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Downstream metabolic events can contribute to the lethality of
drugs or agents that interact with a primary cellular target. In
bacteria, the production of reactive oxygen species (ROS) has been
associated with the lethal effects of a variety of stresses including
bactericidal antibiotics, but the relative contribution of this oxida-
tive component to cell death depends on a variety of factors. Ex-
perimental evidence has suggested that unresolvable DNA problems
caused by incorporation of oxidized nucleotides into nascent DNA
followed by incomplete base excision repair contribute to the ROS-
dependent component of antibiotic lethality. Expression of the
chimeric periplasmic-cytoplasmic MalE-LacZ72–47 protein is an histor-
ically important lethal stress originally identified during seminal
genetic experiments that defined the SecY-dependent protein trans-
location system. Multiple, independent lines of evidence presented
here indicate that the predominant mechanism for MalE-LacZ le-
thality shares attributes with the ROS-dependent component of
antibiotic lethality. MalE-LacZ lethality requires molecular oxygen,
and its expression induces ROS production. The increased suscepti-
bility of mutants sensitive to oxidative stress to MalE-LacZ lethality
indicates that ROS contribute causally to cell death rather than
simply being produced by dying cells. Observations that support
the proposed mechanism of cell death include MalE-LacZ expres-
sion being bacteriostatic rather than bactericidal in cells that over-
express MutT, a nucleotide sanitizer that hydrolyzes 8-oxo-dGTP to
the monophosphate, or that lack MutM and MutY, DNA glycosy-
lases that process base pairs involving 8-oxo-dGTP. Our studies
suggest stress-induced physiological changes that favor this mode
of ROS-dependent death.

cell death | ROS | antibiotics | MalE-LacZ | protein translocation

Agents or conditions that inhibit important biological pro-
cesses can kill cells. However, physiological processes met-

abolically downstream of the initial inhibition can also contribute
to cell death (1). For example, β-lactam antibiotics not only in-
hibit penicillin-binding proteins leading to lysis; they also induce
a futile cycle of cell wall synthesis and degradation that con-
tributes to their killing (2). In another example, lethal attacks on
Escherichia coli mediated by the type VI secretion system P1vir
phage and the antimicrobial peptide polymyxin B elicit the
production of reactive oxygen species (ROS) that contribute to
cell death (3). In bacteria, ROS production has been associated
with the lethal effects of diverse stresses (4). In most cases, the
detailed mechanisms responsible for ROS production are poorly
understood; however, a variety of futile metabolic cycles can
elicit H2O2 production, illustrating the breadth of possible
metabolic perturbations that could potentially induce oxidative
stress (5).
Despite widespread evidence that endogenous ROS produced

as a consequence of metabolic stress can be lethal to bacteria and

eukaryotes, the application of this concept to antibiotic lethality
has been complicated. Evidence from multiple investigators us-
ing a variety of antibiotics to study different bacteria indicated
that ROS generated metabolically downstream of the interaction
of the antibiotics with their primary cellular targets contribute to
drug lethality (1, 6, 7). This conclusion was challenged by cri-
tiques (8, 9) that focused particularly on an earlier paper that
had carried out a systems-level analysis of the lethality of mul-
tiple classes of bactericidal antibiotics and proposed a model to
account for the experimental observations (10). Substantial new
evidence has subsequently been published that addresses con-
cerns that were raised and strongly supports a contributing role
for ROS in antibiotic lethality (11, 12). Recent reviews have
discussed how the apparently contradictory results can be
explained in part by the specifics of the experimental setup and
the technical details of the assays used (1, 6, 7).
Notably, the challenges to the involvement of ROS in antibi-

otic lethality (8, 9, 13) did not consider the implications of prior
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genetic and physiological evidence that oxidized nucleotides,
especially 8-oxo-dGTP, contribute to cell death by bacterial an-
tibiotics (14). Superoxide (O2

−) and hydrogen peroxide (H2O2)
have only limited abilities to react with cellular constituents (15, 16).
The oxidation of nucleotides and nucleic acids instead requires
the highly reactive hydroxyl radicals and intermediates produced
when H2O2 undergoes Fenton chemistry, collectively referred to
as “Fenton oxidants” (17). It is the amount and target of Fenton
oxidants that are relevant for antibiotic lethality, not the intra-
cellular levels of endogenously produced O2

− or H2O2. These and
other results suggest that the incorporation of oxidized nucleotides
into nascent DNA followed by incomplete base excision repair
(BER) is an important molecular mechanism that contributes to
the ROS-dependent component of antibiotic lethality (11, 12, 14,
18). To date, no alternative interpretation has been suggested for
this body of experimental observations.
Since a mode of cell death involving nucleotide oxidation is

common to three different classes of bactericidal antibiotics
(β-lactams, quinolones, and aminoglycosides), it is plausible that
other types of cellular stress induce death by a similar mecha-
nism. We analyzed an historically important lethal stress origi-
nally identified by Jon Beckwith and his colleagues during their
seminal genetic experiments that defined the highly conserved
SecY-dependent protein translocation system (19). We show the
lethality caused by the expression of a chimeric MalE-LacZ
protein consisting of the NH2-terminal sequences of MalE
(periplasmic maltose-binding protein) joined to a modestly NH2-
terminally truncated LacZ (β-galactosidase) (20) shares attrib-
utes with the oxidative component of antibiotic lethality. Our
analyses suggest additional physiological parameters that are
important for this mode of cell death besides the levels of ROS.
The induced changes in gene expression suggest that exposing
bacteria to H2O2 does not fully recapitulate the intracellular
environment caused by antibiotics and other stresses in which
this mode of DNA-based oxidative cell death occurs, thereby
helping explain some of the past confusion regarding the role of
ROS-dependent death in antibiotic lethality.

