinitiating beyond these points (Midgley-
Smith et al., 2018). Similarly, the structure-specific nucleases,
SbcCD and Exol, act on a structural intermediate created at
the point where forks converge to initiate the resection and
degradation of over-replicated DNA segments which arise
when replisomes merge (Midgley-Smith et al., 2019; Wendel
et al., 2018). In the absence of SbcCD and Exol nucleases,
the over-replicated region persists, leading to genomic insta-
bilities and amplifications at these loci (Chalker et al., 1988;
Connelly et al., 1999; Lehman & Nussbaum, 1964; Midgley-
Smith et al., 2019; Phillips et al., 1988; Wendel et al., 2018).
Following incisions by these enzymes, the RecBCD heli-
case-nuclease complex processes the over-replicated inter-
mediate and is required to catalyze or recruit enzymes that
promote joining of the convergent strands. In vitro, RecB and
RecC interact with RecD to form a dual helicase-nuclease
complex that unwinds and degrades double-strand DNA ends
(Taylor & Smith, 1985, 2003). On the chromosome, in the
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FIGURE 1

at the replication origin and then increases at sites where replication completes on the E. coli chromosome. (a) The methodology used to observe

Following UV-induced DNA damage, the copy number of the sequences around the genome sequentially remains static, increases

the replication profile of a culture is diagramed. (b) The relative copy number of sequences around the chromosome at various times after UV
irradiation with 40 J/m? is plotted. Cultures were UV-irradiated with 40 J/m? and, at the times indicated, the DNA was purified, fragmented and
profiled using high-throughput sequencing. Normalized sequence read frequencies are plotted relative to chromosome position along with a 40-
kb floating average. The location of the origin and terminus region are indicated. (c) The change in copy number relative to before irradiation is
plotted, showing that replication initially arrests and the genome copy number remains static for a period of time (30 min, red). Then, the copy
number of sequences around the origin increases and accumulates as replication initiation from the origin resumes even though the repair of
blocking lesions has delayed the progression of the previously existing replisomes around the genome (60 min, yellow). At late times, after the

lesions have been repaired, the copy number of sequences around the genome returns to preirradiation levels, everywhere except for the region

where completion occurs, where an increase in copy number is observed (90 min green). The increase indicates that the completion reaction is

either rate limiting or down-regulated during recovery [Colour figure can be viewed at wileyonlinelibrary.com]

absence of RecB or C, the nascent ends of convergent replica-
tion forks are not joined, leading to excessive DNA degrada-
tion and rendering cells unable to maintain the chromosome
region where forks converge (Courcelle et al., 2015; Rudolph
et al., 2013; Wendel et al., 2014). The inability to complete
replication or maintain this region of the genome severely
compromises the viability and growth of recBC cultures
(Capaldo-Kimball & Barbour, 1971; Courcelle et al., 2015;
Wendel et al., 2014).

How the coordination between initiation, elongation and
completion is affected by DNA damage, and whether coordi-
nation is maintained in mutants of these two enzyme classes
is not known. Here, we profiled the genome of replicating

cultures following UV-induced damage to understand how
these processes are affected in both wild-type cells and mu-
tants that are impaired for recovering or completing replica-
tion. We show that the genome of wild-type cultures initially
remains static, before progressing through stages where an
over-replication of the origin region occurs, followed by an
over-replication of the terminus region. We show that while
the genome of recA mutants is degraded entirely, the genome
of other mutants that fail to restore replication remains static,
indicating that cell death occurs soon after damage is induced
and due to disruption by the DNA lesion. In mutants that are
impaired for completing replication, the nonterminus region
of the genome is amplified and accumulates, suggesting that
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these cells undergo a delayed cell death that results from the
inheritance of unresolved chromosomes with copy number
imbalances following cell division.

2 | RESULTS

2.1 | UV-induced damage delays elongation,
disrupting the coordination between initiation
and completion, and leading to copy number
imbalances on the chromosome

