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MICROBIOLOGY

TisB protein is the single molecular determinant
underlying multiple downstream effects of ofloxacin in

Escherichia coli

Julien Cayront, Thierry Omst, Tatjana Schlechtweg#, Safia Zedek, Laurence Van Melderen*

Bactericidal antibiotics can cause metabolic perturbations that contribute to antibiotic-induced lethality. The mo-
lecular mechanism underlying these downstream effects remains unknown. Here, we show that ofloxacin, a fluo-
roquinolone that poisons DNA gyrase, induces a cascade of metabolic changes that are dependent on an active
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SOS response. We identified the SOS-regulated TisB protein as the unique molecular determinant responsible for
cytoplasmic condensation, proton motive force dissipation, loss of pH homeostasis, and H,0, accumulation in
Escherichia coli cells treated with high doses of ofloxacin. However, TisB is not required for high doses of ofloxacin
to interfere with the function of DNA gyrase or the resulting rapid inhibition of DNA replication and lethal DNA
damage. Overall, the study sheds light on the molecular mechanisms by which ofloxacin affects bacterial cells and

highlights the role of the TisB protein in mediating these effects.

INTRODUCTION

Antibiotics are essential in human health to fight bacterial infections.
As antibiotic resistance determinants are alarmingly spreading, there
is an urgent need to expand our current antimicrobial arsenal. To
develop effective antimicrobial therapies, a deeper understanding of
how bacterial cells respond to drugs at the molecular and physiolog-
ical levels is mandatory. While the interactions of antibiotics with
their primary targets are generally well characterized, the physiologi-
cal changes triggered by target corruption and how they contribute
to growth inhibition or cell death remain less well understood (1-3).
Treatment with bactericidal antibiotics (i.e., fluoroquinolones, p-
lactams, and aminoglycosides) has been shown to induce common
metabolic perturbations and promiscuous production of reactive
oxygen species (ROS) (4-9). It has been proposed that ROS contrib-
ute to cell death by damaging fatty acids in the inner membrane
which leads to cytosol leakage and cytoplasmic condensation (10).
Despite the increased descriptive details of the downstream events
associated with antibiotic lethality, the molecular mechanism(s) un-
derlying these phenotypes have been elusive.

Fluoroquinolone antibiotics poison DNA gyrase, leading to the
generation of double-strand breaks in DNA and the induction of the
SOS system. This coordinated cellular SOS response is triggered by a
variety of stressors that cause DNA damage and replication blockage
(11-14). In Escherichia coli, the SOS regulon is composed of ~50
genes, many of them being involved in DNA repair functions such as
homologous recombination, nucleotide excision repair, and transle-
sion DNA synthesis. The SOS response contributes to tolerance to
fluoroquinolones by enabling cells to cope with DNA damage during
the recovery period following the removal of the antibiotic (15-17).
Here, we identified the SOS-regulated protein TisB as the sole mo-
lecular determinant responsible for ROS accumulation during treat-
ment with high doses of ofloxacin (OFX). This finding allowed us to
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show unambiguously that ROS do not contribute to cell death as we
could not detect any differences in viability between the wild-type
strain and a strain devoid of TisB, reinforcing the idea that poisoning
of DNA gyrase is sufficient for cell death. Nevertheless, using a com-
bination of chemical dyes and genetically encoded fluorescent re-
porters monitoring physiological parameters in single-cell live
imaging experiments, we were able to dissect a cascade of down-
stream events triggered by TisB that occur during the OFX treat-
ment. We observed that treatment with high doses of OFX induces
cytoplasmic condensation concomitantly with membrane depolar-
ization and loss of intracellular pH homeostasis. These first physio-
logical changes are followed by an increase in H,O, at later times
during the OFX treatment. Together, our study elucidates the mo-
lecular mechanism underlying ROS production upon fluoroquino-
lone treatment and its potential role in cell death.

RESULTS

A high dose of ofloxacin induces nucleoid compaction and
cytoplasmic condensation

Treatment of E. coli cells with nalidixic acid and ciprofloxacin (quino-
lone and fluoroquinolone, respectively) has been reported to induce
cellular phenotypes such as nucleoid compaction and cytoplasmic
condensation, the latter being characterized by the appearance of
clear regions inside the cell (18, 19). To confirm that OFX induces
similar cellular alterations, we used E. coli cells encoding a transla-
tional HU-mCherry fusion as a proxy for nucleoid organization and
dynamics (20). In growing cells, the HU-mCherry fluorescence oc-
cupies a large part of the cell volume (Fig. 1A). Upon addition of OFX
[5 pg/ml; corresponding to 83-fold the minimal inhibitory concen-
tration (MIC)], the fluorescence coalesces to form a bright mass in-
dicative of nucleoid compaction (Fig. 1A). Nucleoid compaction
occurs rapidly after OFX addition in nearly every cell, with ~97% of
the population showing nucleoid compaction after 60 min of treat-
ment (Fig. 1B and movie S1). At later times of treatment, cytoplasmic
condensation was observed as described by others (Fig. 1, A and B)
(10, 18, 19). The number of cells showing cytoplasmic condensation
gradually increases with time and reaches a maximum after 180 min
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Fig. 1. Ofloxacin induces DNA compaction and cytoplasmic condensation. Results are representative of three biological replicates. The data points are means + SD.
(A) Representative images of wild-type (WT) cells encoding a hupA-mCherry fusion before, 45, and 240 min after the addition of OFX. Cells were spotted on pads contain-
ing OFX. Image acquisition started 5 min after spotting with additional imaging every 5 min. The HU-mCherry fusion is highlighted in red. Scale bars, 5 pm. (B) Quantifica-
tion of DNA compaction and cytoplasmic condensation (CC) during the OFX treatment. Cells from (A) were grown in the microfluidic device for 60 min followed by
perfusion with a medium containing OFX for 360 min. Image acquisition was performed every 15 min. A total of at least 709 cells were analyzed. (C) Kymographs of rep-
resentative cells forming polar (left) or lateral (right) periplasmic expansions during OFX treatment. WT cells encoding a hupA-mCherry and an isopropyl-p-D-
thiogalactopyranoside (IPTG)-inducible SdsbA-sfgfp fusion were grown in the presence of IPTG and spotted on pads containing OFX and IPTG. Image acquisition started
15 min after spotting with additional imaging every 5 min. Phase contrast, mCherry (fire), green fluorescent protein (GFP; green), and merge of channels are shown. (D to
F) WT cells were treated with OFX for 60 min and spotted on pads containing OFX. Image acquisition started 5 min after spotting with additional imaging every 30 s. (D)
Kymographs of representative cells forming polar (top) and lateral (bottom) periplasmic expansions. (E) Cytoplasmic area/cell area ratio of individual cells after CC detec-
tion. A total of 100 cells were analyzed. (F) Relative cytoplasmic brightness of individual cells before and after CC detection. The gray area represents the timing of CC
formation. A.U,, arbitrary unit. A total of 50 cells were analyzed.
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in the presence of OFX with ~75% of the population showing the
phenotype (Fig. 1B). Using a green fluorescent protein (GFP) con-
struct specifically labeling the periplasm (fig. S1A) (21), we con-
firmed that the bright regions observed during cytoplasmic
condensation are periplasmic in nature (Fig. 1C and movie S1). These
periplasmic expansions were detected at two preferential locations:
either at one of the cell poles (quoted as “polar’) or close to the mid-
cell position (quoted as “lateral’) (Fig. 1C), with the polar localization
being prevalent (71.2 & 8.3% of the cytoplasmic condensed cells after
330 min of OFX exposure) (fig. S1B). During time-lapse image analy-
sis, conversion of polar periplasmic expansions to lateral location and
vice versa or total reversion was occasionally observed. However,
these events are infrequent (less than 7.9 + 3.8%) as the ratio of polar
to lateral periplasmic expansions varied very little over time in the
presence of OFX (fig. S1B). Cell-length distribution and demograph-
ic analyses revealed that polar and lateral periplasmic expansions
present similar distributions, indicating that their location is unlikely
to be dependent on the cell cycle (fig. S1, C and D). Time-lapse mi-
croscopy performed at higher temporal resolution (one frame every
30 s) showed that cytoplasmic condensation occurs rapidly (within
1 min) (Fig. 1D and movie S2). This phenotype coincides with a reduc-
tion of the ratio between the cytoplasm and cell area (~30%) (Fig. 1E),
a reduction of the cytosol brightness (Fig. 1F), and displacement of
the nucleoid most likely due to the reduction of the volume of the
cytoplasm (Fig. 1C and fig. S1D). Together, these data show that OFX
treatment leads to a condensation of the cytoplasmic content as de-
scribed by Collins and coworkers for similar doses of ciprofloxacin
(10). 1t is likely that the molecular mechanisms underlying both phe-
notypes are different since nucleoid compaction and cytoplasmic
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condensation appear at different frequencies and timing during the
OFX treatment (Fig. 1B). While nucleoid compaction has been
shown to be dependent on the activation of the SOS response, more
specifically on the RecA and SMC-like RecN proteins (22-24), the
molecular mechanism responsible for cytoplasmic condensation was
previously unknown.

