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Coordination between nucleotide excision repair and specialized polymerase
DnaE2 action enables DNA damage survival in non-replicating bacteria
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Figure 1. Monitoring mechanisms of DNA lesion repair in non-replicating bacteria. (A) Above: Schematic of experimental setup used to isolate non-
replicating Caulobacter swarmer cells to monitor DNA lesion repair and tolerance independent of ongoing replication. Cells were treated with DNA
damage (30 min mitomycin C [MMC] or UV at specified doses), after which damage was removed and cells were allowed to grow in fresh media
(damage recovery), without ongoing replication. Below: Flow cytometry profiles show DNA content in an asynchronous population (i), synchronized
non-replicating swarmer cells before (i) and after DNA damage recovery (iii). (B) Representative images of Caulobacter cells with fluorescently-tagged

replisome components (SSB-YFP, HolB-YFP, DnaN-YFP, or DnaE-mNG) in replicating or non-replicating conditions, without DNA damage (scale bar is 2
um here and in all other images).
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Figure 1—figure supplement 1. Characterization of strains carrying fluorescently-tagged replisome components. (A) Growth of fluorescently tagged
replisome strains with or without (control) mitomycin C (MMC) damage. For reference, growth of wild type (no tag) and recA deletion strains is also
shown (representative image of one experiment from three independent repeats). (B) Growth of fluorescently-tagged replisome strains with or without
(control) UV damage. For reference, growth of wild type (no tag) and recA deletion strains is also shown (representative image of one experiment from
three independent repeats). (C) Relative position of fluorescently-tagged replisome components in Caulobacter cells during one round of replication
(no damage). Localization of SSB-YFP, HolB-YFP, DnaN-YFP, or DnaE-mNG was tracked every 10 min using time-lapse imaging. A focus tended to
localize at one cell pole at initiation and proceeded towards the opposite cell pole as replication progressed (n = 25, solid line represents mean and
shaded region represents the upper and lower limits at specific time points).
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Figure 2. Replisome components are recruited to damaged DNA in non-replicating Caulobacter swarmer cells. (A) Representative images of non-
replicating swarmer cells with fluorescently tagged replisome components (SSB-YFP, HolB-YFP, DnaN-YFP, or DnaE-mNG) with (+MMC) or without (no
damage) 30 min of treatment with MMC. (B) Percentage cells with SSB, HolB, DnaN, or DnaE localization (foci) in non-replicating swarmers with (+) or
without (-) MMC treatment (n > 324 cells, three independent repeats). Dashed line represents median here and in all other graphs. (C) Percentage

swarmer cells with 0, 1, or >2 DnaN foci at 0, 30, 60, and 90 min after damage removal (recovery) (n > 476 cells, three independent repeats). (D)

Percentage swarmer cells with 0, 1, or >2 foci of SSB, HolB, or DnaE at 0 and 90 min after damage removal (recovery) (n > 324 cells, three independent

repeats).
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Figure 2—figure supplement 1. Replisome components are recruited to damaged DNA in non-replicating Caulobacter swarmer cells. (A) Survival of
wild type, AdnaE2, and ArecA strains under different doses of mitomycin C (MMC) (mean and SD from three independent experiments). Shaded region
indicates the concentrations used for experiments in this study. (B) Representative images of swarmer cells expressing DnaN-mCherry and SSB-GFP
with or without MMC treatment (scale bar is 2 um here and in all other images). (C) Distance of a DnaN focus from the nearest SSB focus was measured
and cumulative frequency distribution is plotted (solid line). Dotted line is the distribution of distance between the DnaN focus and any random
position inside the cell. Inset: Percentage colocalization for DnaN with SSB and vice versa is provided (mean and SD from three independent repeats).
(D) Survival of wild type, AdnaE2, and ArecA strains under different doses of UV (mean and SD from three independent experiments). Shaded region
indicates the concentrations used for experiments in this study. (E) Representative images of swarmer cells expressing SSB-YFP, HolB-YFP, DnaN-YFP,
or DnaE-mNG with or without (no damage) UV treatment. (F) Percentage wild type swarmer cells with 0, 1, or >2 foci of DnaN at 0 and 90 min after
DNA damage recovery from 75 J/m? or 150 J/m? of UV (n > 322 cells, three independent repeats). (G) Percentage wild type swarmer cells with 0, 1,

