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Hypochlorous acid (HOCI) is probably the most
widely used disinfectant worldwide and has an impor-
tant role in inflammatory reaction and in human re-
sistance to infection. However, the nature and mech-
anisms of its bactericidal activity are still poorly un-
derstood. Bacteria challenged aerobically with HOCI
concentrations ranging from 9.5 to 76 pM exhibit
higher ability to form colonies anaerobically than aer-
obically. Conversely, aerobic plating greatly increased
lethality after an anaerobic HOCI challenge, although
anaerobic survival did not depend on whether HOCI
exposure was aerobic or anaerobic. Even a short tran-
sient exposure to air after anaerobic HOCI challenge
reduced anaerobic survival, indicative of immediate
deleterious effects of oxygen. Exposure to HOCI can
cause lethal DNA damage as judged by the fact that
recA sensitivity to HOCI was oxygen dependent. Anti-
oxidant defenses such as reduced glutathione and glu-
cose-6-phosphate dehydrogenase were depleted or in-
activated at 10 uM HOCI, while other activities, such
as superoxide dismutase, dropped only above 57 uM
HOCI. Cumulative deficiencies in superoxide dis-
mutase and glucose-6-phosphate dehydrogenase ren-
dered strains hypersensitive to HOCI. This indicates
that part of HOCI toxicity on Escherichia coli is medi-
ated by reactive oxygen species during recovery.
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Uncombined chlorine, in the form of un-ionized hy-
pochlorous acid (HOCI),® is an extremely potent bacte-
ricidal agent, even at micromolar concentrations. Dur-
ing inflammatory reactions, HOCI is generated within
phagosomes of activated neutrophils by the myeloper-
oxidase-catalyzed peroxidation of chloride ion (1, 2).
Surprisingly, however, despite the fact that HOCI is
probably the most widely used disinfectant worldwide,
and despite its important role in inflammatory reac-
tions and in human resistance to infection, the nature
and mechanisms of its bactericidal activity are still
poorly understood.

Aerobic organisms must deal with reactive oxygen
species (ROS) such as superoxide anion, hydrogen per-
oxide, and hydroxyl radicals that are generated from
sequential univalent reductions of oxygen during the
normal course of aerobic metabolism. To prevent the
harmful effects of ROS, cells are equipped with several
defenses including antioxidants, such as glutathione;
enzymes, including catalases, peroxidases, and super-
oxide dismutases (SOD); as well as general defense
systems activated in response to oxidative stress (3, 4).
Several reports have suggested the involvement of
Escherichia coli anti-oxidation defenses in the protec-
tion against HOCI stress. It has been shown that genes
that are part of E. coli's defenses against hydrogen
peroxide are also involved in HOCI resistance, indicat-
ing a possible overlap in the defense circuits (5). Con-
sistent with this observation, it has been reported that
the addition of catalase enhances the colony-forming
ability of HOCI-stressed cells (6). The inactivation of
catalase and superoxide dismutase activities by HOCI

® Abbreviations used: HOCI, hypochlorous acid; G6PD, glucose-6-
phosphate dehydrogenase; SOD, superoxide dismutase; GSH, re-
duced glutathione; ROS, reactive oxygen species; GSSG, oxidized
glutathione; DTNB, 5,5'-dithiobis(2-nitrobenzoic acid); NBT, ni-
troblue tetrazolium.
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have been described in vitro (7, 8) and also in vivo for
E. coli catalase (6). Recently, Chesney et al. (9) have
shown that reduced glutathione (GSH) plays an impor-
tant role in the resistance of E. coli cells to HOCI.
Moreover, HOCI, can mobilize intracellular transition
metals such as iron in vivo (10), via some oxidative
process, which can lead to production of the highly
reactive hydroxyl free radical via the Fenton reaction.
Finally, the soxRS regulon, the multigene defense sys-
tem against superoxide (O; ) (11-13) or nitric oxide
(14), was shown to be induced after HOCI exposure
(15).

In this study, we investigate the possible involve-
ment of ROS in the lethal effect of HOCI on E. coli. We
show that oxygen plays an aggressive role during re-
covery from HOCI stress, which may be due to a HOCI-
dependent loss of antioxidant activity. Our results in-
dicate that this oxygen-dependent toxicity was due, at
least in part, to lethal DNA damage.