Cytoplasmic condensation by ofloxacin is mediated by the
SOS-regulated TisB protein

To characterize the molecular mechanism underlying cytoplasmic
condensation induced by OFX, we first assessed the phenotype of
the LexA3 mutant strain, which is unable to mount the SOS re-
sponse (25, 26). We confirmed that nucleoid compaction is per-
turbed in the LexA3 mutant (22) and showed that cytoplasmic
condensation did not occur in the mutant strain (Fig. 2A). Since
SOS induction is needed for cytoplasmic condensation, we reasoned
that the SOS-controlled tisB-istR1 toxin-antitoxin (TA) system
might be involved as the TisB toxin was previously shown to interact
with and corrupt the E. coli inner membrane (27-29). This type I TA
system comprises the istRI RNA antitoxin (inhibitor of SOS-
induced toxicity by RNA) and the TisB protein (toxicity-induced by
SOS) (30, 31). The expression of the two components is differen-
tially regulated with the tisB gene being under the control of the SOS
response and istR1 being constitutively expressed (30, 31). Addi-
tional posttranscriptional regulation prevents toxin translation in
steady-state conditions (32-34). Upon SOS induction, the inhibito-
ry effect of istR1 is bypassed and the TisB protein is produced. In the
tisB-istR1 deletion mutant, OFX-mediated cytoplasmic condensa-
tion was abolished, while nucleoid compaction remained unchanged
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Fig. 2. The SOS-induced TisB toxin is responsible for cytoplasmic condensation during ofloxacin treatment. Results are representative of three biological replicates.
(A and B) WT, lexA3, and AtisB-istR1 cells encoding a hupA-mCherry fusion were grown in the microfluidic device for 60 min followed by perfusion with a medium contain-
ing OFX for 360 min. Image acquisition was performed every 15 min. (A) Representative images of the time-lapse experiment before and 240 min after the addition of
OFX. Scale bars, 5 pm. (B) Percentage of cells in which CC was detected after addition of OFX. Between 297 and 1121 cells were analyzed for each sample. The data points
are means + SD. (C) Induction of transcriptional tisB reporter during OFX treatment. WT cells encoding a ptisB-gfp fusion were treated with OFX. At indicated times, cells
were spotted on pads and imaged. Between 193 and 975 cells were analyzed for each sample. The data points are median (solid line) + quartiles (dashed line).
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(Fig. 2, A and B, and fig. S2A), confirming that the molecular mech-
anisms underlying the two cellular phenotypes are different, al-
thoughbothbeing controlled by the SOS response. Complementation
experiments were performed with a single-copy number plasmid
carrying either the entire tisB-istR1 system or the tisB gene alone
under the control of its native promotor (fig. S2, A and B). Both
constructs restored the wild-type phenotype, showing that the TisB
toxin is required for cytoplasmic condensation after OFX exposure.
We further confirmed that tisB is expressed under our conditions
using a transcriptional fusion coupling the expression of GFP to the
tisB promoter and comprising the tisB mRNA region recognized by
the istR1 antitoxin to keep the regulation of tisB expression as close
as possible to that of the native context (35). Fluorescence gradually
increased with time to reach a maximum after 90 min in the pres-
ence of OFX and remained stable over time (Fig. 2C), paralleling the
gradual slowdown of detection of cells showing cytoplasmic con-
densation (Fig. 1B).

