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ABSTRACT When bacterial cells are exposed to increasing concentrations of
quinolone-class antibacterials, survival drops, reaches a minimum, and then recov-
ers, sometimes to 100%. Despite decades of study, events underlying this paradoxi-
cal high-concentration survival remain obscure. Since reactive oxygen species (ROS)
have been implicated in antimicrobial lethality, conditions generating paradoxical
survival were examined for diminished ROS accumulation. Escherichia coli cultures
were treated with various concentrations of nalidixic acid, followed by measure-
ments of survival, rate of protein synthesis, and ROS accumulation. The last measure-
ment used a dye (carboxy-H2DCFDA) that fluoresces in the presence of ROS; fluores-
cence was assessed by microscopy (individual cells) and flow cytometry (batch
cultures). High, nonlethal concentrations of nalidixic acid induced lower levels of
ROS than moderate, lethal concentrations. Sublethal doses of exogenous hydrogen
peroxide became lethal and eliminated the nalidixic acid-associated paradoxical sur-
vival. Thus, quinolone-mediated lesions needed for ROS-executed killing persist at
high, nonlethal quinolone concentrations, thereby implicating ROS as a key factor in
cell death. Chloramphenicol suppressed nalidixic acid-induced ROS accumulation
and blocked lethality, further supporting a role for ROS in killing. Nalidixic acid also
inhibited protein synthesis, with extensive inhibition at high concentrations correlat-
ing with lower ROS accumulation and paradoxical survival. A catalase deficiency,
which elevated ROS levels, overcame the inhibitory effect of chloramphenicol on na-
lidixic acid-mediated killing, emphasizing the importance of ROS. The data collec-
tively indicate that ROS play a dominant role in the lethal action of narrow-spectrum
quinolone-class compounds; a drop in ROS levels accounted for the quinolone toler-
ance observed at very high concentrations.
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Antimicrobials recently emerged as important probes for studying bacterial re-
sponses to lethal stress, particularly for responses involving the accumulation of

toxic reactive oxygen species (ROS) (1–6). While ROS-mediated killing raises the inter-
esting possibility that bacteria self-destruct when experiencing severe stress (2), ROS
involvement in the lethal action of multiple diverse antimicrobials has recently been
challenged (7, 8). Consequently, we sought a new test for the ROS-lethal response
hypothesis. Among the prominent probes for ROS effects are the quinolone-class
inhibitors of DNA gyrase. One of the long-standing mysteries surrounding quinolone-
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mediated lethality is the loss of killing when concentrations of the compounds are very
high (9). We reasoned that if ROS accumulation contributes to lethality, such accumu-
lation might be reduced at the high drug concentrations that cause paradoxical
survival (tolerance).

We are also interested in paradoxical high-concentration survival because new
anti-topoisomerase compounds have emerged (10–13) that are likely to bypass existing
quinolone resistance, a problem that is eroding the usefulness of fluoroquinolones (14).
An issue with inhibitors of replication, such as the quinolones, is that they induce the
mutagenic SOS response, which likely contributes to the emergence of resistance (for
example, see reference 15). The effects of the SOS response are countered by lethal
activity that rapidly reduces bacterial burden. Indeed, animal infection studies now
show that several highly lethal antimicrobials severely restrict the emergence of
resistance without needing to be maintained above the concentration threshold that
blocks enrichment of resistant mutant subpopulations (16–19). Thus, understanding
how the attack of DNA gyrase kills bacterial cells, including understanding the potential
contribution of ROS, is important for finding ways to ensure the long-term utility of
anti-topoisomerase agents.

Differences among quinolone-class derivatives can be important from an experi-
mental perspective. Our current knowledge of lethality fits with two processes leading
to bacterial death. In one, quinolone-mediated death requires protein synthesis and
presumably the accumulation of toxic ROS (20, 21). In the second mechanism,
quinolone-induced destabilization of quinolone-gyrase-DNA complexes (cleaved com-
plexes) is proposed to directly fragment chromosomes and kill cells in the absence of
ongoing protein synthesis and independent of putative ROS effects (22–24). Fluoro-
quinolones display features of both pathways (8, 25) and would, therefore, be less likely
to produce unambiguous results than older quinolone derivatives that function largely
through the pathway proposed to involve ROS.