To examine how the processes of replication initiation, elon-
gation and completion are globally affected by UV-induced
DNA damage, we profiled the chromosome of a growing cul-
ture during the first 90 min after 40 J/m? UV irradiation using
high-throughput sequencing. 40 J/m? is a dose that generates
approximately one lesion every 6 kb and disrupts the progres-
sion of replication, reducing the rate of synthesis by ~95%.
However, replication recovers and repair is nearly complete
within ~40 min, and >90% of parental cells survive the chal-
lenge (Courcelle et al., 1997, 2003; Koehler et al., 1996).
Under these experimental conditions, the rate of replication
remained relatively linear in unirradiated cultures through-
out the 90-min time course (Figure S1). To profile replica-
tion across the chromosome, genomic DNA is purified from
replicating cultures, fragmented and then sequenced using
high-throughput sequencing. The replication profile is then
determined by counting the number of sequences that align
to each segment of the chromosome (Figure 1a). In rapidly
growing cultures, sequences surrounding the bidirectional
origin replicate first and are observed at higher frequencies
relative to chromosome regions that replicate later. In the ab-
sence of DNA damage, the frequency of any given sequence
decreases inversely with its distance from the origin until
reaching the terminus region where the two replication forks
converge and replication completes (Figure 1b, time 0). At
30 min after UV exposure, the genome remains unchanged
(Figure 1b,c). This correlates with the period during which
replication remains blocked by the UV-induced damage and
lesion repair is ongoing (Courcelle et al., 1999, 2003, 2005;
Koehler et al., 1996). By 60 min postirradiation, the disrupted
replication forks have been restored and repair is nearly com-
plete (Courcelle et al., 1999, 2003, 2005; Koehler et al., 1996)
and see below). At this time, an increase in copy number is
observed that is specific to, and centers on, the origin region.
Others have reported that replication from oriC is induced in
a DnaA-dependent manner, (Rudolph et al., 2007), and using
a microarray to examine the transcriptome after UV irradia-
tion, we observed a transient induction of dnaA that corre-
lates with the timing of copy number enrichment surrounding
the origin region (Figure S2). Other work has demonstrated
that replication can also initiate from the oriC region in a
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FIGURE 2 The relative sensitivity of (a) mutants known to be
impaired for restoring replication following arrest, and (b) mutants
impaired in their ability to complete replication are compared

to wild-type and recA cultures [Colour figure can be viewed at
wileyonlinelibrary.com]

DnaA-independent manner following DNA damage (Magee
et al., 1992). Taken together, we interpret this observation to
indicate that in addition to the recovery of disrupted replica-
tion forks, replication initiation also resumes or is induced
from the oriC region during this time.

At 90 min after irradiation, an over-replication of se-
quences specifically where forks converge is observed,
whereas all other sequences around the genome have re-
turned to their preirradiation levels. The observation implies
that the completion reaction is either transiently inhibited or
impaired. It is possible that the combined recovery of ongo-
ing replication forks and new initiations at oriC exceeds or
overwhelms the capacity of the completion enzymes to carry
out this reaction, resulting in transient illegitimate initiation
events and incomplete degradation of excess sequences in
this region.

The results demonstrate that during the recovery from
UV-induced damage, genome copy numbers initially remain
static, then sequentially become enriched surrounding the or-
igin, before becoming enriched at the site where replication
completes.

2.2 | Following disruption, the replicating
portions of the genome undergo a rapid and
progressive degradation in the absence of RecA

We next examined several mutants involved in either the
recovery of replication following disruption, or completing
and limiting illegitimate replication to determine how the
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FIGURE 3 In the absence of RecA, replication fails to recover and the genome is progressively degraded at arrested replication forks. (a) recA
mutants fail to recover replication following UV-induced DNA damage. The amount of replication occurring within 1 hr post-UV irradiation was
analyzed by alkaline CsCl density gradients. Cells prelabeled with ['*C]thymine were irradiated or not at time 0. Cells then were filtered and grown
in media containing 5-bromodeoxyuridine and [*H]thymidine for 1 hr to density label replication occurring after time 0. *C-prelabeled DNA
(circles); post-treatment SH-DNA synthesis (squares). Plot maximums are 2000-3500 cpm for [3H]; 80-120 cpm for [14C]. [3H]:[14C] maximums
are held constant for each strain. (b) Replicating genomes are rapidly degraded in the absence of RecA. Cells prelabeled with [*H]thymidine were
filtered and irradiated with 40 J/m? in nonlabeled medium. The fraction of [’H]DNA remaining is plotted over time. Parental (open circles); recA
(open squares). Plots represent the average of two experiments. Error bars represent one standard error of the mean. (c) recA mutant cells lack DNA
following UV irradiation. UV-irradiated cells were stained with DNA-binding Hoescht 33342 dye and visualized under white light to observe cells,
and a UV filter to observe the DNA. (d) Replication profiles of recA mutants before and after UV irradiation. The replication profiles prior to UV
(top green), 90 min post-UV (middle red), and the change between these times (bottom black) is plotted. Wild-type data from Figure 1 are shown
for comparison [Colour figure can be viewed at wileyonlinelibrary.com]
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absence of these gene products affects the ability of cells
to maintain the genome (Figure 2). RecA is required for
replication to resume following disruption by DNA dam-
age and is necessary to protect DNA ends from degrada-
tion (Courcelle et al., 1997; Horii & Suzuki, 1968; Khidhir
etal., 1985). A culture's ability to resume replication under
the conditions used for our genomic profiles was observed
by density-labeling the DNA with 5-bromodeoxyuridine to
quantitate the amount of DNA replicated during the first
hour after UV irradiation (Figure 3a). Cultures were either
left unirradiated or irradiated with 40 J/m* and incubated
in medium containing 5-bromodeoxyuridine for 1 hr, so
that any DNA synthesized during this period would be of
a greater density than the pre-existing DNA made prior to
treatment. The denser, replicated DNA in each culture was
then separated from the rest of the DNA in isopycnic alka-
line CsCl gradients and quantitated. In wild-type cells, the
amount of replicated DNA in irradiated cultures was nearly
equivalent to the amount occurring in unirradiated cultures,
indicating that DNA replication had fully recovered by this
time. However, in recA mutants, no further DNA synthe-
sis was observed. The failure to restore replication, is due
in significant part to a failure to protect DNA ends of the
disrupted replication forks from exonucleolytic degrada-
tion (Figure 3b). Rapidly growing cultures that had been
prelabeled with [3H]thymidine were irradiated with 40 J/
m? and then transferred to nonradioactive medium. In wild-
type cells, very little degradation of the overall genomic
DNA occurred. By contrast, in recA mutants, the genomic
DNA undergoes a rapid, progressive degradation follow-
ing disruption, losing more than 80% of the DNA present
prior to irradiation. The inability to protect the genome in
recA mutants was also observed directly by staining cells
with Hoescht 33342 which fluoresces upon binding DNA.
Whereas the genome in wild-type cells is clearly main-
tained, little DNA remains in recA mutants 4 hr after ir-
radiation (Figure 3c).