TisB-dependent cytoplasmic condensation is specific to

SOS inducers

A variety of treatments and conditions [nalidixic acid, ciprofloxacin,
kanamycin (Kan), osmotic shock, and nutrient downshift, among
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others] have been shown to induce phenotypes resembling cytoplasmic
condensation that we observed after OFX (10, 18, 19, 36, 37). Since
the expression of tisB is controlled by the SOS response, we first as-
sessed whether mitomycin C (MMC), a compound inducing SOS by
other means than fluoroquinolones (38), leads to cytoplasmic con-
densation. MMC (20 pg/ml, 10-fold the MIC) induces cytoplasmic
condensation in a TisB-dependent manner (Fig. 3A). It was recently
shown that the aminoglycoside Kan also induces the same pheno-
type (10). We found that treating wild-type cells with Kan also in-
duced cytoplasm condensation, although at a lower frequency than
OFX does (less than 10% of the cells after 360 min of treatment)
(Fig. 3B). A similar phenotype was observed in the AtisB-istRI cells
(Fig. 3B), indicating that cytoplasmic condensation induced by OFX
and Kan does not rely on the same molecular mechanism. We also
tested whether TisB is involved in plasmolysis following an osmotic
shock. We observed that TisB was involved neither in sucrose-
induced plasmolysis nor in its reversion as both the wild-type and
the AtisB-istR1 mutant showed the same phenotype (fig. S3A). Re-
cently, Shi et al. (37) showed that nutrient starvation induces cyto-
plasm shrinkage which translates into periplasmic expansions.
Transferring wild-type or AtisB-istRI cells growing in LB medium
in poor M9 medium resulted in periplasmic expansions in both
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Fig. 3. TisB-dependent cytoplasmic condensation is specific to SOS inducers. At indicated times, cells were spotted on pads and imaged. Results are representative
of three biological replicates. The data points are means + SD. (A) Left: Representative images of WT, lexA3, and AtisB-istR1 cells before (untreated, UT) and 240 min after
the addition of MMC. Scale bars, 5 pm. Right: Percentage of cells in which CC was detected after the addition of MMC. Between 190 and 716 cells were analyzed for each
sample. (B) Left: Representative images of time-course analysis of WT and AtisB-istR1 cells before (UT) and 240 min after the addition of kanamycin (Kan). Scale bars, 5 pm.
Right: Percentage of cells in which CC was detected after the addition of Kan. Between 239 and 2233 cells were analyzed for each sample. Fisher’s exact test was used to

determine significance (ns, not significant P > 0.05, *P < 0.05).
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strains; however, expansions appeared less pronounced than what
was observed for OFX or sucrose. Shifting back the cells to LB re-
versed the phenotype (fig. S3B). Thus, TisB-induced cytoplasmic
condensation appears to be specific to OFX and MMC, two DNA-
damaging agents that induce the SOS response.

TisB-mediated cytoplasmic condensation is associated with
membrane depolarization and loss of pH homeostasis

The 29-amino acid hydrophobic peptide TisB has been reported to
target the inner membrane and to induce membrane depolarization

that, under the conditions tested here, wild-type cells treated with
OFX are stained by the AW-sensitive dye bis-(1,3-dibutylbarbituric
acid) trimethine oxonol [DiBAC4(3)] (40), while AtisB-istR1 mutant
cells are not (Fig. 4A and fig. S4A), confirming that tisB expression
leads to membrane depolarization. Moreover, time-lapse microscopy
of wild-type cells treated with OFX showed DiBAC,(3) staining, con-
comitantly with the detection of cytoplasmic condensation (Fig. 4B).
Of note, the vast majority of wild-type cells that are stained with Di-
BAC,(3) are cells with detectable cytoplasmic condensation. However,
~10% of DiBAC4(3)-stained cells do not show detectable periplasmic

in cells when overexpressed from heterologous promoters or
when treated at high doses of ciprofloxacin (27, 30, 39). We confirmed

expansions (fig. S4B), indicating that either membrane depolarization
can occur independently of cytoplasmic condensation or that this
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Fig. 4. TisB-dependent cytoplasmic condensation is concomitant with membrane depolarization and loss of ApH. Results are representative of three biological
replicates. The gray area represents the timing of CC formation. (A) Percentage of DiBAC4(3)-stained cells during OFX treatment. WT and AtisB-istR1 cells were treated with
OFX. At indicated times, samples were incubated with DiBAC4(3) and spotted on pads. Heat shock was used as a positive control. At least 376 cells were analyzed for each
sample. Data points are means + SD. (B) Representative kymograph of DiBAC4(3)-stained cells (top) and DiBAC4(3) fluorescence of individual cells before and after CC
detection (bottom). WT cells were spotted on pads containing DiBAC4(3) and OFX. Image acquisition started 7.5 min after spotting with additional imaging every 2.5 min.
A total of 100 cells were analyzed. Data points are means + SD. (C) pHIuorin2 fluorescence ratio during OFX treatment. WT and AtisB-istR1 cells containing the pHIuorin2
reporter were grown in the microfluidic device for 60 min followed by perfusion with a medium containing OFX for 360 min. Image acquisition was performed every
15 min. At least 178 cells were analyzed for each sample. Data points are the mean of individual replicate (symbol), median (solid line) + quartiles (dashed line). Multiple
comparison Kruskal-Wallis with false discovery rate (FDR) approach was used to determine significance based on replicates (FDR-adjusted ns P > 0.05 and *P < 0.05). (D)
pHIuorin2 fluorescence ratio during OFX treatment at different pH. WT cells containing the pHIluorin2 reporter were grown in a medium adjusted to different pH, intro-
duced into a microfluidic device, and perfused with the respective pH-adjusted medium for 60 min followed by perfusion with the respective pH-adjusted medium con-
taining OFX for 360 min. Image acquisition was performed every 15 min. At least 20 cells were analyzed for each sample. Data points are means + SD.

Cayron et al., Sci. Adv. 10, eadk1577 (2024)

27 March 2024 50f13



SCIENCE ADVANCES | RESEARCH ARTICLE

phenotype sometimes fails to be detected for technical reasons (e.g.,
resolution of our phase-contrast microscopy setup).

The electrical potential AV established across the inner mem-
brane, reported by DiBAC4(3), is one of two components of the pro-
ton motive force (PMF), the other being ApH reflecting the difference
between the cytoplasmic and external pH (41). We therefore asked
whether TisB-dependent membrane depolarization would affect pH
homeostasis. To monitor the intracellular pH at the single-cell level,
we used the pHluorin2 reporter (42). The emission of this constitu-
tively expressed GFP-based probe is pH-dependent when excited at
470 nm and pH-independent when excited at 420 nm, and can hence
be used as a ratiometric tool to measure intracellular pH (for more
details and calibration curves of pHluorin2, see the Supplementary
Materials) (42). In untreated MOPS-glucose condition, the fluores-
cence ratio (470/420 nm) of the wild-type and AtisB-istRI strains
was similar (0.395 + 0.026 and 0.390 + 0.037 for wild-type and
AtisB-istR1, respectively) (Fig. 4C). After 2 hours of OFX treatment,
the fluorescence ratio increased in the wild-type cells and remained
stable for the remaining time of treatment, indicating a drop of intra-
cellular pH (0.417 + 0.0376 and 0.384 + 0.033 for wild-type and
AtisB-istR1, respectively). AtisB-istR1 cells exhibited a stable fluores-
cence ratio during the treatment highlighting that these cells are ca-
pable of maintaining their ApH (0.412 + 0.034 and 0.379 = 0.042 for
wild-type and AtisB-istR1, respectively) (Fig. 4C and fig. S4, C and
D). As observed for cytoplasmic condensation, the timing of intra-
cellular pH decrease in the wild-type strain varies from cell to cell
(fig. S4D) and is concomitant with the detection of cytoplasmic con-
densation (Fig. 4D, green symbols). To determine whether the mod-
est cytoplasm acidification observed in OFX-treated wild-type cells is
an active mechanism or rather an equilibration of protons from the
slightly more acidic external MOPS to the cytosol (measured pH of
MOPS 0.4% glucose is 7.3, intracellular pH is between 7.4 and 7.8)
(41), wild-type cells were grown and OFX-treated in MOPS medium
adjusted to pH 6.5 and 8.5, respectively. The fluorescence ratio of the
AtisB-istR1 cells remained constant throughout the OFX treatment
at both pH 6.5 and 8.5, similar to what we observed for the experi-
ment performed in MOPS glucose at pH 7.3 (Fig. 4C and fig. 54, E
and F). This is in stark contrast to the wild-type cells, in which a de-
crease or an increase of intracellular pH is observed 4 hours after
OFX addition in medium adjusted to pH 6.5 or 8.5, respectively
(fig. S4, E and F). This suggests that ApH is not maintained in OFX-
treated wild-type cells. Furthermore, the intracellular pH changes of
wild-type cells treated in acidic or alkaline conditions could be linked
to the detection of cytoplasmic condensation (Fig. 4D). Together,
these data indicate that TisB expression impedes the electrical poten-
tial (AW) as well as the proton gradient (ApH) established across the
inner membrane, both effects contributing to PMF dissipation upon
OFX treatment.