Results
Induction of the MalE-LacZ Hybrid Protein Kills Cells but Does Not
Elicit SecY Degradation. The MalE-LacZ72–47 fusion protein enco-
ded by strain PB72-47/MM18 (21) (Table S1), hereafter referred to
as “MalE-LacZ,” was isolated using a bacteriophage Mu-based ge-
netic strategy (21). The hybrid protein consists of the first N-terminal
212 amino acids of MalE (53.5% of MalE), followed by a short
linker of 11 amino acids derived from Mu, followed by an
N-terminally truncated LacZ missing its first 41 amino acids (Fig.
1A). As previously reported (21), induction of the MalE-LacZ
fusion by maltose addition to minimal-glycerol medium results
in cell killing that begins ≈2 h later (Fig. S1A). Continued in-
cubation of the culture eventually results in resumed cell growth
(21) due to the accumulation of variants that have lost the λ
transducing phage or have accumulated suppressor mutations.
Induction of a LamB-LacZ fusion protein elicits an FtsH-
dependent degradation of SecY proposed to contribute to its le-
thality (22), but induction of MalE-LacZ does not (Fig. S1B),
suggesting a different mechanism underlies its lethality.

MalE-LacZ Induction Does Not Cause Death Predominantly by Cell
Lysis but Induces soxS. DAPI staining revealed that the elon-
gated cells reported by Bassford et al. (21) upon MalE-LacZ
induction are actually short chains of cells in which DNA par-
titioning and at least partial septum formation appear to have
occurred but the cells have not separated (Fig. S1C). Using a
live-dead stain to examine the timing of cell death after maltose
induction, we observed that although the commitment to cell
death and loss of colony-forming ability was evident at 3 h after
induction, cells did not begin to exhibit substantial staining until
4 h. Importantly, most of the cell death occurred without cell
lysis, suggesting that the lethality resulted from another cause
(Fig. S1 D and E). Expression of the MalE-LacZ fusion protein

jams translocation machinery, so the precursors of normally se-
creted proteins still containing their signal peptides accumulate
after maltose addition, with some forming cytoplasmic aggregates
(23). However, the normal localization of a fraction of trans-
located proteins (23) suggested that some other type of mecha-
nism might be responsible for cell death. Similar to stress caused
by the type VI secretion system, P1vir phage, and polymyxin B (3),
we found that induction of the MalE-LacZ protein increases the
expression of soxS, a marker of oxidative stress (Fig. 1B).

MalE-LacZ Induction Is Not Lethal in Anaerobic Conditions but Leads
to ROS Production in Aerobic Conditions. To test whether oxidative
stress might underlie MalE-LacZ–dependent cell death, we first
compared the effect of maltose addition on cell survival under
aerobic and strict anaerobic conditions. We used LB medium in
these experiments since E. coli cannot grow anaerobically on the
glycerol medium used previously (Fig. S1A) (21). Induction of
MalE-LacZ under anaerobic conditions is bacteriostatic rather
than bactericidal, indicating that molecular oxygen is required
for cell death (Fig. 1 C and D).
Using four independent methods, we then tested whether

expression of MalE-LacZ under aerobic conditions results in
ROS production. First, to directly measure the intracellular
concentration of H2O2 induced by MalE-LacZ, we used the re-
cently described APX system, which uses a cytoplasmic-expressed
variant of ascorbate peroxidase to convert Amplex Red into a
readily detectable fluorescent product in an H2O2-dependent
manner (12). We observed that the intracellular H2O2 levels
increase over time following MalE-LacZ induction (Fig. 2A).
Second, to directly measure the dynamic production of O2

− after
maltose addition, we used a miniaturized cytochrome c-based bio-
sensor that has previously been used to detect the release of O2

−

from cells treated with bactericidal antibiotics (24). Using this
technique, we found that expression of MalE-LacZ results in the
release of O2

− as early as 40 min after induction (Fig. 2B). Third, we
used an ELISA to show that MalE-LacZ induction leads to in-
creased amounts of 8-oxo-guanine (8-oxo-7,8-dihydroguanine) in
DNA (Fig. 2C), a well-established biomarker for oxidative stress
(11) that is relevant to experiments described below. Fourth, we
used two dyes based on different chemistries that have been
widely used for ROS detection in previous studies (3, 12, 25):

Fig. 1. Expression of MalE-LacZ increases expression of an oxidative re-
sponse gene and requires oxygen for killing. (A) MalE-LacZ fusion protein. N
terminus of periplasmic MalE is fused to a truncated but enzymatically active
LacZ by a 19-amino acid linker derived from the bacteriophage Mu. (B) Ex-
pression of MalE-LacZ by the addition of 0.2% maltose increases the ex-
pression of the oxidative response gene soxS as determined by qPCR. (C and
D) The induction of MalE-LacZ expression causes bacterial cell death after 2 h
when grown aerobically in LB medium (C), whereas under strict anaerobic
conditions MalE-LacZ expression is bacteriostatic (D). Data shown represent
the mean ± SD with at least three biological replicates. Significant values are
*P ≤ 0.05; **P ≤ 0.01.
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3′-(p-hydroxyphenyl) fluorescein (HPF) and 5/6-chloromethyl-
2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA),
whose fluorescence has been shown to correlate with O2

− pro-
duction determined by direct measurement (24). For both dyes,
we observed statistically significant increases in fluorescence
compared with controls for maltose-induced autofluorescence
and morphology changes (26, 27) in the absence of a dye (Fig. 2D).
Microscopic images demonstrated this increase in fluorescence
was not a flow cytometry artifact (4) caused by autofluorescence
or altered cell shape (Fig. S2).