In the present work, we examined the behavior of nalidixic acid, since almost all of
its lethal activity appears to be ROS-dependent ([2, 24]; data obtained with the
fluoroquinolone norfloxacin, which has dominated previous work concerning ROS [1, 7,
8, 26], would have been less readily interpreted due to multiple lethal mechanisms [25,
27]). Our findings indicate that at very high, quinolone-tolerant concentrations, ROS
levels are lower than at moderate, lethal concentrations. Moreover, genetic and chem-
ical perturbations that alter ROS levels also alter lethality, which may occur through
attack of repairable DNA lesions generated by nalidixic acid. The data provide an
explanation for tolerance to high concentrations of quinolone and solidify the hypoth-
esis that ROS contribute to antimicrobial lethality.

RESULTS
Nalidixic acid-mediated killing correlates with ROS accumulation. We began by

examining the effect of nalidixic acid on survival of exponentially growing cultures of
wild-type Escherichia coli (strain 3505). As expected from previous work (9), survival
decreased as drug concentration increased over a low-to-moderate concentration
range and reached a minimum at a nalidixic acid concentration of 400 �g/ml, which
was about 50 times MIC (Fig. 1). Killing increased with incubation time, but the concen-
tration that produced minimal survival remained the same (Fig. 1). When nalidixic acid
concentration was raised to between 1,200 and 1,600 �g/ml, survival paradoxically rose to
100% (Fig. 1), regardless of incubation time.

To determine whether ROS levels during nalidixic acid treatment are sensitive to
quinolone concentration, cultured cells were treated with carboxy-H2DCFDA, a dye that
becomes fluorescent in the presence of all forms of ROS (28, 29). The dye (10 �M) was
added to cultures at the same time as nalidixic acid, and after a 2-h incubation, cells
were examined by fluorescence microscopy. Fluorescent cells were readily distin-
guished (Fig. 2a). The intensity of fluorescence, which correlates with ROS level (28), was
maximal at 400 �g/ml nalidixic acid (Fig. 2a), the concentration responsible for maximal
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killing (Fig. 1). High, nonlethal concentrations of the quinolone were associated with a
drop in fluorescence to below detection levels (Fig. 2a).

We also assessed ROS accumulation in bulk culture by flow cytometry of E. coli
stained with carboxy-H2DCFDA. As shown in Fig. 2b, when nalidixic acid concentration
increased, ROS levels increased and then decreased. This correlation between bacterial
survival and ROS level is consistent with ROS participating in nalidixic acid-mediated
lethality at low-to-moderate levels of quinolone; at very high drug concentration, ROS
accumulation was suppressed, and cell death did not occur. Little background auto-
fluorescence was observed (Fig. 2c and d). Since suppression of ROS parallels paradox-
ical survival and since the absence of ROS accumulation correlates with prevention of
killing, the data support the idea that ROS are key factors in quinolone-mediated
lethality.

Protein synthesis and killing by nalidixic acid. Previous work showed that inhibition
of protein synthesis by chloramphenicol or RNA synthesis by rifampin blocks killing by
nalidixic acid (9). Chloramphenicol and rifampin, applied individually, also blocked the
increase in ROS associated with lethal nalidixic acid treatment (Fig. 3).

Since nalidixic acid itself inhibits protein synthesis at lethal concentrations (9), it had
been suggested that inhibition of protein synthesis by the quinolone accounted for the
loss of lethal action observed at very high concentrations (9). To quantify the effects of
nalidixic acid, we measured the rate of protein synthesis after a 1-h treatment with the
drug. As nalidixic acid concentration increased, protein synthesis rate decreased; at the
maximal lethal concentration of nalidixic acid, protein synthesis rate dropped by 80%
(Fig. 4). At very high, nonlethal nalidixic acid concentrations, the protein synthesis rate
dropped by about 95%, similar to that observed with chloramphenicol at the concen-
tration used to block ROS accumulation (20 �g/ml) (Fig. 3). The loss of killing at high
quinolone concentrations correlates with extensive inhibition of protein synthesis
(greater than 80%).