A pkatG::gfp transcriptional reporter is not induced by OFX
due to inhibition of transcription

Several indications that pointed toward TisB being responsible for
ROS accumulation have been obtained earlier by the Berghoff group
using the fluorogenic dye 2’,7’-dichlorodihydrofluorescein diacetate
(H,DCFDA) which is oxidized by various ROS to generate the fluo-
rescent dichlorofluorescein (DCF) (43). We first thought to probe
ROS accumulation using a classical transcriptional fusion between
the promoter of the katG gene and the GFP-encoding gene (pkatG-
&fPmut2) (44). The katG gene of E. coli is part of the OxyR regulon
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and encodes a bifunctional enzyme displaying both catalase and
peroxidase activity (45, 46). pkatG-gfpu> expression was activated
by exogenous addition of H,O; in a dose-dependent manner (from
10 pM H,0;) showing that the pkatG-gfpyu reporter monitors
oxidative stress (fig. S5A). OFX treatment for 3 hours did not lead to
the activation of the pkatG-gfpuu> reporter in the wild-type strain
(fig. S5B). As it was reported that fluoroquinolones inhibit tran-
scription (47), we reasoned that the lack of pkatG-gfp . induction
in OFX-treated cells might be due to the inability to sustain active
gene expression. We therefore monitored the ability of the wild-type
strain to incorporate radioactive [*H]-uridine and [**S]-methionine
during OFX treatment. Both [*H]-uridine and [**S]-methionine in-
corporation were inhibited by OFX addition. RNA synthesis was
rapidly shut down by OFX, with 95% inhibition observed after
30 min of treatment, in both the wild-type and AtisB-istR1 strains
(fig. S5C). Protein synthesis was less affected, although translation
efficiency decreased to ~50% after 30 min in the presence of OFX
and as much as 75% after 5 hours of treatment (fig. S5D). The AtisB-
istR1 mutant exhibited transcription and translation shutdown sim-
ilar to those seen in the wild-type strain, although protein synthesis
was reproducibly less affected between 90 and 180 min of OFX
treatment as compared to the wild-type strain. Whether this reflects
some TisB-dependent regulation remains to be tested. Together,
these data indicate that the transcriptional pkatG-gfpmus> reporter
might not be suitable for ROS detection in our conditions and con-
firm that OFX inhibits gene expression.

TisB-mediated cytoplasmic condensation is associated with
ROS accumulation

To circumvent the effect of OFX on gene expression, we implement-
ed the HyPer-3 biosensor, which consists of a circularly permutated
YFP integrated into the H,O,-sensing domain of the E. coli tran-
scription factor OxyR (48). HyPer-3 is constitutively expressed and
reports H,O, within seconds (48). As a control, an H,O,-insensitive
version of HyPer-3 was constructed by mutationally replacing cyste-
ine-208 with alanine to prevent intramolecular disulfide-bond for-
mation (HyPer-3 C208A) (for more details and calibration curves of
HyPer-3 and HyPer-3 C208A, see the Supplementary Materials).
The mutant was also convenient as it was pH-sensitive and allowed
us to support the pHluorin2 data. Before OFX addition, the fluores-
cence ratio (500/420 nm) of the HyPer-3 and HyPer-3 C208A re-
porters was comparable in the wild-type and the AtisB-istR1 strains
(0.850 = 0.012 and 0.863 + 0.029 for HyPer-3 and HyPer-3 C208A
in wild-type, respectively and 0.746 + 0.249 and 0.751 + 0.022 for
HyPer-3 and HyPer-3 C208A in AtisB-istR1, respectively) (Fig. 5A
and movie S3). After 120 min in the presence of OFX, the fluores-
cence ratio of the HyPer-3 reporter in the wild-type cells continu-
ously increased, reflecting an increase of intracellular H,O,. On the
other hand, wild-type cells expressing the HyPer-3 C208A mani-
fested a drop in the fluorescence ratio 120 min after the addition of
OFX, confirming the drop of intracellular pH observed with the
pHluorin2 reporter (Fig. 5A). The fluorescence ratio of the HyPer-3
and HyPer-3 C208A reporters in the AtisB-istRI strain remained
stable for the first 120 min after addition of OFX and decreased for
the remaining duration of the treatment (Fig. 5A). On the basis of
the pHluorin2 data (Fig. 4C), it is unlikely that this reflects a drop of
intracellular pH. Whether this observation illustrates some specific
physiological changes remains to be investigated. From this experi-
ment, we conclude that TisB is required for HO, accumulation and
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Fig. 5. TisB-dependent cytoplasmic condensation leads to delayed H,0,accumulation. Cells were grown in the microfluidic device for 60 min followed by perfusion
with a medium containing OFX for 360 min. Image acquisition was performed every 5 min. Results are representative of three biological replicates. (A) Fluorescence ratio
(500/420 nm) of individual WT (left) and AtisB-istR1 cells (right) containing the HyPer-3 or HyPer-3 C208A reporter. Between 206 and 1449 cells were analyzed for each
sample. Data points are the mean of individual replicate (symbol), median (solid line) + quartiles (dashed line). Multiple comparison Kruskal-Wallis was used to determine
significance based on replicates (FDR-adjusted ns P> 0.05 and *P < 0.05). (B) Fluorescence ratio (500/420 nm) of individual WT cells containing the HyPer-3 (orange, 91
cells) or HyPer-3 C208A (blue, 59 cells) reporter normalized by the time of CC detection. The gray area represents the timing of CC formation.