We next profiled the DNA remaining in these cells and
compared it to that seen in the parental cells. In parental cells
at 90 min following irradiation, the DNA was maintained,
replication was restored, and except at sites where replication
completes, the genome copy number had been restored to that
of preirradiation levels (Figure 3d). In recA mutants, approx-
imately half of the genomic DNA was degraded by 90 min
(Figure 3b). The profile of the DNA that remains in irradiated
recA cells is modestly enriched in the distal, non-oriC-con-
taining half of the genome relative to times before irradia-
tion (Figure 3d). A modest and sharp enrichment also occurs
directly at oriC. This loci-dependent enrichment pattern in
recA cells suggests that genomic degradation initiates at dis-
rupted replication forks and then progressively degrades back
toward the origin, leaving the unreplicated portions of the ge-
nome partially protected. The observations imply that RecA
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plays an essential role in protecting the strands of the fork
after replication disruption. In its absence, disruption of rep-
lication leads to a progressive, nearly complete degradation
of the genome, and is likely to be the direct cause of lethality
in these cells.

2.3 | Genomes remain static in mutants that
fail to recover replication following disruption

We nextexamined how the genome is affected in the absence
of recF and nucleotide excision repair, which are required
to restore replication following disruption by UV-induced
damage (Courcelle et al., 1997, 1999, 2003). Replicating
cultures of recF, uvrA and uvrC were UV-irradiated and
placed in 5-bromodeoxyuridine for 1 hr to density label the
DNA as before. As shown in Figure 4a, all three mutants
failed to restore replication, similar to recA. However, in
contrast to recA, the genomic DNA in these mutants pri-
marily remains protected and intact (Figure 4b,c). Previous
studies have shown that in the absence of recF, some deg-
radation occurs on the nascent lagging strand of DNA cata-
lyzed by the combined action of RecJ and RecQ (Courcelle
et al., 1997, 1999, 2003; Courcelle & Hanawalt, 1999).
However, this degradation is limited to the nascent DNA
and localized specifically at disrupted replication forks.
The genomic DNA remains protected in recF mutants.
In the absence of nucleotide excision repair, no degrada-
tion beyond that observed in wild-type cells is detected.
Finally, whereas after 4 hr, wild-type cultures had restored
cell division with many cells appearing normal in length,
recF, uvrA and uvrC mutants remained filamentous, indi-
cating that cell division had not been restored (compare
Figure 3c and Figure 4c).

To determine how sequence copy numbers around the ge-
nome are affected by UV-induced damage in these mutants,
we profiled the replication patterns of these cultures imme-
diately before and 90 min after UV irradiation as described
above (Figure 5). With the exception of the DNA immedi-
ately proximal to the origin in recF and uvrA mutants (see
below), copy numbers remained unchanged, or static around
the genome in each mutant. Taken together, the lack of DNA
synthesis, absence of DNA degradation and unchanged repli-
cation profile implies that lethality in these cells occurs early
after the initial disruption of replication and results from an
inability to restore replication forks in the process of dupli-
cating the genome.