Suppression of ROS accumulation contributes to tolerance at high quinolone
concentrations. Since inhibition of protein synthesis suppresses respiration and
ROS accumulation (30; Fig. 3), we next asked whether inhibition of protein synthesis
contributes to high quinolone tolerance via suppression of ROS accumulation. To assess
the interplay of ROS accumulation and inhibition of protein synthesis, we first examined
the survival of a katG-deficient mutant following treatment with various concentrations
of nalidixic acid. The product of katG, a catalase/peroxidase, detoxifies intracellular

FIG 1 Paradoxical survival of wild-type E. coli is associated with high concentrations of nalidixic acid.
Exponentially growing cultures of wild-type E. coli (strain 3505) were treated with nalidixic acid (Nal) at
the indicated concentrations for 1 h (squares), 2 h (circles), or 3 h (triangles). Percentage of cells
recovered was determined relative to CFU at the time of drug addition. Data are from at least three
independent experiments; error bars represent standard errors of the mean.
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hydrogen peroxide; as expected, the katG mutation increased killing (reduced survival)
during nalidixic acid treatment at low-to-moderate concentrations (Fig. 5a). Fluores-
cence microscopy revealed that treatment of wild-type cells produced an ROS signal in
73% of cells; this prevalence increased to 88% with the �katG mutant (Fig. 5b shows
typical microscopy fields). When ROS was measured by flow cytometry, the �katG
mutant exhibited higher levels of ROS (Fig. 5c). The elevated killing data, plus confir-
mation that ROS levels increase more in the ΔkatG mutant than in wild-type cells during
nalidixic acid treatment, support the conclusion that ROS are involved in quinolone-
mediated lethality. The katG-deficient mutant displayed paradoxical survival, with
minimal survival occurring at a nalidixic acid concentration that was similar to that
seen with wild-type cells (Fig. 5a). Thus, factors determining the maximal lethal
concentration of nalidixic acid appear to be affected little by the catalase deficiency and
elevated ROS levels.

When we examined the effect of chloramphenicol at high, growth-inhibiting con-
centration (20 �g/ml, 5� MIC) with the �katG mutant, we found that this inhibitor of
protein synthesis failed to block either the lethal action of nalidixic acid at moderate
concentrations (Fig. 5d) or ROS accumulation (indicated by chloramphenicol having no
effect on fluorescence intensity; Fig. 5e and f). Chloramphenicol inhibited protein

FIG 2 ROS accumulation correlates with nalidixic acid-mediated killing of E. coli. Exponentially growing
cultures of wild-type E. coli (3505) were treated with carboxy-H2DCFDA (10 �M) and the indicated
concentrations of nalidixic acid (Nal) for 2 h. Cells were then observed by fluorescence microscopy (a) or
by flow cytometry (b). As an indicator of autofluorescence, samples containing only nalidixic acid (200
�g/ml) are shown for fluorescence microscopy (c) and flow cytometry (d). All panels show representative
results from at least three independent experiments.
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synthesis by more than 90% with the �katG mutant, indicating that the drug was active
in this mutant. These data suggest that chloramphenicol, through its inhibition of
protein synthesis, can keep nalidixic acid-induced ROS below a lethal threshold in
wild-type but not in �katG mutant cells. However, the effect of the �katG mutation on
ROS accumulation is inadequate to eliminate the tolerance seen at very high concen-
trations of nalidixic acid (see Discussion).

Treatment with a combination of 2,2=-bipyridyl plus thiourea (BT) at inhibitory
concentration (1� MIC) blocked killing by nalidixic acid, in contrast to the killing seen
with chloramphenicol plus nalidixic acid treatment of the �katG mutant (Fig. 5d).
Interference of nalidixic acid-mediated killing was also seen at a subinhibitory concen-
tration (0.5� MIC) of the bipyridyl-thiourea combination, as the survival curve was
shifted upward relative to that seen when chloramphenicol was present with nalidixic
acid. 2,2=-Bipyridyl is an iron chelator that blocks the formation of hydroxyl radicals
from hydrogen peroxide and also likely reduces respiration; thiourea is a scavenger of
hydroxyl radicals. The distinct effects of bipyridyl plus thiourea (Fig. 5e and f) are likely
due to direct suppression of ROS accumulation. Thus, a catalase deficiency, which is
associated with elevated ROS levels, overcomes the inhibitory effects of protein syn-