Genetic Evidence That Oxidative Stress Plays a Causal Role in Cell
Death Caused by MalE-LacZ Induction. If ROS contribute causally
to cell death, as opposed to simply being generated by dying
cells, then mutants sensitive to oxidative stress should be more
sensitive to killing by MalE-LacZ induction. Consistent with
H2O2 playing a causal role in lethality, we observed that null
mutants lacking either of E. coli’s cytoplasmic catalases, KatE
or KatG, were more sensitive to killing by maltose induction of
the MalE-LacZ hybrid protein (Fig. 3 A and B), as were mu-
tants lacking either subunit of E. coli’s ahpCF-encoded alkyl
hydroperoxidase, which reduces H2O2 to water (Fig. 3 C and
D). Moreover, the addition of exogenous catalase to the growth
medium provided some protection (Fig. 3E). Since the O2

−

released into the medium cannot cross the membrane, and the
exogenous catalase is external, some of the extracellular O2

−

produced upon MalE-LacZ induction may be converted to
H2O2 that then enters the cells and contributes to lethality.
Interestingly, a ΔoxyR mutant did not display increased sensi-
tivity to killing (Fig. 3F). katE, whose deletion causes the
strongest phenotype, is not regulated by OxyR, but katG and
ahpCF are, indicating that basal levels of KatG and AhpCF
play a physiologically significant role in protecting cells against
endogenous H2O2 produced by MalE-LacZ induction. soxR-
and soxS-null mutants exhibited an increased susceptibility to
killing after maltose induction (Fig. 3 G and H), but a sodA
sodB double mutant lacking both cytoplasmic superoxide dis-
mutases was much more resistant to killing (Fig. 3I), which is

similar the result reported for bactericidal antibiotics and has
been attributed to the impaired ability of the strains to convert
O2

− to H2O2 (28).

Genetic Evidence That DNA Problems Related to the Processing of
Incorporated Oxidized Nucleotides Contribute Causally to the
Lethality of MalE-LacZ Induction. Our analyses of the lethality of
DinB overexpression and bactericidal antibiotics led us to pro-
pose that oxidation of nucleotides, particularly those containing
guanine, the most easily oxidized nucleic acid base (29), con-
tributes causally to cell death (14). This model accounts for our
observations that (i) an increased level of the nucleotide sani-
tizer MutT, which hydrolyzes nucleoside triphosphates contain-
ing 8-oxo-dG to their respective monophosphates, reduces killing
(14); (ii) an increased level of the mismatch repair protein MutS
that only modestly affects growth rate reduces killing (12); (iii)
deletion of mutM and mutY, which encode BER enzymes in-
volved in the processing of 8-oxo-dG lesions, reduces killing (14);
and (iv) deletion of recA sensitizes cells to killing (14). The
model suggests that incorporation of 8-oxo-dG into nascent
DNA creates a situation in which incomplete MutM/MutY-
dependent BER generates lethal DNA problems that can be
partially ameliorated by RecA-dependent homologous recom-
bination. We carried out parallel experiments to test whether
this same mechanism might be responsible for MalE-LacZ–
induced cell death.
Strikingly, increasing the expression of MutT resulted in

MalE-LacZ induction being bacteriostatic rather than bacteri-
cidal (Fig. 4A), an observation suggesting that oxidation of dGTP
to its corresponding 8-oxo-guanine derivative contributes to cell
killing, as did increasing MutS expression (Fig. 4B). Together

Fig. 2. MalE-LacZ expression causes the production of ROS. (A) Expression
of MalE-LacZ induces the production of H2O2 detected by the intracellular
enzymatic sensor APX, using Amplex Red fluorescence as an output. (B) In-
duction of MalE-LacZ leads to an increase in amperometric responses of the
cytochrome c superoxide sensor, indicating an increase in the rate of su-
peroxide release. (C) 8-Oxo-dG content of the total DNA determined by an
ELISA-based assay. Expression of MalE-LacZ induces a significant increase in
8-oxo-dG content 1 h after induction, decreasing at later time points.
Cells were treated with 10 mM H2O2 for 60 min as a positive control.
(D) Expression of MalE-LacZ induces ROS detected by two different fluo-
rescent dyes, CM and HPF. A one-way ANOVA was performed to determine
statistical significance against the no-dye autofluorescence control. Data
shown represent the mean ± SD with at least three biological replicates for A
and C, representative data from three independent experiments for B, and
three technical replicates for D. Significant values are *P ≤ 0.05; **P ≤ 0.01;
***P ≤ 0.001.