intracellular pH changes observed in the wild-type cells during the
OFX treatment. When monitoring the fluorescence ratio of HyPer-3
and HyPer-3 C208A during an OFX treatment in individual wild-
type cells, the fluorescence ratio of both reporters dropped simulta-
neously with the detection of cytoplasmic condensation, again
highlighting the link between cytoplasmic condensation and loss of
pH homeostasis (Figs. 4D and 5B and fig. S6A). While the fluores-
cence ratio of the HyPer-3 C208A did not change after the appear-
ance of cytoplasmic condensation, the fluorescence ratio of the
HyPer-3 reporter continuously increased up to 90 min after the for-
mation of cytoplasmic condensation, indicating that H,O; is steadi-
ly generated after cytoplasmic condensation (Fig. 5C and fig. S6A).
We confirmed these results using the ROS-sensitive H,DCFDA dye.
Only cytoplasmic condensed wild-type cells became DCEF-stained
(fig. S6, B and C), while most of the AtisB-istR1 cells were not
stained by DCF after exposure to OFX (1.9 + 1.13% of DCF-stained
AtisB-istR1 cells after 360 min of OFX) (fig. S5C). Together, these
results suggest that H,O, accumulation is dependent on TisB-
mediated cytoplasmic condensation and that it occurs later during
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OEFX treatment (10). ROS have previously been shown to be a com-
mon mechanism of bactericidal antibiotics (4-9). When monitoring
the fluorescence ratio of HyPer-3 reporter in a wild-type strain dur-
ing a Kan treatment, we detected H,O, accumulation 120 min after
the onset of the treatment (fig. S6, D and E). Kan-induced H,O, was
however independent of TisB as the AtisB-istRI mutant exhibits
similar ROS accumulation as to what we observed in the wild-type
strain (fig. S6, D and E), highlighting that the underlying molecular
mechanisms of ROS formation are fundamentally different between
an OFX and Kan treatment.

Ofloxacin-mediated TisB downstream effects are associated
with neither cell envelope damage nor lethality

It was previously proposed that cytoplasmic condensation and ROS
are markers of cell death induced by bactericidal antibiotics such as
aminoglycosides and fluoroquinolones (2, 10, 49). If this were the
case under our conditions, then we would expect to observe a high-
er survival rate for the AtisB-istR1 mutant compared to the wild-
type strain. Both strains exhibited similar growth (fig. S7A) and
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OFX MIC (0.06 pg/ml). The time-kill curve obtained for the AtisB-
istR1 mutant treated with OFX for 6 hours showed a classical bipha-
sic shape which superimposes with that of the wild-type strain
(Fig. 6A). This indicates that the killing of neither susceptible cells
nor persister cells is affected by tisB expression, consistent with our
previous observation (16). Longer treatment time did not reveal any
difference in survival between the wild-type and the AtisB-istR1I
strains (fig. S7B). We also monitored propidium iodide (PI) staining
in the wild-type and AtisB-istR1 strains. We observed that less than
5% of the cells were PI-stained in both strains during the OFX treat-
ment (Fig. 6B), which is comparable to previous data obtained with
the wild-type strain treated with ciprofloxacin at 10-fold the MIC
(50). Together, these data show that TisB-mediated phenotypes do
not obviously contribute to OFX-mediated cell death and are con-
sistent with the conclusion that DNA gyrase corruption is sufficient
to lead to lethality. DNA gyrase cycling on DNA and poisoned by
(fluoro)quinolones constitute roadblocks that physically prevent the
progression of replication and transcription forks (47, 51-55). We
therefore tested the kinetics of DNA replication inhibition caused by
OFX in both strains. As we observed for [*H]-uridine incorpora-
tion, when cells were treated with OFX, the incorporation of [*H]-
thymidine was inhibited at the same rate and to a comparable extent
in the wild-type and AtisB-istR1 strains, further pointing to replica-
tion blockage by OFX-stalled DNA gyrase complexes as the major
contributor of ofloxacin lethality (fig. S7C).

DISCUSSION

Bactericidal antibiotics targeting different cellular processes have
been proposed to trigger common metabolic perturbations as a con-
sequence of their interactions with their primary targets (6, 10). De-
spite years of debate and experiments, several questions remain
regarding the nature of these downstream events and the underlying
molecular determinant(s), as well as their precise contribution to
antibiotic lethality. Also conceptually, one would predict that antibi-
otics from different classes (i.e., targeting unrelated cellular process-
es) would generate at least partially differentiated and specific
downstream effects. In this work, we set up a workflow allowing us
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to determine the sequential appearance of cellular phenotypes trig-
gered by antibiotics at the single-cell level using a combination of
chemical dyes and genetically encoded reporters. We observed mul-
tiple downstream effects that arise during treatment with high doses
of OFX and identified the SOS-regulated TisB protein as the unique
molecular determinant underlying these phenotypes. While a Kan
treatment results in similar phenotypes as observed during the OFX
treatment, secondary effects induced under these conditions are
independent of TisB, highlighting that downstream consequences
following bactericidal antibiotics are specific to certain classes of
antibiotics.