FIG 3 Chloramphenicol and rifampin block the increase in ROS associated with lethal nalidixic acid
treatment. Exponentially growing cultures of wild-type E. coli (strain 3505) were treated with carboxy-
H2DCFDA (10 �M) plus nalidixic acid (Nal, 200 �g/ml) for 2 h. Parallel samples were also treated with
either chloramphenicol (Cm, 20 �g/ml, panels a and b) or rifampin (Rif, 50 �g/ml, panels c and d). Cells
were then observed by fluorescence microscopy (a and c) or by flow cytometry (b and d). Representative
results from three independent experiments are shown.
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thesis inhibition by chloramphenicol, but not the inhibitory effects of bipyridyl plus
thiourea. In conclusion, inhibition of protein synthesis per se is not sufficient to block
nalidixic acid-mediated killing, whereas inhibition of ROS accumulation is.

In all but one experiment described above, the combination of bipyridyl plus
thiourea was applied at sub-MIC levels, since in the absence of growth (stationary
phase or resuspension of cells in saline), nalidixic acid is known to lack the ability to kill
E. coli (27). But at these sub-MIC levels, the bipyridyl-thiourea combination does lower
the growth rate (to about 1/3 the untreated level; see Fig. S1a in the supplemental
material). To assess the effect of this growth rate reduction on killing, we reduced the
growth rate by the same amount using chloramphenicol. The bipyridyl-thiourea com-
bination exhibited a more striking inhibition of killing than did chloramphenicol (Fig.
S1b). Thus, the bipyridyl-thiourea combination has inhibitory effects on nalidixic acid-
mediated lethality that cannot be easily accounted for by reduction in the growth rate.
As expected, measurement of ROS showed that the bipyridyl-thiourea combination
restricted the accumulation of ROS more than did chloramphenicol (Fig. S1c).

We also assessed the effect of the bipyridyl-thiourea combination on protein
synthesis. The bipyridyl-thiourea combination interfered with protein synthesis to an
extent similar to that observed with nalidixic acid at 100 �g/ml (Fig. 6a), a concentra-
tion that was submaximal with respect to killing. The bipyridyl-thiourea combination
failed to add to the inhibition of protein synthesis elicited by nalidixic acid alone (Fig.
6a); however, the bipyridyl-thiourea combination elevated survival during nalidixic acid
treatment by 100-fold (Fig. 6b). These data support the idea that bipyridyl plus thiourea,
at a sub-MIC level, protects from quinolone-mediated lethality by a means other than
inhibiting protein synthesis.

Chloramphenicol behaved differently from the bipyridyl-thiourea combination.
When chloramphenicol was administered at 2 �g/ml, it inhibited protein synthesis by
roughly the same amount as the bipyridyl-thiourea combination (Fig. 6a). But when
chloramphenicol was combined with nalidixic acid, the protein synthesis rate dropped
further (to about half), suggesting an additive effect of the two drugs (Fig. 6a). Moreover,
the protective effect of chloramphenicol against killing by nalidixic acid was 100-fold
less than that seen with bipyridyl plus thiourea (Fig. 6b), even though more inhibition