Similar to recA, the profile of recF also shows an en-
richment of DNA immediately proximal to the origin of
replication. Both recF and recA fail to recover replication
following disruption, but remain proficient for global DNA
repair (Courcelle et al., 1999). Thus, the oriC copy number
enrichment in recA and recF mutants may simply represent
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new oriC initiations which progress but are then subse-
quently disrupted by the remaining UV-induced lesions.
In uvrA or uvrC, where no repair occurs, these oriC-de-
pendent initiations may be inhibited or are immediately
disrupted and do not progress far enough to be detected.
We also observed some modest degradation following UV
irradiation in the immediate proximity of the origin in the
uvrA mutant at the 40 J/m? dose. This loss of origin DNA
was not observed in the uvrC mutant. The mechanism or
reason for this is not clear.

To examine if the presence of the DNA lesions themselves
prevented detection of new synthesis in the oriC region, we
also examined the profile of a uvrA mutant following irra-
diation with 5 J/m* (Figure S3). Irradiation with 40 J/m”

produces replication-blocking lesions every 6 kb (Courcelle
et al., 2003) and prevents any detectable replication after UV
irradiation. In contrast, 5 J/m? produces lesions, on average,
at 48 kb intervals. This distance allows for significant DNA
synthesis to occur before replication becomes blocked. As
shown in Figure S3, at 90 min post-UV, significant replication
has resumed and is detected around oriC, but the presence
of the lesions prevents these replication forks from reaching
the terminus. Importantly, no new synthesis is observed in
the terminus region. If the over-replication in the terminus
region was caused by new initiation events occurring, then
one would expect to observe enrichment in the oriC and ter-
minus regions of the uvrA mutant at the 5 J/m? dose. The
absence of over-replication in the terminus region of uvrA
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FIGURE 5 In recF or nucleotide excision repair mutants, the

genome copy numbers remain static following disruption by UV-

induced damage. Replication profiles of recF, uvrA, and uvrC mutants
prior to UV (top green), 90 min post-UV (middle red), and the change
between these times (bottom black) are plotted. Profiles were analyzed
as in Figure 3 [Colour figure can be viewed at wileyonlinelibrary.com]

mutants, when forks initiating from oriC are prevented from
progressing to the terminus, argues against the idea that new
initiations are occurring in the terminus region, but would be
consistent with models in which convergent replication forks
continuing past their doubling point lead to over-replication
of this region.

2.4 | Mutants with an impaired ability
to complete replication accumulate and
amplify the nonterminus region of the genome

Whereas RecF and nucleotide excision repair are required for
replication to resume when it stops short, other gene products
are required to complete or limit replication from going too
far. The absence of RecBC, SbcCD, Exol or RecG impairs
the cell's ability to complete replication normally (Hamilton
etal., 2019; Midgley-Smith et al., 2018; Rudolph et al., 2013;
Wendel et al., 2014, 2018). Both recBC and recG are hyper-
sensitive to UV for reasons that remain unclear. Unlike recA,
recF or nucleotide excision repair mutants, recBC, recG and
sbcCD xonA mutants recover replication after UV-induced
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damage, similar to wild-type cells, and the genomic DNA
remains protected (Figure 6a,b). Further several studies
have shown that these enzymes do not catalyze fork regres-
sion, or process replication forks after disruption (Chow &
Courcelle, 2007; Courcelle et al., 1997, 2003; Courcelle &
Hanawalt, 1999; Donaldson et al., 2004, 2006). Yet, irradi-
ated recBC and recG mutants continue to filament 4 hr after
irradiation (Figure 6c¢), despite the recovery of replication. In
contrast, in sbcCD xonA mutants which are not hypersensi-
tive to UV, many of the cells have restored cell division and
appear to be of normal length.