MATERIALS AND METHODS

Bacterial strains. All strains are E. coli K-12 derivatives. Muta-
tions in various genes were introduced by P1 transduction in the
same parental strain, MG1655 (16), using P1 vir and selecting for an
antibiotic resistance associated with the mutation: resistance to
chloramphenicol for ®(sodA’-'lacZ)49 (17), resistance to kanamycin
for &(sodB-kan)A2 (17), and resistance to tetracycline for
s0xS3::Tnl1l0 (18). The A(edd-zwf),, (19) strain was generated by
cotransduction of the zwf deletion with zeb-1::Tn10; selection was for
tetracycline resistance and cotransduction of the zwf deletion was
screened by glucose-6-phosphate dehydrogenase enzymatic mea-
surement. The ArecA306 (20) strain was generated by cotransduction
of the ArecA allele with srl::Tn10; selection was for tetracycline
resistance and cotransduction of the recA allele was screened by UV
sensitivity. Standard procedures were used for genetic manipula-
tions (21).

Reagents and hypochlorous acid assay. All chemicals used were
of analytical grade. N,N-diethyl-p-phenylenediamine, NaClO, so-
dium thiosulfate, peroxidase, oxidized glutathione (GSSG), 5,5'-di-
thiobis(2-nitrobenzoic acid) (DTNB), riboflavin, and nitroblue tetra-
zolium (NBT) were purchased from Sigma Chemical Co. NADP and
NADPH were purchased from Boehringer-Mannheim GmbH. Fresh
solutions were prepared daily in distilled water and used immedi-
ately. NaClO solution in distilled water was stable for several hours.
The concentration of hypochlorous acid was determined both iodi-
metrically and colorimetrically (22); we use the term hypochlorous
acid (HOCI) throughout the paper to include both undissociated acid
and hypochlorite ion.

Growth and hypochlorous acid challenge conditions. Growth con-
ditions and challenge were as previously described with small
changes (5). Briefly cells were grown in LB (21) at 25°C in a rotary
shaking waterbath at 200 rpm. Erlenmeyers flasks used for HOCI
treatment were washed with sulfochromic acid. At an optical density
of 0.3 at 600 nm (10° bacteria/ml) the cells were sedimented by
centrifugation at 3000g for 10 min at 4°C, washed twice with cold
0.05 M phosphate buffer (pH 7), and resuspended in the same volume
of phosphate buffer. The number of colony-forming units (CFU) of
the culture was not reduced by this washing procedure. Samples
were distributed in 25-ml Erlenmeyer flasks (2.5 ml each) and fresh
hypochlorous acid was added at various concentrations from 0 to 76
M (=100 wl). After 20 min incubation at 25°C in the dark with
gentle shaking, hypochlorous acid was quenched by the addition of
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sterile sodium thiosulfate to 5 X 10~* M. Culturable bacteria were
assayed by plating on LB plates containing 0.4% glucose after serial
dilutions in phosphate buffer. Colonies were counted after 48 h
incubation at 37°C in the air or in the Forma Scientific anaerobic
chamber (Model 1024). Anaerobic cultures and media were supple-
mented with 0.4% glucose. All media and materials were equili-
brated in the anaerobic chamber for at least 1 day before use.

Antioxidant measurements. Crude extracts were prepared by ul-
trasonic treatment and used for enzymatic assays. Bicinchoninic acid
reagent (Pierce Chemical Co.) was used to measure protein concen-
tration (23), with bovine serum albumine as standard. SOD activities
were revealed by staining polyacrylamide gels as previously de-
scribed by Beauchamp and Fridovich (24) and quantified using the
Image Quant software. Catalase activities were revealed on poly-
acrylamide gels as previously described by Gregory and Fridovich
and quantified as above (25). G6PD was measured in 50 mM Tris
buffer (pH 7.6), 10 mM MgCl,, 0.6 mM glucose 6-phosphate, and 0.2
mM NADP by following the increase in absorbance at 340 nm (26).
Glutathione reductase was measured in 0.1 M phosphate buffer (pH
7), 2.5 mM GSSG, and 0.2 mM NADPH by following the decrease in
absorbance at 340 nm (27).