Fig. 3. ROS contributes causally to MalE-LacZ–induced cell death.
(A–D) Knockouts of the catalases KatE (A) and KatG (B) and either subunit of
the alkyl hydroperoxidase AhpC (C) or AhpF (D) are more sensitive to killing
by MalE-LacZ. (E) Addition of exogenous catalase to the medium provides a
protective effect. (F) Knockout of the major oxidative response sensor, OxyR,
has no effect on killing. (G and H) Knockouts of either component of the
other major oxidative sensor, SoxRS, are sensitive to MalE-LacZ killing. (I) A
double knockout of both cytoplasmic superoxide dismutases sodA and sodB
is insensitive to killing by MalE-LacZ. Black squares are wild type, red are wild
type plus maltose, blue are mutant, and green are mutant plus maltose.
Data shown represent the mean ± SD with at least three biological repli-
cates. Significant values are *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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these two observations suggest that the lethality stems in part
from 8-oxo-dGTP or some other potentially miscoding oxidized
nucleotide being incorporated into nascent DNA in a fashion
that leaves it potentially repairable by mismatch repair, as pre-
viously suggested for mutagenesis induced by subinhibitory levels
of antibiotics (30) and cell killing by higher levels of bactericidal
antibiotics (12). While multicopy suppression is a widely used
technique in microbial genetics, we note that, although cellular
MutT and MutS levels were increased by introducing plasmids
from the ASKA collection (31), we did not add the inducer
isopropyl β-D-1-thiogalactopyranoside (IPTG), thereby avoiding
the concern (4) that induction of extremely high levels of protein
might possibly impair overall bacterial growth and metabolism.
The maltose-induced levels of the MalE-LacZ protein in the
strains carrying the mutT and mutS plasmids were indistin-
guishable from those in the parental strain (Fig. S3A).
Similarly, we found that deleting mutM and mutY also resulted

in MalE-LacZ induction being bacteriostatic rather than bacte-
ricidal (Fig. 4C), an observation suggesting that the action of
these BER DNA glycosylases involved in processing 8-oxo-dG
and oxidized purine lesions contributes causally to cell death by
generating BER intermediates (14). The level of the MalE-LacZ
protein was not affected by loss of mutM or mutY (Fig. S3B).
Deleting the recA gene not only increased sensitivity to killing

by MalE-LacZ induction; loss of colony-forming ability also
could be observed as early as the 1-h time point (Fig. 4D). Loss
of recA has no effect on the levels of the MalE-LacZ protein
(Fig. S3B), but the increased sensitivity to killing could be largely
suppressed by deleting mutM and mutY (Fig. 4E). These obser-
vations suggest that potentially lethal DNA problems involving
strand breaks caused by MutM and MutY incisions at oxidized
nucleotides begin to arise earlier after MalE-LacZ induction
than we had suspected but are initially kept in check by a RecA-
dependent process. A ΔrecB ΔrecF double mutant had a similar
phenotype, suggesting that RecA’s recombinational functions,
rather than its SOS regulatory roles, are important (Fig. 4F).

Time-Resolved Microarray and Network Analysis of the Consequences
of MalE-LacZ Induction. Additional mechanistic insights into the

lethal physiological events triggered by MalE-LacZ induction
were gained by a time-resolved microarray study (SI Materials
and Methods) with qPCR verification of representative genes of
interest (Fig. S4 and Table S2) and Network Component Anal-
ysis (NCA), a method that uses the connectivity from gene-
regulatory networks to infer the activity of transcriptional regu-
lators (SI Materials and Methods and Dataset S1) (32, 33). Many
changes in gene expression were observed, including the rapid
and robust induction of the mal operon as well as the previously
reported (34) robust induction of heat-shock genes (Figs. S5 and
S6). In addition to MalT and RpoH (Fig. 5 A and B), our NCA
analysis detected significant changes in transcriptional activity
for 14 transcription factors out of 131 analyzed (Dataset S2).
Several observations were particularly relevant. First, the ca-

nonical oxidative stress-response factor OxyR (35) did not ex-
hibit statistically significant changes in activity following MalE-
LacZ induction (Fig. 5C), a result consistent with the lack of an
effect of a ΔoxyR mutation on MalE-LacZ–dependent killing.
Second, of enzymes that scavenge ROS, we found transient but
statistically significant induction of only katE and sodB (Fig. 5 D
and E). Third, we observed significant induction at a minimum of
three different time points of three genes, mutM, mutY, and
mutT, whose products are associated with processing of 8-oxo-
guanine and also affect the sensitivity of cells to MalE-LacZ
induction (Fig. 5 F–H). Fourth, NCA did not indicate signifi-
cant LexA activation, but we observed significant induction of
several genes (dinG, mfd, nusA, recF, recJ, and recQ) whose prod-
ucts participate in DNA-repair processes (Fig. S6). Interestingly,
cells overexpressing DinB (14) exhibited changes in gene expression
very similar to changes in cells expressing MalE-LacZ, including
this noncanonical oxidative stress response (Fig. S7A) and in-
duction of mutM, mutY, and other DNA-repair genes (Fig. S7B).

Discussion
The MalE-LacZ periplasmic-cytoplasmic fusion protein is his-
torically important because of its use in the elucidation of SecY-
dependent protein translocation (21). However, our observations
suggest that cell death caused by MalE-LacZ induction does not
result directly from jamming of protein translocation or SecY
degradation. Rather our findings support a model in which
physiological/metabolic stress from MalE-LacZ expression in-
creases the production of low levels of O2

− and H2O2. H2O2 does
not accumulate to high intracellular levels because cellular
conditions favor its participation in Fenton chemistry, resulting

Fig. 4. Cell death due to MalE-LacZ results from attempted BER of oxidative
DNA damage. (A and B) Overexpression of the 8-oxo-dGTP sanitizer MutT
(A) or the mismatch-repair protein MutS (B) protects cells from MalE-LacZ
expression. (C) Double knockout of MutM and MutY DNA glycosylases in-
volved in BER of 8-oxo-dG lesions is resistant to killing by MalE-LacZ. (D) The
ΔrecA strain is more susceptible to killing by MalE-LacZ expression, with cell
death beginning earlier. (E) Extra sensitivity of ΔrecA to MalE-LacZ killing
can be partially suppressed in a ΔmutM ΔmutY background. (F) The ΔrecB
ΔrecF strain is more sensitive to killing by MalE-LacZ. Data shown represent
the mean ± SD with at least three biological replicates. Black squares
are wild type, red are wild type plus maltose, blue are mutant, and
green are mutant plus maltose. Significant values are *P ≤ 0.05; **P ≤ 0.01;
***P ≤ 0.001.