Replication profiles of these mutants were examined be-
fore and after UV irradiation, as before, to determine how the
copy number of sequences around the genome respond to UV
damage. Each mutant displays abnormalities in the region
where replication forks converge, even in the absence of DNA
damage (Figure 7). recBC mutants fail to join the strands of
convergent forks leading to extensive degradation of the DNA
ends and a failure to maintain that region of the chromosome.
The inability to maintain the terminus region of the genome
in these mutants, severely compromises viability and growth
of these cultures (Capaldo-Kimball & Barbour, 1971; Wendel
et al., 2014). In contrast, both recG and sbcCD xonA mutants
are impaired in their ability to resect or degrade the over-rep-
licated regions where forks converge, leading to elevated copy
numbers in this region of the genome (Figure 7), although
this phenotype does not impair the growth rate or viability of
these cultures (Wendel et al., 2014). At 90 min post-UV, the
abnormalities in the terminus region of each of these mutants
remains the same. However, copy number imbalances and am-
plifications accumulate throughout the remaining, nontermi-
nus region of the genome. We would interpret this to imply
that the recovery of both ongoing replication forks and new
initiations from oriC that occur following repair, leads to a bot-
tleneck at sites where completion occurs in these mutants. The
amplification of the nonterminus region of the genome is most
severe in recBC mutants, where a fourfold increase in copy
number, peaking at the origin, is observed 90 min after UV
irradiation. The inability to maintain the region where replica-
tion forks converge is also more severely impaired in irradiated
recBC cells than either of the other two mutants examined.
Under normal conditions, recG mutants severely over-repli-
cate and amplify the terminus region where forks converge,
an observation that is thought to relate to its ability to disrupt
illegitimate priming events when polymerases disengage or are
disrupted (Dimude et al., 2016; Midgley-Smith et al., 2018;
Rudolph, Upton, Harris, et al., 2009; Rudolph et al., 2009;
Wendel et al., 2014). Curiously this defect is not exaggerated
or worsened by UV, suggesting that the amplifications in the
terminus do not directly cause lethality in UV-irradiated recG
cultures. However, similar to recBC mutants, the nontermi-
nus region of the genome becomes amplified at 90 min after
UV irradiation in recG cells (Figure 7). Taken together, the
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FIGURE 6

recBC, sbcCD xonA and recG mutants resume replication normally following UV-induced DNA damage, but recBC and recG

fail to segregate or partition the noncompleted chromosomes properly upon division. (a) recBC, sbcCD xonA and recG resume replication normally
following disruption. 14C—prelabeled DNA (circles); post-treatment *H-DNA synthesis (squares). Plot maximums are 1500-3200 cpm for [*H;
100-120 cpm for [14C]. [3H]:[14C] maximums are held constant for each strain. (b) The genome is not degraded following UV irradiation in

replicating recBC, sbcCD xonA, or recG cultures. Parental (open circles); recA (open squares); recBC (filled circle); sbcCD xonA (filled squares);

recG (filled triangles). Data for wild-type and recA mutants are reproduced from Figure 3b for the purposes of comparison and controls. (c) recBC

and recG fail to segregate or partition the noncompleted chromosomes properly upon division. Replication recovery, DNA degradation and DNA

fluorescent microscopy was measured as described in Figure 3 [Colour figure can be viewed at wileyonlinelibrary.com]

observations suggest that the hypersensitivity of these mutants
results from a delayed death that occurs following the mis-seg-
regation of incomplete or unresolved chromosomes when cells
divide.

The copy numbers of nonterminus regions are also am-
plified in sbcCD xonA mutants similar to those occurring
in recG. However, in the case of sbcCD xonA mutants, this
phenotype is not associated with increased lethality, as cells
recover and resume cell division (Figure 6¢). In the absence
of SbcCD and Exol completion occurs through an aber-
rant pathway that is associated with amplifications and ge-
nomic instability, but retains viability (Hamilton et al., 2019;

Wendel et al., 2018), perhaps accounting for the difference
between this mutant and the UV-hypersensitive recG and
recBC. Consistent with this interpretation, whereas recBC
and recG mutant cells remained filamentous for more than
4 hr after irradiation, sbcCD xonA mutants appeared filamen-
tous at two hours after irradiation, but returned to normal by
4 hr after irradiation, suggesting that the chromosomal im-
balances in this mutant can be resolved in a manner that al-
lows survival (Figure S4). Thus, common to all three mutants
having a compromised ability to complete replication results
in the amplification of the nonterminus region of the genome
after UV irradiation.
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FIGURE 7 Following disruption by UV-induced damage,
mutants impaired for their ability to complete replication exhibit copy
number imbalances and amplifications in nonterminus regions of the
genome. Replication profiles of recBC, sbcCD xonA and recG mutants
prior to UV (top green), 90 min post-UV (middle red), and the change
between these times (bottom black) are plotted. Profiles were analyzed
as in Figure 3 [Colour figure can be viewed at wileyonlinelibrary.com]