FIG 4 Effect of nalidixic acid concentration on survival and rate of protein synthesis. Exponentially
growing cultures of wild-type cells (strain 3505) were treated with nalidixic acid (Nal) at the indicated
concentrations for 1 h. Aliquots were diluted, plated, and incubated for determination of CFU and
calculation of percent survival (empty squares). Rate of protein synthesis (filled circles) from a parallel
culture was determined by pulse labeling with 35S-labeled methionine (1 �Ci 35S-methionine per 200 �l
culture) for 5 min followed by determination of acid-insoluble radioactivity. Inhibition of protein
synthesis is expressed relative to the rate of a parallel untreated culture. Dashed line indicates inhibition
of protein synthesis by 20 �g/ml chloramphenicol. Data are means from at least three independent
experiments; error bars represent standard errors of the mean.
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FIG 5 Paradoxical survival of a �katG mutant following treatment with high concentrations of nalidixic acid.
(a) Effect of a �katG mutation on survival following nalidixic acid (Nal) treatment. Exponentially growing
cultures of wild-type E. coli (strain 3505, squares) and a ΔkatG mutant (strain 3157, circles) were treated with
nalidixic acid at the indicated concentrations for 2 h before samples were plated and incubated for
determination of survival. (b) ROS determined by fluorescence microscopy. Exponentially growing cultures
of wild-type E. coli (strain 3505) and a ΔkatG mutant (strain 3157) were treated with carboxy-H2DCFDA (10

(Continued on next page)
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of protein synthesis was seen with the former than the latter treatment. These data
support the conclusion that the protective effect of the bipyridyl-thiourea combination
differs from that of chloramphenicol, an inhibitor of protein synthesis. As pointed out
above, that difference was expected to be due to direct suppression of ROS accumu-
lation by the bipyridyl-thiourea combination rather than indirect suppression by chlor-
amphenicol.

Collectively, the data indicate that protein synthesis is required for the accumulation
of enough ROS for nalidixic acid-mediated lethality in wild-type cells. However, when
a restriction on ROS accumulation is relaxed, as with a katG deficiency, an exogenous
inhibitor of protein synthesis loses its ability to block killing and ROS accumulation.
Agents that block ROS accumulation, such as a combination of bipyridyl and thiourea,
inhibit killing by nalidixic acid beyond the effects they may have on growth rate or
inhibition of protein synthesis.

Effect of exogenous hydrogen peroxide on quinolone lethality. To further test
ROS as contributors to quinolone-mediated killing, we treated wild-type E. coli cultures
with various concentrations of nalidixic acid for 2 h and then added hydrogen peroxide
for an additional 20 min at 2 mM. At this concentration, hydrogen peroxide by itself
caused little killing during a 60-min incubation (data not shown; see also Fig. S2 in the
supplemental material). Hydrogen peroxide (2 mM) modestly increased the killing
observed with nalidixic acid for concentrations up to 200 �g/ml; however, at the
elevated quinolone concentrations that exhibited tolerance, peroxide showed a striking
lethal effect, as it eliminated paradoxical survival (Fig. 7). These data indicate that a
quinolone-mediated substrate for ROS (peroxide)-mediated killing is present at very
high, nonlethal concentrations of nalidixic acid. Chloramphenicol did not alter the
ability of normally sublethal concentrations of exogenous peroxide to kill E. coli treated
with nalidixic acid (Fig. S2 in the supplemental material). Thus, inhibition of protein
synthesis is unlikely to perturb lesions created by nalidixic acid, but inhibition of protein
synthesis reduces ROS to below a lethal threshold level at quinolone concentrations
that are responsible for paradoxical survival.

Overall, restoring killing at high concentrations of nalidixic acid using exogenous
peroxide supports the idea that high quinolone concentrations prevent ROS from
exceeding a lethal threshold and that ROS are directly involved in killing by nalidixic
acid.

DISCUSSION

The present work addressed two related issues: the underlying cause of paradoxical
bacterial survival at very high concentrations of quinolone-class antibacterials and the
contribution of reactive oxygen species to antibacterial lethality. When nalidixic acid
concentration was increased, bacterial survival decreased, reached a minimum, and
then increased. A reciprocal increase and decrease occurred with intracellular ROS, as
detected by a fluorescent probe with individual cells and with bulk bacterial cultures