Fig. 5. Time-resolved microarrays reveal lack of induction of the OxyR ox-
idative stress-response regulon but increased expression of oxidized
nucleotide-repair genes. (A and B) NCA shows strong induction of the MalT
maltose regulon (A) and RpoH heat-shock response (B). (C) In contrast, the
OxyR oxidative stress-response regulon is not activated. (D–H) Maltose ad-
dition induces expression of the katE (D) and sodB (E) oxidative stress-
response genes and all three major components of oxidized nucleotide re-
pair, mutM (F), mutY (G), and mutT (H). Black squares are control, red are
maltose-induced. Data shown represent the mean ± SD with three biological
replicates.
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in the oxidization of nucleotides, including 8-oxo-dGTP, which
are subsequently incorporated into DNA. Cellular death does
not result directly from the incorporation of oxidized nucleotides
but rather from lethal DNA problems caused by intermediates of
MutM/MutY-dependent BER. Initially these potentially lethal
DNA problems can be ameliorated by RecA-dependent processes
or by a combination of RecB- and RecF-dependent processes.
Multiple, independent lines of evidence support the physiological
relevance of each element of this model for cell death.
These physiological and mechanistic attributes of the lethality

caused by MalE-LacZ expression are strikingly similar to those
of the oxidative component of antibiotic lethality (1, 6, 7, 12, 14).
In the case of MalE-LacZ, this mode of cell death involving oxi-
dative DNA damage is the dominant cause of the lethality. The
situation is more complicated for antibiotics because they can also
cause cell death by their direct effect on their cellular targets and
associated cellular processes. The relative contribution of this
oxidative component to antibiotic-induced cell death can vary
depending on factors such as the experimental conditions, the
antibiotic, and the metabolic state of the bacterium (1, 6, 12).
Two observations related to the H2O2-inducible OxyR regulon

might appear to be inconsistent with this model: (i) MalE-LacZ
expression does not induce the OxyR regulon, and (ii) an oxyR
mutant does not display increased sensitivity to MalE-LacZ le-
thality. However, these observations can be understood by (i)
recognizing that the amount and targeting of Fenton oxidants
are critical rather than the levels of endogenously produced O2

−

or H2O2, (ii) appreciating that only a small increase in oxidative
damage in DNA can prove lethal, and (iii) considering the
chemical and enzymatic requirements of the DNA-based cellular
death pathway indicated by our experimental observations.
Our observations implicating 8-oxo-dG and potentially other

oxidized nucleotides in cell death imply that Fenton chemistry is
involved in the lethality since neither O2

− nor H2O2 reacts sig-
nificantly with nucleic acids or nucleotides (15, 16, 36). It has
been argued that, since it is implausible for intracellular levels of
endogenously produced H2O2 to rise to lethal levels, stresses
would have to do more than accelerate H2O2 formation (4). One
specific effect that stresses such as MalE-LacZ and antibiotics
could induce that would additionally increase oxidative damage
would be to accelerate the rate of the Fenton reaction, which
would also prevent H2O2 from accumulating to sufficient levels
to induce the OxyR regulon. Fenton oxidation can occur so
rapidly relative to diffusion that H2O2 produced by histone
demethylation introduces 8-oxo-dG lesions into the surrounding
DNA that are then exploited to control local gene expression
(37). Various physiological factors such as pH (38), cysteine
levels (39), and anionic ligands (38) accelerate the Fenton re-
action and could be affected by stresses such as MalE-LacZ and
antibiotics. Interestingly, H2S, the product of cysteine metabo-
lism, protects bacteria from antibiotic killing (40). It is particu-
larly relevant that nucleoside triphosphates and nucleic acids are
anionic ligands that complex with Fe+2 and promote the Fenton
reaction to an extent comparable to EDTA and nitrilotriacetate
(38, 41). Furthermore, the proximity of the nucleic acid base of a
dNTP or NTP to an Fe+2 complexed by its phosphates (42) fa-
vors its reaction with highly reactive Fenton oxidants (11, 16).
Since the diffusion distance for a hydroxyl radical is only one
carbon bond length (43), nucleotides and nucleic acids must be
at higher risk of damage from Fenton oxidants than many other
biomolecules because of their ability to complex Fe+2 and pro-
mote local production of Fenton oxidants.
Bacteria live on a knife’s edge with respect to their ability to

tolerate oxidative stress (4), so that only a small increase in ox-
idative damage in DNA can have mutagenic or lethal conse-
quences. In the case of aerobically grown E. coli, the threat posed
by endogenous ROS is narrowly balanced by the titers of scav-
enging enzymes (15). Minor oxidative reactions that impart a
gain of function to the target can be particularly important even
though they represent a negligible component of the overall
reactions (16); 8-oxo-dG is such a gain-of-function oxidation