3 | DISCUSSION

Here we show that following the disruption of replication
by UV-induced DNA damage, the copy number of se-
quences around the genome initially remains static during
the period that correlates with when lesion repair occurs.
Following repair and the recovery of ongoing forks, we
also observed that new oriC-dependent initiations resume,
despite the delayed progression of forks initiated prior to
DNA damage. This leads to an overall enrichment of the
genomic region surrounding the origin and suggests co-
ordination between replication initiation and elongation
becomes uncoupled following DNA damage. Using a mi-
croscopic approach that employed fluorescent probes to
the origin and terminus regions, the Rudolph group simi-
larly found that UV-irradiated cultures continue to initi-
ate from oriC in a DnaA-dependent manner, enriching this
region of the genome (Rudolph et al., 2007). Quifiones
reported that dnaA, encoding the oriC-specific initiation
protein, is up-regulated following DNA damage induced
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by methyl methanesulfonate and mitomycin C (Quifiones
et al., 1991), and several groups have noted that overpro-
duction of DnaA, by itself, is sufficient to induce new oriC
initiation events (Atlung et al., 1987; Skarstad et al., 1989;
Xu & Bremer, 1988). Finally, we observed a transient in-
duction of dnaA after UV that correlates with the timing
of copy number enrichment surrounding the origin region.
Taken together, the observations would be consistent with
the idea that oriC-dependent initiations continue or are up-
regulated following DNA damage. However, we do not
exclude the possibility that the initiations originating from
oriC region are independent of DnaA, as has been demon-
strated to occur during inducible stable DNA replication
(Magee et al., 1992), discussed below.

At late times during the recovery period, an over-repli-
cation of the chromosome region occurs where forks con-
verge. We speculate that the combined recovery of ongoing
replication forks and new initiations at oriC lead to “con-
gestion” of replisomes at the point of completion, and may
stress or overtax the capacity of these enzymes to complete
and join converging forks. Previous studies found that the
nuclease activity associated with RecBCD, the central en-
zyme necessary for completing replication, is diminished
in UV-irradiated cultures (Thoms & Wackernagel, 1998).
Further, the enzyme complex is expressed at low levels,
similar to the replisome, has limited turnover and is inac-
tivated following encounters with Chi sequences, which
regulate its nuclease and likely other activities (Amundsen
et al., 1990; Dixon et al., 1994; Taylor & Smith, 1999;
Thoms & Wackernagel, 1998). Plasmids replicated by two
replisomes, but not one replisome, over-replicate leading to
plasmid instability and loss, consistent with the idea that
cells have a limited capacity to enzymatically resolve events
where two replisomes converge, and that the excess events
created by these moderate copy number plasmids stress
or exceed this capacity of the cell to complete replication
events (Hamilton et al., 2019).

Similar to the results we report here, a large body of
work from Tokio Kogoma's group also observed replica-
tion-associated copy number enrichments in the oriC and
terminus regions of cells after inducing the SOS response
through various forms of DNA damage or stress and then
adding rifampicin or chloramphenicol to inhibit transcrip-
tion or protein synthesis, respectively (Magee et al., 1992).
They termed this form of synthesis inducible stable DNA
replication (iISDR) ([Kogoma & Lark, 1970; Magee
et al., 1992; Magee & Kogoma, 1990] and reviewed in
[Kogoma, 1997]). Under normal conditions, protein synthe-
sis is required to initiate new rounds of replication. Thus, in
the presence of rifampicin or chloramphenicol, replication
ceases as the ongoing rounds of replication are completed.
However during iSDR, replication would continue for sev-
eral hours with elevated copy numbers observed at the
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origin and terminus, termed oriM1 and oriM?2 (Kogoma &
Lark, 1970; Magee et al., 1992; Magee & Kogoma, 1990).
The replication and enrichment surrounding oriM1 at the
origin was shown to be independent of DnaA (Ciesla &
Jonczyk, 1980; Magee et al., 1992) and suggest that the UV-
induced up-regulation of DnaA we observe is not essential
for this enrichment to occur. Replication and enrichment at
oriM?2 in the terminus was speculated to be a cryptic origin
(Magee et al., 1992; de Massy et al., 1984). However, it is
also reasonable to consider that this “origin” arises when
replication continues through the terminus without com-
pleting. iSDR and the over-replication we observe depend
on RecA, and both events would appear identical when an-
alyzed by copy number analysis. Consistent with the idea
that impaired completion leads to the over-replication in the
terminus, we show that over-replication is observed at the
origin but not the terminus in uvrA mutants irradiated with
low doses that allow replication to progress some distance,
but still prevent the forks from reaching or converging at
the terminus. If the over-replication represented a new ori-
gin, one would predict that enrichments would be observed
at both the origin and terminus under these conditions.