A single molecular determinant for multiple OFX-induced
downstream events

Since OFX induces the SOS system, the parsimonious hypothesis was
that genes controlled by this response might be responsible for down-
stream events. We identified the SOS-regulated TisB protein as the
unique molecular determinant of cytoplasmic condensation, PMF dis-
sipation, and H,0O, accumulation following DNA gyrase corruption.
Previous studies reported that TisB inserts in the E. coli inner membrane
(28, 30, 31, 43) and provokes depolarization and superoxide generation
(28, 30, 31, 43). In vitro data and molecular dynamics simulations pro-
posed that TisB assembles in the inner membrane as a dimer or tetra-
mer and might form a narrow anionic pore that allows the leakage of
small molecules (28, 29, 56, 57). We observed that tisB induction by
OFX leads to cytoplasmic condensation, which is characterized by an
increase in intracellular concentration, most likely due to the loss of wa-
ter from the cytoplasm to the periplasm. In cells undergoing cytoplas-
mic condensation, we detected concomitant loss of Ay and ApH,
resulting in immediate PMF collapse. Recent studies showed that cipro-
floxacin, a related fluoroquinolone, causes loss of intracellular potassi-
um jons simultaneously with DiBACy(3) staining (10, 58). Potassium
ions are involved in both establishing the Ay component of PMF and
generating turgor pressure. It is therefore tempting to speculate that TisB
is responsible for a controlled loss of potassium. In the case of plasmoly-
sis induced by an osmotic shock, which is unrelated to tisB expression,
cells respond rapidly to equilibrate the internal turgor pressure by im-
porting ions such as potassium and synthesizing solutes, allowing them
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Fig. 6. Cytoplasmic condensation is not implicated in OFX-mediated lethality. Cells were grown to an ODggonm ~ 0.3 and treated with OFX. Results are representative
of three biological replicates. Data points are means + SD. (A) Time-kill curve of WT and AtisB-istR1 strains. Culture samples were diluted and plated on LB agar plates.
(B) Quantification of propidium iodide (Pl)-stained WT and AtisB-istR1 cells. At indicated times, culture samples were incubated with Pl for 15 min, spotted on agarose
pads, and imaged. Isopropanol (70%) was used as positive control. Syto9 was used as a counterstain. Between 338 and 5830 cells were analyzed for each sample.
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to return to homeostasis (59). In contrast, TisB-dependent cytoplasmic
condensation remained stable for the entire duration of the treatment.
This is probably due to the concomitant loss of Ay and ApH, most like-
ly preventing any membrane-related metabolic activity that would allow
a return to homeostasis. While cytoplasmic condensation and PMF col-
lapse occur simultaneously, we observed that H,O, accumulates at the
later time of OFX treatment in a TisB-dependent manner. It was pro-
posed that bactericidal antibiotics, notably the fluoroquinolone norflox-
acin, increase respiration and thereby NADH consumption and electron
flux through the electron transport chain which ultimately generate le-
thal doses of hydroxyl radicals via Fenton chemistry (5). However, stud-
ies from the 1970s reported that ultraviolet irradiation (which induces
DNA damage and the SOS response) causes respiration cessation within
an hour after irradiation (60, 61), and subsequently, there have been sev-
eral reports indicating that O, consumption decreases with time during
treatment with fluoroquinolones, indicative of respiration reduction
(58, 62). The antibiotic-mediated accumulation of ROS has also been
questioned because of findings showing that the expression of scavenger
enzymes was not induced by bactericidal antibiotics and survival of the
corresponding mutants was not affected under the same conditions (62,
63). Using the HyPer-3 reporter, we were able to detect TisB-dependent
H,0, accumulation subsequently to cytoplasmic condensation and
PMEF dissipation. We further confirmed these data using the H;DCFDA
chemical dye that detects ROS-dependent oxidation (64). Moreover, as
OFX rapidly leads to an arrest of transcription, cells are unable to mount
an oxidative stress response at the time of ROS accumulation, poten-
tially explaining the lack of oxidative scavenging agents following high
fluoroquinolone treatment. The origins of TisB-dependent H,O, re-
main unclear. O,_ and H,0, are thought to be produced primarily by
accidental autooxidation of non-respiratory flavoproteins with a minor
fraction originating from the respiratory chain (65, 66). The rate of en-
dogenous H,O, production in the cytoplasm in oxic conditions is esti-
mated at ~10 to 15 pM/s, and accumulation is continuously dampened
by scavenging enzymes (65). On the basis of our results, we speculate
that the observed H,O, accumulation in the wild-type strain is not the
result of increased H,O, production but seems rather due to problems
in H,O, scavenging possibly because cytoplasmic condensation could
lead to an efflux of cofactors needed for basal H,O, scavenging enzymes
to maintain their activity.

The role of TisB in antibiotic cell death

Having identified the molecular determinant responsible for OFX-
induced downstream effects, we were able to assess their contribution
to antibiotic lethality. Our data showed that the survival of the AtisB-
istR1 mutant at the high dose of OFX is similar to that of the wild-
type strain, indicating that the metabolic perturbations resulting
from DNA gyrase poisoning by OFX do not enhance antibiotic le-
thality. This is in agreement with the observation that cells with high-
ROS and low-ROS levels generated during treatment at low doses of
norfloxacin showed similar viability (64). Consequently, primary tar-
get poisoning appears to be the major contributor to OFX-mediated
lethality. It is well known that quinolones and fluoroquinolones in-
duce DNA fragmentation (52, 67, 68). DNA damage is extremely
toxic and one non-repaired double-strand break per chromosome is
sufficient to induce cell death (69). Therefore, we propose that cells
are ultimately killed by OFX-induced DNA damage, without the in-
tervention of ROS. Following OFX treatment, TisB-dependent cells
with condensed cytoplasm were not stained by PI, suggesting
that this phenotype is not a consequence of membrane damage. We
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cannot exclude that TisB-independent cytoplasmic condensation in-
duced by Kan reflects some inner membrane defects, as aminoglyco-
sides are known to promote amino acid misincorporation into
nascent proteins resulting in misfolded proteins that can accumulate
in the inner membrane. However, in our experiments, only 5 to 10%
of cells treated with Kan showed cytoplasmic condensation, indicat-
ing that this phenotype is not likely to be a marker for cell death.
Moreover, both wild-type and AtisB-istR1 cells accumulate H,O,
during treatment with Kan, showing that the pathways leading to
ROS accumulation are specific to each antibiotic.

Several studies highlighted positive effects associated with TisB-
dependent downstream metabolic perturbations and it was recently
suggested that induction of TisB could stabilize the persister state
over long-term fluoroquinolone treatment (70). However, under the
conditions tested here, we were unable to detect any difference in
survival between the wild-type and the tisB-istR1 strains over a
24-hour period of treatment. In another study, the group of Matic
showed that TisB-dependent membrane depolarization induced by
a trimethoprim treatment is detrimental as cells could not be res-
cued by the pyrimidine salvage pathway. Yet, this condition proved
to be beneficial by preventing the import of toxic compounds, such
as aminoglycosides and colicin M that require active PMF for im-
port. The wild-type strain outcompeted the AtisB-istRI mutant dur-
ing intestine colonization in mice, potentially limiting the uptake of
toxic components produced by competing gut microbes (35). Last,
several antibiotics belonging to different classes were shown to cause
a decrease in intracellular pH (71-73). Here, we showed that OFX
does not lead per se to cytoplasm acidification but rather to the loss
of control of ApH as proposed for the quinolone nalidixic acid (71).
Intracellular pH has been shown to modulate the SOS response by
modifying the activity of the SOS master regulators LexA and RecA
(11, 74-76). Depending on the environmental conditions, TisB-
dependent loss of ApH might influence the dynamics of the SOS
response. Moreover, intracellular pH acidification was shown to oc-
cur during thymineless death before ROS accumulation and con-
tribute to cell death (77). Whether this phenotype is TisB-dependent
remains to be tested.

Together, our data indicate that TisB “freezes” any membrane-
related metabolic activity needed to maintain homeostasis. As a
consequence, downstream metabolic modifications including loss
of PME intracellular pH acidification, and H,O, accumulation
are observed. However, in the conditions tested here, corruption of
DNA gyrase leading to inhibition of replication and transcription is
sufficient to cause lethality.

Limitations of this study

The TisB protein appears to have been acquired recently in evolu-
tion as it is mostly limited to the recent Enterobacter-Escherichia
clade of the Enterobacterales (35). Therefore, it is plausible that func-
tional analogs might play similar roles in bacterial species devoid of
tisB. As an example, the small DinQ protein shares common fea-
tures with TisB: Its expression is SOS-regulated and its activity mod-
ulates membrane-related processes (43, 78).