product because it pairs with dA as well as dC. With respect to
tolerating 8-oxo-dG, aerobically grown E. coli live so close to the
edge that decreasing the level of MutT by only a factor of two
increases the mutation rate (44). Moreover, for aerobically
grown E. coli, simply increasing the frequency of initiation of
DNA replication (45) or increasing DNA polymerase IV, which
has a propensity to use 8-oxo-dGTP (14, 18), is enough to cause
cell death because BER cannot be completed before encoun-
tering the next replication fork (45). An advantage that bacteria
gain by living so close to this threshold is that they can mutate in
response to stress by increasing the incorporation of oxidized
deoxynucleotides into DNA while simultaneously suppressing
mismatch repair (30). Thus, MalE-LacZ expression or bacteri-
cidal antibiotic stress seems to exaggerate a type of potential
oxidative toxicity that lurks just below the threshold in unstressed
wildtype cells.
A factor that likely contributes to cell death is that BER of

oxidative damage can be slow to complete because the lyase
activities associated with MutM and MutY catalyze β or β,δ
eliminations, thereby generating ends that require further pro-
cessing to expose the 3′-OH needed for DNA polymerases (46).
This DNA-based death mechanism, which initially can be
counteracted by RecA-dependent or RecB/RecF-dependent
processes, is likely complex. Since it takes only a single unre-
paired double-stand break (DSB) to kill a bacterial cell (47), one
problem could be DSBs caused by MutM and MutY incisions at
closely spaced lesions (14) or by replication forks encountering
unrepaired BER intermediates (45). Other potentially lethal
DNA problems include interstrand crosslinks mediated by abasic
sites (48), LigA/MutY-dependent futile cycles of ligation/incision
(49), and unresolvable collisions caused by stalled transcription
or replicative complexes (50).
Importantly, key genes whose functions affect this mode of

DNA-based oxidative cell death are not regulated by H2O2-
inducible OxyR or by SoxRS but rather by other stress regula-
tors: e.g., mutM (RpoH) (51), mutY (Fur/ArcA/Fnr, normally
down-regulated upon oxidative stress but up-regulated upon
MalE-LacZ induction) (52), and mutT (CpxA/CpxR in an op-
eron with secM and secA) (53), and dinB/recA (SOS) (54). Thus,
the intracellular environment of cells generating endogenous
H2O2 as a consequence of a stress can be very different from the
intracellular environment of cells treated with exogenous H2O2.
For example, the increased levels of MutM glycosylase due to the
powerful heat-shock response elicited by MalE-LacZ would result
in more frequent initiations of BER and hence in a greater
probability of a BER intermediate with a strand break being en-
countered by a replication fork before repair can be completed.
Some of the past confusion in this research area may have arisen
because the mode of oxidative death occurring in bacterial cells
undergoing stress from agents such as bactericidal antibiotics or
MalE-LacZ does not conform to expectations based on studies of
cells treated with exogenous H2O2, as these other stresses induce
additional key non–OxyR-regulated proteins that affect lethality.
Our evidence that a completely different stress besides bacte-

ricidal antibiotics causes ROS-based lethality resulting from nu-
cleotide oxidation and incomplete BER shows that this type of cell
death is not unique to antibiotics and suggests that it likely con-
tributes to death from other stresses as well. As previously dis-
cussed (14), oxidation of ribonucleotides could also contribute to
lethality by other mechanisms. Our results suggest that exploiting
the oxidative component of antibiotic lethality is a plausible strat-
egy to improve the efficacy of existing antibiotics or to identify new
ones (55, 56).

Materials and Methods
Detailed materials and methods can be found in SI Materials and Methods.

MalE-LacZ Induction. MM18 and derivatives were streaked onto LB agar
containing X-Gal and grown overnight (ON) at 37 °C. Blue, average-sized
colonies were picked and grown ON in M63 medium or LB with any ap-
propriate antibiotics. The cultures were then diluted 1:100 in fresh
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medium, grown to OD600 0.1, and then split into two populations with one
receiving 0.2% maltose and grown at 37 °C on a rotating shaker. For the
exogenous catalase experiment, 1,000 units of bovine catalase (Sigma)
were added to each culture at time 0. Samples were taken every hour to
determine cfus or to harvest cells for protein, DNA, or RNA extraction. The
resulting colonies were counted on a ProtoCOL 3 colony counter. Student’s
t test was used to determine statistical differences between samples.

Microscopy. MM18 was grown as previously described. At the indicated time
points, cultures were concentrated by centrifugation, washed in PBS, and
then fixed in 4% paraformaldehyde. Cells were then washed, stained with

DAPI, and washed again. Bacteria were plated on slide-mounted agarose
pads and visualized with a Nikon Eclipse Ni microscope.

ACKNOWLEDGMENTS. We thank Jon Beckwith and Tom Rapoport for their
help. This work was supported by NIH Grant R01CA021615 (to G.C.W.); Defense
Threat Reduction Agency Grant HDTRA1-15-1-0051 (to J.J.C.); a generous gift
from Anita and Josh Bekenstein, the Broad Institute of MIT and Harvard, and the
Wyss Institute for Biologically Inspired Engineering (J.J.C.); National Science
Foundation Grant 1336493 (to S.A.); NIH Grant K99GM118907 (to J.H.Y.); and
National Institute of Environmental Health Sciences Grant P30 ES002109 to the
Massachusetts Institute of Technology Center of Environmental Health Sciences.
G.C.W. is an American Cancer Society Professor.

1. Dwyer DJ, Collins JJ, Walker GC (2015) Unraveling the physiological complexities of
antibiotic lethality. Annu Rev Pharmacol Toxicol 55:313–332.

2. Cho H, Uehara T, Bernhardt TG (2014) Beta-lactam antibiotics induce a lethal mal-
functioning of the bacterial cell wall synthesis machinery. Cell 159:1300–1311.