Bacterial GSH concentration was determined colorimetrically on
the basis of the absorbance of the reaction product of GSH and DTNB
as described (28) (molar absorptivity coefficient of 13.600 M ' cm ' at
412 nm).

RESULTS
Lethal Effects of HOCI Are Enhanced by Oxygen

To investigate whether oxidative stress contributed
to the toxicity of HOCI in E. coli, we tested whether
plating under anaerobic conditions bacteria grown and
challenged aerobically could increase the surviving
fraction. Anaerobic plating increased survival, the ef-
fect becoming quite pronounced above the 19 uM HOCI
concentration (a 15-fold increase in survival at 38 uM)
(Fig. 1A). To determine whether oxygen was necessary
during treatment to observe oxygen-dependent killing,
cells were challenged in anaerobiosis. As for challenge
in aerobiosis the plating efficiency was lower in aero-
biosis than anaerobiosis, while oxygen-independent le-
thal effects (recorded by anaerobic survival) were sim-
ilar regardless of the treatment condition (Fig. 1B).
Since we showed previously that no residual HOCI is
present in the cells after treatment (5), these results
suggested that oxygen-dependent damage occurred
during recovery from HOCI treatment.

To rule out a possible difference in plating efficiency
due to a differential sensitivity to HOCI of factors in-
volved in anaerobic and aerobic general metabolism,
we exposed cells anaerobically challenged by HOCI to
air for short periods before being plated in the absence
of oxygen. An exposure to air as short as 10 min sig-
nificantly reduced survival during subsequent plating
in anaerobiosis (Table 1). Thus, this indicated that
oxygen-dependent damage is rapidly and irreversibly
produced upon oxygen exposure during cell recovery. It
rules out the possibility that increase in HOCI toxicity
is due to the loss of some specific function necessary for
general aerobic metabolism.
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Effect of anaerobiosis on survival after HOCI challenge. Cultures of wild-type bacteria were grown and challenged with various

HOCI concentrations in aerobiosis (A) or anaerobiosis (B) and plated anaerobically (®) and aerobically (m).

Role of Recombinational DNA Repair in Protection
from Oxygen-Dependent HOCI Lethal Effects

We previously reported that recA and recB mutants,
deficient in DNA recombinational repair were slightly
more sensitive than the wild type to HOCI treatment,
indicative of DNA attack (5). To test whether the DNA
damage was mediated by oxidative species generated
by HOCI treatment, the sensitivity of a recA mutant to
HOCI was assessed in anaerobiosis (Fig. 2). The in-
creased sensitivity of the recA strain to HOCI observed
in air was suppressed in anaerobiosis. This indicates
that DNA strand breaks which could be repaired by
recombination can be generated after HOCI treatment
via reactive oxygen species.

Oxidative Stress after HOCI Treatment

Impairment of antioxidative defence after HOCI
treatment. A possible explanation of the exacerbation
of sensitivity to HOCI in the presence of oxygen could

TABLE 1

Effect of a Transient Aerobic Exposure on Anaerobic
Survival after Growth and HOCI Challenge in Anaerobiosis

Duration of aerobic exposure Survival fraction (%)

0 min 50
10 min 6
60 min 5
48 h? 0.1

Note. Wild-type anaerobically grown bacteria were arrested in
exponential phase (10° CFU/mI) and challenged under anaerobic
conditions with 38 uM HOCI. After plating, plates were transferred
for various times to an aerobic atmosphere at 37°C and then re-
turned to the anaerobic chamber and incubated for 48 h.

® Plates were not returned to anaerobic chamber and counted
directly after 48 h in aerobiosis.

be an impairment of enzyme activities or compounds
involved in protection against ROS. We therefore as-
sayed SOD, catalase, gluthathione reductase and
G6PD activities, and the GSH concentration immedi-
ately after an aerobic HOCI challenge (Fig. 3). One
group, including G6PD, GSH, and the catalase activity
of hydroperoxidase | (catalase—hydrogen peroxidase),
showed high sensitivity to low concentrations of HOCI
(Fig. 3A). A second group, including SOD, glutathione
reductase, and hydroperoxidase Il (catalase), was sen-
sitive only at higher HOCI concentrations (57 uM) (Fig.
3B).