Our experiments were performed with OFX at a high dose in con-
trolled conditions. We cannot exclude that the TisB-dependent down-
stream effects confer a selective advantage at lower doses of OFX. For
instance, ROS induced by a low dose of ciprofloxacin were shown to
generate mutable “gambler” subpopulations which may promote adapt-
ability (79, 80). Also, whether other bactericidal antibiotics targeting
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different cellular processes exhibit similar downstream effects in vitro
and how they contribute to lethality remains to be investigated. Last, in
an infectious context, pathogenic bacteria encounter a variety of niches
that might alter their physiology. Testing bacterial responses to antibiot-
ics in an in vivo context might inform on potential means to boost the
efficiency of our current antibiotic arsenal.

MATERIALS AND METHODS

Bacterial strains and plasmids

The strains used in experiments are all derivatives of the E. coli MG1655
laboratory strain (81). Strains, plasmids, and primers used in this
study are listed in tables S1, S2, and S3, respectively. Chromosomal
gene loci were transferred by phage P1 transduction to generate the
final strains. When multiple insertions of modified genes were re-
quired, the antibiotic resistance gene markers were removed using
site-specific recombination induced by expression of the FLP re-
combinase from pCP20 (82).

Deletion of the tisB-istR1 locus

The tisB-istR1 locus was deleted and replaced by the Kan resistance
gene in MG1655 using the pKD4 plasmid as template DNA for am-
plification of the Kan resistance cassette using the P1 and P2 primers
(table S3) as previously described (82). The deletion was transduced
into the final strain by P1 phage transduction and confirmed by
polymerase chain reaction (PCR) with primers P3 and P4 (table S3).
The Kan resistance cassette was removed using the pCP20 thermo-
sensitive plasmid encoding the FLP recombinase as described (82).

Construction of the plasmids expressing the tisB-istR1 locus
or the tisB gene

The tisB-istR1 locus or the tisB gene were PCR-amplified using the P11
and P12 and P10 and P11 primers (table S3), respectively, using the ge-
nomic DNA of MG1655 as a template. The single-copy pNF02-EV plas-
mid was constructed by PCR amplification using P5 and P6 to remove
the proDp-mScarlet-I fragment. The PCR product was phosphorylated
by T4 polynucleotide kinase circularized by T4 ligase, and Dpnl endo-
nuclease was used to remove the template DNA. The final construct was
confirmed by sequencing. The pNF02-EV was PCR-amplified using the
P5 and P6 primers. The Gibson method was used to assemble the frag-
ments containing the tisB-istR1 locus or the tisB gene using P8 and P9
and P7 and P9 primers, respectively (table S3). Final constructs were
confirmed by sequencing using P13 and P14 primers (table S3).

Optimization and construction of the HyPer-3, HyPer-3
C208A, and pHluorin2 reporters

For HyPer-3, the original HyPer-3 sequence (48) was codon-optimized
for E. coli (synthetic fragment Mlul-34b-6His-HyPer-3-N1-ApalLl;
table S4). The synthetic fragment was cloned in a pBeloBAC11 plasmid
derivative (NEB, GenBank Accession # U51113). In the final construct,
the optimized Hyper-3 sequence was cloned downstream of a control
region including the strong proDp synthetic promoter (83) and the ri-
bosome binding site sequence BBa_0034 (synthetic fragment Mlul-
proDp-RBS0034b-Nhel; table S4). For HyPer-3 C208A, the mutated
HyPer-3 version containing a cysteine-208 to alanine substitution
(HyPer-3 C208A) was constructed by PCR using the HyPer-3 plasmid
as a template, and the P15 and P16 primers (table S3). After amplifica-
tion, the PCR product was phosphorylated by T4 polynucleotide ki-
nase and circularized by T4 ligase, and Dpnl endonuclease was used to
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remove the template DNA. For pHluorin2, the original pHluorin2 se-
quence was codon-optimized for E. coli (synthetic fragment Xbal-
34b-pHluorin2-N3-Notl; table S4) and subcloned in the pET28
plasmid (Novagen). The Xbal-34b-pHluorin2-N3-Notl fragment was
amplified by PCR using primers P17 and P18 (table S3) and cloned in
apBeloBACI1 plasmid derivative. In the final construct, the optimized
pHluorin2 sequence was cloned downstream of a control region in-
cluding the proDp synthetic promoter and the ribosome binding site
sequence BBa_0034. All final constructs were confirmed by sequencing.

Medium and growth conditions

For molecular biology experiments, E. coli strains were grown at 37°C
under agitation in Luria Bertani (LB) medium [tryptone (10 g/liter),
yeast extract (5 g/liter), and NaCl (10 g/liter)]. M9 medium was used
for nutrient downshift experiments (27 mM KH,POy, 8.6 mM NaCl,
9 mM Na,HPO,, 18.8 mM NH,CI, 2 mM MgSO,4, and 0.1 mM
CaCly). For all the other experiments, cells were grown overnight (16
to 18 h) in MOPS medium supplemented with 0.4% glucose (84).
Overnight cultures were diluted to an ODggonm 0f 0.01 in MOPS 0.4%
glucose and grown to an ODggonm Of 0.3, except if otherwise indicat-
ed. When appropriate, culture media were supplemented with chlor-
amphenicol (Cm; 25 pg/ml), Kan (50 pg/ml), ampicillin (100 pg/ml),
OFX (5 pg/ml), MMC (20 pg/ml), tetracycline (10 pg/ml), and IPTG
(isopropyl-p-p-thiogalactopyranoside; 250 pM).

Growth curve

Overnight cultures grown in MOPS 0.4% glucose were diluted in
2 ml of fresh medium as described above and placed in clear bottom
24-well plates. Plates were inserted into an automated microplate
reader and the ODgypnm Was measured every 15 min for 24 hours
while being shaken at 140 rpm at 37°C.

Minimal inhibitory concentration

The MIC of OFX and MMC was determined using the agar dilution
method as described (85). Briefly, overnight cultures grown in LB
were adjusted to a cell density of 10" colony-forming units/ml in
sterile phosphate-buffered saline (PBS). Two microliters was spotted
on an LB agar medium containing increasing concentrations of OFX
or MMC. The MIC was determined as the lowest dose at which col-
ony growth was inhibited.

Killing assays

Killing assays were performed as previously described (84). Briefly, cul-
tures were grown as described above and treated with OFX (5 pug/ml) at
an ODggonm 0f 0.3. Samples were withdrawn at indicated times, diluted
in 10 mM MgSOy, and plated on LB agar plates. Survival frequency was
calculated as the ratio of the number of colony-forming units per mil-
liliter at a given time to the number of colony-forming units per milli-
liter at the treatment time.

Excitation spectra and calibration of pHluorin2 and
Hyper-3 reporters
See the Supplementary Materials.