FIG 5 Legend (Continued)
�M) with or without nalidixic acid (Nal, 200 �g/ml) for 2 h, as indicated in the figure; they were then
examined by fluorescence microscopy as described in Materials and Methods. Three independent exper-
iments gave similar results. (c) ROS determined by flow cytometry. Samples were as in panel b. (d) Effect
of chloramphenicol or a combination of 2,2=-bipyridyl plus thiourea on survival following nalidixic acid
treatment. Exponentially growing cultures of a �katG mutant (strain 3157) were treated with nalidixic acid
alone (squares, Nal), nalidixic acid plus chloramphenicol (Cm) at 20 �g/ml (circles, Nal � Cm), or nalidixic
acid plus 2,2= bipyridyl and thiourea (BT) both at 1� MIC (triangles, Nal � BT at 1� MIC) or both at half
MIC (diamonds, Nal � BT at 0.5� MIC) for 2 h at the indicated concentrations of nalidixic acid. For panels
(a) and (d), percent survival was measured as described in Materials and Methods; data represent means
from three independent experiments, and error bars represent standard errors of the mean. (e and f) ROS
determined for cotreatment with chloramphenicol or thiourea plus bipyridyl. Exponentially growing
cultures of a ΔkatG mutant (strain 3157) were treated with carboxy-H2DCFDA (10 �M) and nalidixic acid
(Nal, 200 �g/ml), chloramphenicol (Cm, 20 �g/ml), 2,2=-bipyridyl plus thiourea (BT, both at 1� MIC),
nalidixic acid plus chloramphenicol (Nal � Cm), or nalidixic acid plus 2,2=-bipyridyl and thiourea (Nal � BT,
both at 1� MIC) for 2 h. Cells were observed by fluorescence microscopy (e) or flow cytometry (f), as
described in Materials and Methods. Three independent experiments gave similar results.
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(Fig. 1 and 2). Additional ROS-survival correlations were seen during cotreatment
with chloramphenicol (Fig. 3), associated with a �katG mutation (Fig. 5c), and during
cotreatment with a combination of bipyridyl and thiourea (Fig. 5e and f). The katG
deficiency overcame the protective effect of chloramphenicol (Fig. 5d), emphasizing the
importance of ROS (at moderate, lethal concentrations of nalidixic acid, the katG-
deficiency-mediated elevation of ROS must be greater than suppression of ROS asso-
ciated with nalidixic acid-mediated inhibition of protein synthesis). Since exogenous
peroxide eliminated paradoxical survival, it is likely that at high concentrations of
nalidixic acid, peroxide-sensitive lesions persist (Fig. 7). Collectively, these data provide
novel support for the idea that ROS contribute to the lethal action of quinolone-like
compounds, extend that conclusion from studies focused on norfloxacin (1, 8, 26, 31),
and offer a solution to the quinolone paradox (9, 23, 32–43).

Previous work suggests that lethal stress initiates a pathway involving several
proteins (MazF, EF-4, Cpx, and Arc) (2, 3, 6, 44–46) that are protective when stress is
moderate, but contribute to ROS accumulation and bacterial self-destruction when

FIG 6 Nalidixic acid-mediated inhibition of protein synthesis and bacterial survival. (a) Inhibition of
protein synthesis. Exponentially growing cultures of wild-type E. coli (strain 3505) were treated with the
indicated inhibitors for 1 h, and rate of protein synthesis was measured as described in Materials and
Methods. (b) Bacterial survival. Exponentially growing cultures of wild-type E. coli were treated with the
indicated inhibitors for 3 h, and then survival was measured relative to an untreated control at the time
of inhibitor addition. Nal, nalidixic acid, 100 �g/ml; BT, bipyridyl plus thiourea, both at half MIC; Cm,
chloramphenicol, 2 �g/ml; Nal � BT, combination of nalidixic acid, 100 �g/ml, with BT, both at half MIC;
Nal � Cm, combination of nalidixic acid 100, �g/ml, with chloramphenicol, 2 �g/ml. Data represent
means from three independent experiments; error bars represent standard errors of the mean.
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stress is severe (2, 3, 45, 46). Lesions from the primary stressor perturb respiration and
lead to elevated levels of peroxide and superoxide (2, 3, 26), which can dismutate to
peroxide. Peroxide can convert to highly toxic hydroxyl radicals via the Fenton reaction
(47); these radicals, which can break DNA (20), are the likely cause of death (48).
Variations probably occur among stressors, since thymineless death is unaffected by
deficiencies in the protein factors that affect quinolone-mediated killing (48).