3. Dong TG, et al. (2015) Generation of reactive oxygen species by lethal attacks from
competing microbes. Proc Natl Acad Sci USA 112:2181–2186.

4. Imlay JA (2015) Diagnosing oxidative stress in bacteria: Not as easy as you might think.
Curr Opin Microbiol 24:124–131.

5. Adolfsen KJ, Brynildsen MP (2015) Futile cycling increases sensitivity toward oxidative
stress in Escherichia coli. Metab Eng 29:26–35.

6. Van Acker H, Coenye T (2017) The role of reactive oxygen species in antibiotic-
mediated killing of bacteria. Trends Microbiol 25:456–466.

7. Zhao X, Drlica K (2014) Reactive oxygen species and the bacterial response to lethal
stress. Curr Opin Microbiol 21:1–6.

8. Keren I, Wu Y, Inocencio J, Mulcahy LR, Lewis K (2013) Killing by bactericidal antibi-
otics does not depend on reactive oxygen species. Science 339:1213–1216.

9. Liu Y, Imlay JA (2013) Cell death from antibiotics without the involvement of reactive
oxygen species. Science 339:1210–1213.

10. Kohanski MA, Dwyer DJ, Hayete B, Lawrence CA, Collins JJ (2007) A common mech-
anism of cellular death induced by bactericidal antibiotics. Cell 130:797–810.

11. Belenky P, et al. (2015) Bactericidal antibiotics induce toxic metabolic perturbations
that lead to cellular damage. Cell Rep 13:968–980.

12. Dwyer DJ, et al. (2014) Antibiotics induce redox-related physiological alterations as
part of their lethality. Proc Natl Acad Sci USA 111:E2100–E2109.

13. Ezraty B, et al. (2013) Fe-S cluster biosynthesis controls uptake of aminoglycosides in a
ROS-less death pathway. Science 340:1583–1587.

14. Foti JJ, Devadoss B, Winkler JA, Collins JJ, Walker GC (2012) Oxidation of the guanine
nucleotide pool underlies cell death by bactericidal antibiotics. Science 336:315–319.

15. Imlay JA (2013) The molecular mechanisms and physiological consequences of oxi-
dative stress: Lessons from a model bacterium. Nat Rev Microbiol 11:443–454.

16. Winterbourn CC (2008) Reconciling the chemistry and biology of reactive oxygen
species. Nat Chem Biol 4:278–286.

17. Winterbourn CC (2013) The biological chemistry of hydrogen peroxide. Methods Enzymol
528:3–25.

18. Kottur J, Nair DT (2016) Reactive oxygen species play an important role in the bac-
tericidal activity of quinolone antibiotics. Angew Chem Int Ed Engl 55:2397–2400.

19. Beckwith J (2013) Fifty years fused to lac. Annual review of microbiology 67:1–19.
20. Brickman E, Silhavy TJ, Bassford PJ, Jr, Shuman HA, Beckwith JR (1979) Sites within

gene lacZ of Escherichia coli for formation of active hybrid beta-galactosidase mol-
ecules. J Bacteriol 139:13–18.

21. Bassford PJ, Jr, Silhavy TJ, Beckwith JR (1979) Use of gene fusion to study secretion of
maltose-binding protein into Escherichia coli periplasm. J Bacteriol 139:19–31.

22. van Stelten J, Silva F, Belin D, Silhavy TJ (2009) Effects of antibiotics and a proto-
oncogene homolog on destruction of protein translocator SecY. Science 325:753–756.

23. Ito K, Bassford PJ, Jr, Beckwith J (1981) Protein localization in E. coli: Is there a
common step in the secretion of periplasmic and outer-membrane proteins? Cell 24:
707–717.

24. Liu X, Marrakchi M, Jahne M, Rogers S, Andreescu S (2016) Real-time investigation of
antibiotics-induced oxidative stress and superoxide release in bacteria using an
electrochemical biosensor. Free Radic Biol Med 91:25–33.

25. Wardman P (2007) Fluorescent and luminescent probes for measurement of oxidative
and nitrosative species in cells and tissues: Progress, pitfalls, and prospects. Free Radic
Biol Med 43:995–1022.

26. Renggli S, Keck W, Jenal U, Ritz D (2013) Role of autofluorescence in flow cytometric
analysis of Escherichia coli treated with bactericidal antibiotics. J Bacteriol 195:
4067–4073.

27. Paulander W, et al. (2014) Bactericidal antibiotics increase hydroxyphenyl fluorescein
signal by altering cell morphology. PLoS One 9:e92231.

28. Wang X, Zhao X (2009) Contribution of oxidative damage to antimicrobial lethality.
Antimicrob Agents Chemother 53:1395–1402.

29. Neeley WL, Essigmann JM (2006) Mechanisms of formation, genotoxicity, and mu-
tation of guanine oxidation products. Chem Res Toxicol 19:491–505.

30. Gutierrez A, et al. (2013) β-Lactam antibiotics promote bacterial mutagenesis via an
RpoS-mediated reduction in replication fidelity. Nat Commun 4:1610.

31. Kitagawa M, et al. (2005) Complete set of ORF clones of Escherichia coli ASKA library
(a complete set of E. coli K-12 ORF archive): Unique resources for biological research.
DNA Res 12:291–299.

32. Liao JC, et al. (2003) Network component analysis: Reconstruction of regulatory sig-
nals in biological systems. Proc Natl Acad Sci USA 100:15522–15527.

33. Noor A, Ahmad A, Serpedin E, NounouM, Nounou H (2013) ROBNCA: Robust network
component analysis for recovering transcription factor activities. Bioinformatics 29:
2410–2418.