Several mutations that inactivate exonucleases or heli-
cases also exhibit an over-replication phenotype in the re-
gion where forks converge. Curiously, over-replication by
itself, does not impair cell viability or growth rates. recG
helicase mutants, as well as combinations of xonA, sbcCD,
xseA, recJ and recD exonuclease mutants, each demon-
strate persistent over-replication in their terminus region,
but grow normally (Midgley-Smith et al., 2018, 2019;
Rudolph et al., 2013; Wendel et al., 2014, 2018), although
the reason for this remains unclear. By contrast, the ability
to join the DNA ends of the convergent forks does correlate
with the ability to maintain viability and growth. Mutants
lacking RecBCD, which is necessary for joining the strands
of convergent forks, are unable to maintain these regions
of the chromosome and are severely impaired for growth
and viability (Courcelle et al., 2015; Wendel et al., 2014).
Similarly, mutants lacking SbcCD and Exol fail to initi-
ate the normal completion reaction, and in these mutants,
the ability to maintain the terminus region and viability
depends upon RecA and illegitimate recombination to re-
solve the structures created when forks converge (Wendel
et al., 2018).

The replication profiles employed here were useful for
characterizing the cause of lethality in mutants following
DNA damage. In recA, recF or nucleotide excision repair
mutants, which are impaired in their ability to resume replica-
tion, the genome either degrades or remains static, suggesting
that cell death occurs when replication is initially disrupted
by the lesion. In recBC, sbcCD xonA or recG mutants, which
are impaired in completing replication, the recovery of both
ongoing replication forks and new oriC-dependent initiations

leads to a bottleneck that creates copy number imbalances
and amplifications throughout the nonterminus region of the
genome. The UV hypersensitivity of both RecBC and RecG
mutants is frequently speculated to be due to defective pro-
cessing of the disrupted replication forks, either to degrade
regressed forks and re-establish replication, or promote their
formation, respectively. However, there is extensive evi-
dence demonstrating that these proteins do not function in
this capacity. Unlike recJ or recQ mutants, the absence of
RecBCD does not affect the degradation or processing that
occurs at the replication fork following disruption (Courcelle
& Hanawalt, 1999; Donaldson et al., 2004), arguing that
these enzymes do not have access to the replication fork
substrates in vivo. In addition, the long-standing observa-
tions that RecBCD mutants resume replication similar to
wild-type cells after DNA damage strongly argues that its
hypersensitivity is not due to a failure to re-establish repli-
cation ([Courcelle et al., 1997; Khidhir et al., 1985; Witkin
et al., 1987] and Figure 6). Similarly, the absence of RecG
does not prevent the progression or regression of disrupted
replication forks, and replication resumes normally in its ab-
sence, arguing strongly against the idea that its hypersensitiv-
ity results from an essential role in regressing and restarting
replication forks disrupted by UV (Donaldson et al., 2004,
2006 and Figure 6). By contrast, both of these mutants have
copy number abnormalities that localize specifically, and
only, at the site on the chromosome where replication forks
converge, demonstrating that RecBCD and RecG function at
this position and are required for replication to complete nor-
mally. As we show here, following UV-induced DNA dam-
age, the defective processing of these completion events leads
to the accumulation and amplification of the nonterminus re-
gion of the genome. We propose that the recovery of elonga-
tion and continuing initiations from oriC lead to a bottleneck
in the terminus of these mutants, leading to a delayed death
that occurs following the mis-segregation of incomplete and
unresolved chromosomes when cells divide.

4 | EXPERIMENTAL
PROCEDURES
4.1 | Bacteria

SR108 is a thymine-requiring (thyA deoC) derivative
of W3110 (Mellon & Hanawalt, 1989). HL921 (SR108
del(sriR-recA)306::Tn10), HL922 (SR108 recB21C22
argA81::Tn10), CL579 (SR108 recF6206::tet857), CLO0O8
(SR108 recG258::Tn5), CL578 (SR108 ruvAB6204::kan),
CL2357 (SR108 xonA::cat300 sbcCD::gm), HL972 (SR108
uvrA6 zjd::Tn5), and HL925 (SR108 uvrC::Tn10) have been
described previously (Courcelle et al., 1997, 1999, 2003;
Donaldson et al., 2004; Wendel et al., 2014).
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4.2 | Qualitative survival following UV
irradiation

A fresh overnight culture was evenly applied onto a
Luria-Bertani medium agar plate with a cotton swab. The
plate was covered by a sheet of aluminum foil and placed
under a 15-W germicidal lamp (254 nm; 0.8 J/m%/s). The
foil was progressively retracted following 20 J/m? expo-
sures, and then incubated at 37°C overnight before being
photographed.