The ability of nalidixic acid to render low concentrations of peroxide lethal indicates
that nalidixic acid creates peroxide-sensitive lesions in DNA. A comparable phenome-
non occurs during thymineless death (48). In the latter case, the RecQ helicase increases
the number of single-stranded DNA lesions, which then serve as the substrates for ROS
attack. RecQ also increases the lethal action of nalidixic acid (more than 10-fold; data
not shown). Thus, it is likely that an increase in single-stranded DNA accompanies
nalidixic acid treatment.

Challenges to the ROS-lethal stress hypothesis (7, 8) raised a variety of issues, many
of which were subsequently addressed experimentally (5). Previous work had shown
that studies of norfloxacin require attention to concentration to distinguish ROS-
dependent and ROS-independent modes of killing (25). When norfloxacin concentra-
tion was considered, the report by Keren et al., (8) confirmed that the behavior of
norfloxacin at low concentration fits with an ROS contribution. Failure to observe
anaerobic effects (7) likely resulted from use of a single concentration (25) and from
unspecified differences between laboratories.

It has also been suggested that endogenous ROS levels are unlikely to be high
enough to kill bacterial cells (31). However, we see that nalidixic acid creates primary
lesions that serve as vulnerable substrates for ROS attack and thereby amplify the lethal
action of ROS (Fig. 7). Examples of sensitization of DNA to ROS attack are also observed
during thymineless death (48) and ultraviolet (UV) irradiation (Y. Hong and X. Zhao,
unpublished observations). Stress-mediated ROS accumulation may also be self-
amplifying, that is, the DNA damage caused by ROS could serve as an additional stress
that leads to even higher levels of ROS once the systems that protect from oxidative
damage are saturated. It is likely that the combination of stress-induced endogenous
ROS and lesions derived from primary stress are adequate to kill bacteria. Overall,
challenges to the ROS-lethality hypothesis have been largely answered.

FIG 7 Exogenous ROS can eliminate nalidixic acid-mediated paradoxical survival. Exponentially growing
cultures of wild-type E. coli (strain 3505) were treated for 2 h with the indicated concentrations of
nalidixic acid (Nal), and survival was measured as described in Materials and Methods (squares). In a
parallel culture, hydrogen peroxide (H2O2), at a sublethal final concentration of 2 mM, was added to
cultures for an additional 20 min (circles). Data represent the means from three independent experi-
ments; error bars represent standard errors of the mean.
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An important question is whether the accumulation of ROS causes death or whether
the two are simply associated. Causality is suggested by the following observation.
When cells are treated with quinolone under lethal conditions and then plated on
drug-free agar to measure survival, addition of an antioxidant (thiourea) to the agar
revives cells thought to have been killed by quinolone treatment (2; unpublished
observations). Thus, ROS are the cause rather than consequence of cell death. ROS
persist even after removal of the primary stressor and kill cells in what appears to be
a form of poststress bacterial programmed cell death (2).

Previous work leads to a scenario for how nalidixic acid limits its own lethality. At
moderate concentrations, quinolone-containing cleaved complexes block RNA poly-
merase movement and interfere with RNA synthesis (9, 49, 50), perhaps contributing to
the bacteriostatic action of the drugs. At high, lethal quinolone concentrations, chro-
mosome fragmentation occurs (9, 22); DNA supercoiling, which is important for initi-
ation of transcription (51), is lost (22). That would further reduce transcription, protein
synthesis, and ROS production. Consequently, at very high quinolone concentrations,
ROS production would be low. Since chromosome fragmentation associated with
narrow-spectrum quinolone treatment is repaired during the long incubation required
to score survival (X. Wang and X. Zhao, unpublished observations), low ROS levels allow
repair and survival. Still unknown is how the Lon protease facilitates paradoxical
survival (37).