34. Ito K, Akiyama Y, Yura T, Shiba K (1986) Diverse effects of the MalE-LacZ hybrid
protein on Escherichia coli cell physiology. J Bacteriol 167:201–204.

35. Imlay JA (2015) Transcription factors that defend bacteria against reactive oxygen
species. Annu Rev Microbiol 69:93–108.

36. Cadet J, Wagner JR (2013) DNA base damage by reactive oxygen species, oxidizing
agents, and UV radiation. Cold Spring Harb Perspect Biol 5:a012559.

37. Perillo B, et al. (2008) DNA oxidation as triggered by H3K9me2 demethylation drives
estrogen-induced gene expression. Science 319:202–206.

38. Park S, You X, Imlay JA (2005) Substantial DNA damage from submicromolar in-
tracellular hydrogen peroxide detected in Hpx- mutants of Escherichia coli. Proc Natl
Acad Sci USA 102:9317–9322.

39. Park S, Imlay JA (2003) High levels of intracellular cysteine promote oxidative DNA
damage by driving the fenton reaction. J Bacteriol 185:1942–1950.

40. Mironov A, et al. (2017) Mechanism of H2S-mediated protection against oxidative
stress in Escherichia coli. Proc Natl Acad Sci USA 114:6022–6027.

41. Rush JDM, Maskos Z, Koppenol WH (1990) Reactions of iron (II) nucleotide complexes
with hydrogen peroxide. FEBS Lett 261:121–123.

42. Richter Y, Fischer B (2003) Characterization and elucidation of coordination require-
ments of adenine nucleotides complexes with Fe(II) ions.Nucleosides Nucleotides Nucleic
Acids 22:1757–1780.

43. Halliwell B, Gutteridge JM (1992) Biologically relevant metal ion-dependent hydroxyl
radical generation. An update. FEBS Lett 307:108–112.

44. Setoyama D, Ito R, Takagi Y, Sekiguchi M (2011) Molecular actions of Escherichia coli
MutT for control of spontaneous mutagenesis. Mutat Res 707:9–14.

45. Charbon G, Bjørn L, Mendoza-Chamizo B, Frimodt-Møller J, Løbner-Olesen A (2014)
Oxidative DNA damage is instrumental in hyperreplication stress-induced inviability
of Escherichia coli. Nucleic Acids Res 42:13228–13241.

46. Manuel RC, et al. (2004) Reaction intermediates in the catalytic mechanism of Es-
cherichia coli MutY DNA glycosylase. J Biol Chem 279:46930–46939.

47. Bonura T, Town CD, Smith KC, Kaplan HS (1975) The influence of oxygen on the yield
of DNA double-strand breaks in x-irradiated Escherichia coli K-12. Radiat Res 63:
567–577.

48. Price NE, et al. (2014) Interstrand DNA-DNA cross-link formation between adenine
residues and abasic sites in duplex DNA. J Am Chem Soc 136:3483–3490.

49. Chauleau M, Shuman S (2016) Kinetic mechanism and fidelity of nick sealing by Es-
cherichia coli NAD+-dependent DNA ligase (LigA). Nucleic Acids Res 44:2298–2309.

50. Merrikh H, Zhang Y, Grossman AD, Wang JD (2012) Replication-transcription conflicts
in bacteria. Nat Rev Microbiol 10:449–458.

51. Nonaka G, Blankschien M, Herman C, Gross CA, Rhodius VA (2006) Regulon and
promoter analysis of the E. coli heat-shock factor, sigma32, reveals a multifaceted
cellular response to heat stress. Genes Dev 20:1776–1789.

52. Yoon SH, et al. (2003) MutY is down-regulated by oxidative stress in E. coli. Free Radic
Res 37:873–879.

53. De Wulf P, McGuire AM, Liu X, Lin EC (2002) Genome-wide profiling of promoter
recognition by the two-component response regulator CpxR-P in Escherichia coli.
J Biol Chem 277:26652–26661.

54. Kenyon CJ, Walker GC (1980) DNA-damaging agents stimulate gene expression at
specific loci in Escherichia coli. Proc Natl Acad Sci USA 77:2819–2823.

55. Brynildsen MP, Winkler JA, Spina CS, MacDonald IC, Collins JJ (2013) Potentiating
antibacterial activity by predictably enhancing endogenous microbial ROS pro-
duction. Nat Biotechnol 31:160–165.

56. Grant SS, Kaufmann BB, Chand NS, Haseley N, Hung DT (2012) Eradication of bacterial
persisters with antibiotic-generated hydroxyl radicals. Proc Natl Acad Sci USA 109:
12147–12152.

57. Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 years of image
analysis. Nat Methods 9:671–675.

58. Ganesana M, Erlichman JS, Andreescu S (2012) Real-time monitoring of superoxide
accumulation and antioxidant activity in a brain slice model using an electrochemical
cytochrome c biosensor. Free Radic Biol Med 53:2240–2249.

59. Currel G (2008) Analytical Instrumentation: Performance Characteristics and Quality
(John Wiley & Sons, Hoboken, NJ).

60. Ozel RE, Alkasir RS, Ray K, Wallace KN, Andreescu S (2013) Comparative evaluation of
intestinal nitric oxide in embryonic zebrafish exposed to metal oxide nanoparticles.
Small 9:4250–4261.

Takahashi et al. PNAS | August 22, 2017 | vol. 114 | no. 34 | 9169

M
IC
RO

BI
O
LO

G
Y