Live-cell microscopy experiments

Time-course experiments

Cultures were grown as described above and treated with OFX
(5 pg/ml), MMC (20 pg/ml), or Kan (50 pg/ml) at an ODggonm 0f 0.3.
Ten microliters of cultures were collected at indicated time points,
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spotted on 1% agarose MOPS 0.4% glucose pads, and imaged by
fluorescence microscopy. For PI staining, cells were collected at in-
dicated time points, washed in NaCl solution (0.85%), and stained
for 15 min using the LIVE/DEAD BacLightTM Bacterial Viability
Kit (Thermo Fisher Scientific). Cells were then washed with the sa-
line solution and transferred on a 1% agarose MOPS 0.4% glucose
pad. For membrane potential assay, DIBAC4(3) (Thermo Fisher Sci-
entific) was dissolved in 100% dimethyl sulfoxide (DMSO). At indi-
cated time points, 1 ml of culture was collected and 1 pl of DiBAC4(3)
(10 pg/ml) was added to the sample, followed by incubation for
15 min in the dark. Cells were then washed and transferred on 1%
agarose MOPS 0.4% glucose pads. Negative control corresponds to
untreated cells and positive control to heat-shocked cells at 72°C for
1 hour. For H,0, detection after OFX treatment using H,DCFDA
(Sigma-Aldrich), H,DCFDA was dissolved in 100% DMSO and, at
indicated time points, 1 ml of cell culture was collected and incu-
bated for 40 min with H,DCFDA (10 pg/ml). Cells were then
washed and transferred on 1% agarose MOPS 0.4% glucose pads.
Time-lapse experiment on agarose pad

Cultures were grown as described above, spotted on 1% agarose MOPS
0.4% glucose pads at ODggonm of 0.3, and imaged using fluorescence
microscopy at indicated time intervals (in minutes per frame). For
time-lapse experiments during OFX treatment, OFX (5 pg/ml) was
directly added to the 1% agarose Mops 0.4% glucose pads. For time-
lapse experiments with the *DsbA-sfGFP fusion, membrane potential
assays, and osmotic shock, 1% agarose MOPS 0.4% glucose pads were
supplemented with 250 pM IPTG and OFX (5 pg/ml), 1 ul of DiBAC4(3)
(10 pg/ml), and OFX (5 pg/ml), or 20% sucrose, respectively.
Time-lapse in a microfluidic chamber

Time-lapse in microfluidic chambers was performed as described pre-
viously (16, 86). Briefly, cells were grown as described above to an ODggo nm
of 0.3. Cells were then diluted in MOPS 0.4% glucose to an ODggonm
0f 0.05 and loaded into a BO4A microfluidic chamber (ONIX, CellASIC)
preheated at 37°C. Nutrient supply was maintained at 6.9 kPa for the du-
ration of time-lapse imaging. For time-lapse in the presence of OFX, cells
were supplied for 1 hour with MOPS 0.4% glucose injected at 6.9 kPa
into the microfluidic chamber followed by the injection of MOPS
0.4% glucose containing OFX (5 pg/ml) at 6.9 kPa for 6 hours. For nu-
trient downshift experiments, cells were grown in LB medium at 37°C
while shaking to an ODggonm of 0.3. Cells were diluted to an ODggnm of
0.01 in LB, loaded into the microfluidic chamber, and perfused for
2 hours with LB. Nutrient downshift was achieved by perfusing cells in
M9 medium for 2 hours followed by perfusion with LB medium.
Image acquisition

Conventional wide-field fluorescence microscopy imaging was carried
out on an AxioObserver inverted microscope (Carl Zeiss, Germany),
equipped with 100%/1.45 oil Plan Apo Lambda phase objective, Orca
FLash4 V2 CMOS camera (Hamamatsu) and a Colibri 7 LED light
source (Carl Zeiss, Germany). Acquisition was performed using ZEN
Blue 3.2 (Carl Zeiss, Germany) with different filters (Carl Zeiss, Germany)
and parameters, depending on the fluorescent reporter or chemical
dye (table S5).

Image analysis

Opening and visualization of original microscopy images were per-
formed using the open-source Image]/Fiji [https:/fiji.sc/; (87)] soft-
ware. For quantitative image analysis, the open-source Image]/Fiji
software was used together with the free Microbe] plugin [www.
microbej.com; (88)]. Analysis of cell size and cell surface during
time-course experiments was performed by automated detection of
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cells based on the segmentation of phase contrast images. Cell outlines
were corrected, if necessary, by using the manual editing interface of the
Fiji Microbe] plugin. Demographs and kymographs of HU-mCherry
and periplasmic *DsbA-sfGFP fluorescence distributions were generated
automatically using Microbe]. Quantification of cell area and length and
fluorescence intensity was performed using Microbe] and plotted with
GraphPad Prism.

Calibration and H,0, detection by the katG reporter
Calibration

MG1655 containing the pkatG-gfpmu> plasmid (44) cultures were
grown to an ODggpm of 0.3 and diluted 10-fold in MOPS 0.4% glu-
cose containing 0, 5, 10, 20, 50, 100, or 150 pM H,0,. After 30-min
incubation, fluorescence was measured by flow cytometry. Samples
were diluted in PBS to an ODggonm 0f 0.01 and processed by Attune
NXT flow cytometer (Thermo Fisher Scientific) at a flow rate of
12.5 pl/min. In each experiment, 50,000 events were analyzed with a
blue laser (488 nm) for forward and side-scatter (FSC-H and SSC-H,
respectively) and a 530/30 emission filter for GFP. Doublets were
gated out on the basis of the area-to-height ratio of their side-scatter
pulses. Photomultiplier tube gain was adjusted to obtain background
median values of ~10° arbitrary units (A.U.).

katG reporter during OFX treatment

MG1655 containing the pkatG-gfpmue> plasmid (44) was grown as
described above to an ODggonm 0f 0.3 and treated with OFX (5 pg/ml).
Thirty minutes before the indicated times, samples were collected
and GFP fluorescence was measured via flow cytometry as de-
scribed above.

In vivo replication, transcription, and translation assays

Cells were grown as described above and treated with OFX (5 pg/ml) at
an ODggonm of 0.3. One milliliter of culture samples was collected at
indicated time points and incubated with [3H]-thymidine (1 pCi/ml),
[*H]-uridine (1 pCi/ml), or [3°S]-methionine (3 pCi/ml; PerkinElmer)
for 5 min. Untreated samples were collected before the addition of
OFX. Samples were precipitated overnight at 4°C with 5 ml of cold 10%
trichloroacetic acid (TCA). The next day, samples were filtered on 0.45-pm
nitrocellulose and washed with 15 ml of 10% TCA. Filter-retained
material was counted in 10 ml of scintillation liquid (Ecoscint H, Na-
tional Diagnostics, LS-275) in a liquid scintillation counter (Beckman
LS 6500). The integration time per read was 2 min. Background signals
from cells without radioactivity were subtracted. The incorporation
rate is the ratio of the CPM counted at each time point to the corre-
sponding zero time. Controls for DNA, RNA, and protein synthesis
arrest consist of cultures treated with MMC (10 pg/ml), rifampicin
(100 pg/ml), and Cm (30 pg/ml), respectively.
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