The ROS-lethal stress hypothesis has at least two potential applications. One is that
antioxidant consumption, in the form of food or nutritional supplements, may be
counterproductive during antimicrobial therapy (52, 53). Another is the extension of the
present work to potent fluoroquinolones. Nalidixic acid was chosen for the present
work because it exhibits the most readily interpretable ROS-mediated effects of the
gyrase poisons. However, high-concentration, paradoxical tolerance has been observed
with a variety of bacterial species (Enterococcus faecalis, Escherichia coli, Mycobacterium
bovis strain BCG, Mycobacterium smegmatis, Staphylococcus aureus, and Streptococcus
pneumoniae) and for many quinolone and naphthyridone derivatives (9, 23, 32–43, 54).
Thus, it appears to be a general feature of this antimicrobial class. Understanding and
avoiding high-concentration tolerance with future derivatives may be important for
obtaining the highly lethal agents needed to counter the induction of resistance. A next
step is to find ways to enhance ROS accumulation during drug treatment.

MATERIALS AND METHODS
Bacterial strains, growth conditions, and reagents. E. coli K-12 strain BW25113 (3505) was used as

the parental, wild-type strain. A ΔkatG mutant (3157) was constructed by antibiotic marker excision from
strain 3137 (ΔkatG 729::kan, CGSC 10827) (26). E. coli cultures were grown aerobically at 37°C in LB liquid
medium and as colonies on LB agar (55). 5(6)-Carboxy-2=,7=-dichlorodihydrofluorescein diacetate
(carboxy-H2DCFDA) was purchased from Thermo Fisher Scientific Corp. (Waltham, MA). Other reagents
were obtained from Sigma-Aldrich Corp. (St. Louis, MO).

Fluorescence microscopy. ROS levels in E. coli cells were assessed by fluorescence microscopy
following treatment with carboxy-H2DCFDA. Exponentially growing cultures of E. coli (optical density at
600 nm [OD600] � 0.15) were treated with 10 �M carboxy-H2DCFDA and various concentrations of
nalidixic acid for 2 h, avoiding ambient light by wrapping culture tubes with aluminum foil. Samples were
removed, washed with 0.9% NaCl by centrifugation (9,000 � g for 40 s), and resuspended at the original
volume in 0.9% NaCl. They were then concentrated 10-fold, also by centrifugation, and resuspended in
0.9% NaCl, followed by mixing at 40°C with one-third volume 1.5% low-melting-point agarose (FMC
Corp., Philadelphia, PA). Samples were immediately spread on a microscope slide using a coverslip.
Microscopy was performed with a Nikon Eclipse TS100 (Melville, NY) inverted microscope equipped with
filters for excitation and emission of green fluorescent protein. Automated, unbiased image acquisition
was carried out with NIS Elements BR imaging software (Nikon Corp., Melville, NY). A no-dye sample was
included to control for autofluorescence.

Flow cytometry. Exponentially growing cultures of E. coli were treated with various concentrations
of nalidixic acid and 10 �M carboxy-H2DCFDA for 2 h. Samples were removed and washed with the same
volume of 0.9% NaCl by centrifugation (9,000 � g for 40 s), and cells were resuspended in 0.9% NaCl. A
no-dye sample was included to control for autofluorescence. A total of 100,000 ungated events for each
sample was determined with a BD Accuri C6 Plus flow cytometer (BD Biosciences, San Jose, CA) using
20-mV laser power and a 533/30-nm bandpass filter (FL1-channel). Data were analyzed using BD Accuri
C6 software.
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Measurement of protein synthesis rate. Exponentially growing cultures of E. coli were treated with
various concentrations of nalidixic acid as indicated in the figures. Then aliquots (200-�l) were transferred
to prewarmed tubes containing 1 �Ci 35S-methionine (product no. NEG709A500UC; PerkinElmer) and
incubated at 37°C for 5 min. Incorporation of the isotope was stopped by adding 1 ml ice-cold 10%
(wt/vol) trichloroacetic acid to radioactively labeled samples on ice. Radioactive protein samples were
collected on Whatman GF/A filters (24-mm diameter), and unincorporated radioactivity was removed by
washing successively with 1N HCl, ice-cold water, and 95% ethanol. After drying, the filters were wetted
with scintillation cocktail (Opti-Fluor O, product no. 6013339; PerkinElmer), and scintillation counting was
performed with a Beckman LS6500 Multi-Purpose Scintillation counter (Beckman-Coulter, Fullerton, CA).

Statistical analysis. All experiments were performed independently at least three times. Each value
was presented as the mean value plus/minus standard error.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
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