4.3 | Density labeling of replicated DNA
20-ml cultures were grown in Davis medium (Davis, 1949),
supplemented with 0.4% glucose, 0.2% casamino acids, and
10 ug/ml thymine (DGCthy medium), containing 0.2 uCi
of ["*C]thymine per ml to an ODyg of between 0.4 and 0.5,
before cells were harvested by filtration and resuspended in
DGCthy medium containing 10 pg/ml 5-bromodeoxyuridine.
Half of the culture was UV-irradiated with 40 J/m?. Both
halves received 0.1 uCi/ml [3H]thymidine and were then in-
cubated for 1 hr. Each culture was placed in an equal volume
of ice-cold NET buffer (100 mmol/LL NaCl, 10 mmol/L Tris
[pH 8.0], 10 mmol/L EDTA), pelleted, and lysed in 0.4 ml of
0.5 mol/L K5PO, (pH 12.5) containing 40ul of 10% Sarkosyl.
The solution was then subjected to isopycnic alkaline CsCl
gradient sedimentation as described previously (Smith
et al., 1981). Approximately thirty fractions were collected
by puncturing the tube and dripping onto Whatman no. 17
paper. The amounts of '4C and *H in each fraction were de-
termined by scintillation counting.

4.4 | DNA degradation following UV
irradiation

Cells were grown in DGCthy medium containing 0.2 uCi/ml
[3H]thymidine to an OD600 of 0.4, before being harvested
by filtration, resuspended in nonradioactive DGCthy medium
and irradiated with a dose of 40 J/m?. The amounts of *H re-
maining in the DNA were measured by averaging duplicate
0.2-ml samples precipitated in 5% cold trichloroacetic acid,
filtered onto Whatman glass fiber filters and determined by
scintillation counting.

4.5 | Replication profiling

Cells were grown in DGCthy medium to an OD600 of 0.4
and irradiated with a dose of 40 J/m?. At the times indi-
cated, genomic DNA was purified by placing 0.75-mL of
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each culture into 0.75-mL cold 2 X NET (100 mmol/L NaCl,
10 mmol/L Tris at pH 8.0, 10 mmol/L. EDTA). Each sample
was pelleted, resuspended in 140 pl of 1 mg/ml lysozyme
and 0.2 mg/ml RNaseA in TE (10 mmol/L Tris at pH 8.0,
1 mmol/L EDTA), and lysed at 37°C for 30 min. At this time,
Proteinase K (10 pl, 10 mg/ml) and Sarkosyl (10 pl, 20% [wt/
wt]) were added and incubated at 37°C for 30 min. Samples
were then extracted with 4 volumes phenol/chloroform
(1/1) and dialyzed for 30 min on 47 mm Whatman 0.05-pm
pore disks #VMWP04700; Whatman) floating on a 250-ml
beaker of TE (1 mmol/L Tris at pH 8.0, I mmol/L EDTA).
Sequencing of the genomic DNA samples was performed
using NexteraXT and Illumina HiSeq2000 (Illumina), using
single-end, 51-bp, bar-coded reads according to the manufac-
turer's instructions. SR108 parent sequence was determined
using Breseq to identify structural variations between SR108
and its W3110 parent genome, and differences were hand-
annotated to generate the SR108 reference genome (Barrick
and Meyer, 2014). The original Illumina sequence reads for
all subsequent strains were then aligned using Bowtie 1.0.0
(Langmead, 2010), using SR108 as reference. Aligned reads
were then analyzed for nucleotide frequencies at each posi-
tion, and the copy number of sequences per kilobase was de-
termined using a custom Python script. Copy number values
were normalized to those of a stationary-phase culture, grown
for 48 hr, to eliminate biases associated with genomic DNA
purification and sequencing. These relative copy number val-
ues were then plotted against their location along the genome
to generate replication profiles for each strain or time point.

4.6 | Microscopy

Cells were grown in DGCthy medium to an ODg, of 0.4
and UV-irradiated with a dose of 40 J/m”. At the times indi-
cated, 1 ml of cells were pelleted and resuspended in 0.5 ml
of distilled water followed by the addition of 0.5 ml ethanol.
Cells were then pelleted and resuspended in 0.5 ml 12 pug/ml
Hoescht 33342 dye. Slides were prepared by allowing 100 pl
of melted 1% agarose to solidify between two slides to cre-
ate an agar pad. 10 ul of the cell suspension was then placed
onto the agar pad with a coverslip and imaged at 40X mag-
nification using an Epi-Fluorescence Microscope (Model
MS837FLR) fitted with a UV-V filter assembly (A19UV).
Images were taken using a Canon EOS Rebel T6 camera fit-
ted with a 2X microscope adaptor (AmScope), using the as-
sociated Canon EOS utility software. All fluorescent images
were taken at ISO3200 and 0.5 s exposures.
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