or >2 foci of SSB, HolB, or DnaE at 0 and 90 min after DNA damage recovery from 75 J/m? of UV (n > 334 cells, three independent repeats).
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Figure 3. Nucleotide excision repair (NER) generates long ssDNA gaps for localization of replisome components in non-replicating cells. (A) SOS
induction was measured by assessing the expression of yfp from an SOS-inducible promoter (Psiga-yfp). On the left are representative images of cells
expressing the reporter at 0 or 90 min after MMC removal and control cells (no damage). On the right, total fluorescence intensity normalized to cell
area is plotted for both time points for cells with or without damage treatment. Each dot represents a single cell. Mean and SD are shown in black

(n > 219). (B) Percentage wild type, ArecA, or AuvrA swarmer cells with DnaN foci at 0, 30, 60, and 90 min after DNA damage recovery (n > 308 cells,
three independent repeats). (C) Representative images of wild type or AuvrA swarmer cells with SSB-YFP or DnaN-YFP, treated with MMC or UV. (D) As
(A) for cells lacking uvrA (n > 325).
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Figure 3—figure supplement 1. Nucleotide excision repair (NER) generates long ssDNA gaps for localization of
replisome components in non-replicating cells. (A) Schematic of mechanism of long ssDNA gap generation by
nucleotide excision repair (NER). (B) Percentage wild type or AuvrA swarmer cells with SSB foci with (+MMC) or
without (-, control) damage treatment (n > 325 cells, three independent repeats, wild type data from Figure 2B).
(C) Percentage wild type or AuvrA swarmer cells with DnaN or SSB foci after DNA damage (UV) (n > 340 cells,
three independent repeats). (D) Percentage wild type or AmutL swarmer cells with DnaN foci with (+MMC) or
without (-, control) damage treatment (n > 324 cells, three independent repeats, wild type data from

Figure 2B). MMC: mitomycin C.
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Figure 4. SOS-induced low-fidelity polymerase, DnaE2, is essential for subsequent dissociation of replisome components. (A) Representative images of
wild type or AdnaE2 swarmer cells with SSB-YFP, DnaN-YFP, or DnaE-YFP after MMC treatment. (B) Percentage wild type or AdnaE2 swarmer cells with
0, 1, or >2 DnaN foci at 0, 30, 60, and 90 min of DNA damage recovery (n > 467 cells, three independent repeats, wild type data from Figure 2C). (C)
Percentage wild type or AdnaE2 swarmer cells with SSB or DnaE foci at 0 and 90 min of DNA damage recovery (n > 325 cells, mean and SD from three
independent repeats). (D) Percentage wild type, dnaE2 catalytic mutant (dnaE2*) or AimuB swarmer cells with DnaN foci at 0, 30, 60, and 90 min of
mitomycin C (MMC) damage recovery (n > 342 cells, three independent repeats, wild type data from Figure 3B).
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Figure 4—figure supplement 1. SOS-induced low-fidelity polymerase, DnaE2, is essential for subsequent dissociation of replisome components. (A)
Percentage wild type or ArecN swarmer cells with 0, 1, or >2 DnaN foci at 0, 30, 60, and 90 min of DNA damage recovery (n > 309 cells, three
Figure 4—figure supplement 1 continued on next page
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Figure 4—figure supplement 1 continued

independent repeats, wild type data from Figure 2C). (B) Representative image of a western blot of DnaE2-3X-Flag during mitomycin C (MMC)
damage recovery. As a control, cells without damage treatment were also probed for DnaE2 (image of one experiment from three independent
repeats). (C) Percentage wild type or AdnaE2 swarmer cells with DnaN foci at 0 and 90 min of DNA damage recovery (n > 321 cells, mean and SD from
three independent repeats, under indicated doses of DNA damage). Asterisks denote significant differences and 'ns’ denotes not significant differences
in unpaired t-tests here and in all other graphs. Exact p-values are summarized in Supplementary file 4. (D) Percentage wild type or AdnaE2 swarmer
cells with DnaN foci after 90 min of damage recovery (post-treatment with two doses of UV) (n > 332 cells, three independent repeats). (E) Multiple
sequence alignment of the catalytic domain of C-family polymerases from different bacteria. Conserved amino acid residues highlighted in pink were
mutated in DnaE2* (catalytic mutant) (Warner et al., 2010). (F) Growth of wild type, AdnaE2, and dnaE2* strains with (MMC) or without (control) DNA
damage (image of one experiment from three independent repeats). (G) Rifampicin-resistant mutants that arise from wild type and AdnaE2 cells treated
with (MMC) or without (control) DNA damage. Cells were either immediately released into replication-permissive media after damage removal (no
recovery) or allowed to recover from damage for 90 min in non-replicating phase before release into replication-permissive conditions (recovery).
Dashed line shows median from three independent experiments.

Joseph et al. eLife 2021;10:e67552. DOI: https://doi.org/10.7554/eLife.67552 10 of 12


https://doi.org/10.7554/eLife.67552

L]
ELlfe Research article Cell Biology | Chromosomes and Gene Expression

A. no » * replication

D
D

2 recovery
M} 22 damage ——» time to first division
?\ DnaA depletion @? \ 22 (“)damage

recovery

+ replication

wild type

AdnaE2

N
IN
o
)

40
o301 & g 0.8
'-g 5 (i norecovery 5 0.6 (i) no recovery
T 204 2 -- wild type 2 B wild type
[%) 8 -- AdnakE2 S 0.4 @ AdnaE2
3 £ g
s 107 ii o (ii) recovery
(ii) recover = i

= = wild tyge =02 wild type

0 - ‘ - _ —Adnak2 0. ZA Adnak2

0 80 160 240
time after replication re-initiation (min) MMC concentration (ug/ml)

Figure 5. DnaE2 activity on nucleotide excision repair (NER)-generated long single-stranded DNA (ssDNA) gaps enhances survival of non-replicating
cells under DNA damage. (A) Schematic of experimental setup used to assess the impact of lesion repair/ tolerance in non-replicating cells. After
mitomycin C (MMC) treatment for 30 min, cells were either released into replication-permissive media (i: no recovery) or allowed to grow for 90 min
without damage and then released into replication-permissive media (ii: damage recovery). Cells were followed via time-lapse microscopy and time to
division was estimated. Control cells were taken through the same growth regimes; however, no damage is added to the culture. (B) Representative
time-lapse montage of wild type or AdnaE2 cells in replication-permissive media after DNA damage recovery. Cell divisions are marked with white
asterisk. In the panel shown here, three divisions were scored in wild type, while none were observed in AdnaE2 cells. (C) Percentage cell division over
time after replication reinitiation for wild type and AdnaE2 cells either without (i: no recovery) or with (ii: recovery) damage recovery time in replication-
blocked conditions (n > 368 cells). Inset: Percentage cells divided at 240 min in each of these conditions is summarized. (D) Survival of wild type and
AdnaE?2 cells either without (i: no recovery) or with (ii: recovery) damage recovery time in replication-blocked conditions was measured via estimation of
viable cell count (three independent repeats). Fraction survival was calculated by normalizing viable cell count under DNA damage to that without DNA
damage (mean with SD from three independent experiments).
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Figure 5—figure supplement 1. DnaE2 activity on nucleotide excision repair (NER)-generated long single-
stranded DNA (ssDNA) gaps enhances survival of non-replicating cells under DNA damage. (A) Cell length
distribution for wild type (purple) or AdnaE2 (green) cells. Control cells were not treated with DNA damage, while
+ damage cells were exposed to mitomycin C (MMC) treatment for 30 min. Solid lines represent length
distribution prior to release into replication-permissive conditions while dashed lines represent length distribution
after 240 min in replication-permissive conditions. Median and inter-quartile range of the distribution is indicated.
‘No recovery’ and recovery’ as outlined in Figure 5A (n > 300 cells). (B) Schematic of experimental design to
estimate survival advantage from recovery in non-replicating phase (Figure 5D). Fraction survival was calculated by
normalizing viable cell counts obtained with damage to that obtained without damage. A similar experimental
design was used for estimation of mutation frequencies (Figure 4—figure supplement 1G and 'Materials and
methods’).
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