Effect of mutations in protective systems against ox-
idative stress on survival after HOCI treatment. The
above results indicate that antioxidative defence are
impaired at various degrees after HOCI treatment. To
further investigate whether those defects result in
HOCI toxicity, the effect of HOCI on strains mutated in
protective systems was assayed. We previously re-
ported that deficiencies in protections against hydro-
gen peroxide did not sensitize to HOCI treatment. We
also reported that the protective global defense against
superoxide, implying genes of the soxRS regulon, was
triggered by HOCI treatment. The SoxRS regulon is
governed by SoxR and SoxS. SoxR is a sensor protein
activated upon a signal of oxidative stress. It activates,
in turn, the transcription of SoxS regulatory protein
that itself activates transcription of numerous genes of
functions involved in protection against superoxide.
These include MnSOD, repair functions, and metabolic
functions that will permit the bacteria to survive dur-
ing the stress. We thus questioned whether mutants
deficient in defence against superoxide, SOD-deficient
mutants, and mutants unable to induce soxRS regulon
were more sensitive in aerobiosis to HOCI. The sodA
sodB mutant, deficient in cytoplasmic SODs, was not
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FIG. 2. Oxygen-dependent sensitivity of recA mutants to HOCI treatment. Cells were challenged in aerobiosis with HOCI and plated in
aerobiosis (A) and anaerobiosis (B). m, wild type; @, recA.

significantly more sensitive than the wild type to HOCI
exposure (not shown). The soxS3 mutant was slightly
more sensitive at concentrations of HOCI greater than
57 uM (Fig. 4). The triple sodA sodB soxS3 mutant

showed a significant increase in sensitivity, even at low
concentrations, suggesting that protections against ox-
idative stress are
Among soxRS-dependent functions, G6PD, which con-

involved in resistance to HOCI.
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FIG. 3. Measurement of antioxidants after HOCI challenge. Wild-type cells were treated with various HOCI concentrations as described in
aerobiosis. Cells were chilled and aliquots were removed for count of survival and GSH content determination. Crude extracts were prepared
on the remaining fraction for measurements of enzymatic activities. Each point represents the mean of duplicate determinations; the
variation between the two measurements was less than 20%.
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FIG. 4. Effect of mutations in protective systems against superox-
ide on HOCI lethality. Cultures stopped in exponential growth phase
were challenged in aerobiosis with various concentrations of HOCI as
described. Survival fractions are the mean values of four indepen-
dent experiments. Error bars are indicated (average = SD). Wild-
type, ®; soxS3:Tnl0, OO; A(edd-zwf),, ®(sodA’-'lacZ)49 ®d(sodB-
kan)A2, A; soxS3::Tn10 ®d(sodA’-'lacZ)49 ®(sodB-kan)A2, O.

tributes in regenerating the NADPH pool, could be
important for HOCI resistance. In fact, dehydrogenase
activities have been reported to be sensitive to HOCI in
vivo (29). We thus tested a zwf mutant, deficient in
G6PD. While the single mutant showed no significant
increase in sensitivity (not shown), the zwf sodA sodB
mutant was as sensitive as sodA sodB soxS3, support-
ing the idea that the noninducibility of G6PD in the
sodA sodB soxS3 mutant associated to the increase
level of superoxide is largely responsible for its HOCI
sensitivity.

DISCUSSION

In this study we have shown that a part of the lethal
damage produced by hypochlorous acid is mediated by
ROS during cell recovery, even though hypochlorous
acid is no longer present.

Impairment of several antioxidant defenses may be
the cause of the oxygen-dependent Killing following
HOCI challenge. The effect of oxygen increases with
HOCI concentration, becoming significant from about
40 puM. At low HOCI concentrations (leading to more
than 10" survival), HOCI-mediated oxidative killing of
wild-type cells is minor, although there is a drastic
drop in G6PD and hydroperoxidase | catalase activities
and the GSH content. This suggests that other compo-
nents of defence systems, such as SOD, are sufficient to
protect cells. As the HOCI concentration increases, en-
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zymes such as SOD and hydroperoxydase Il are inac-
tivated. Thus, the reduction in available GSH along
with the drop of catalase and SOD activities and the
loss of general defense against oxidative stress should
cause an accumulation of superoxide and hydrogen
peroxide. This, together with the increase in free iron
level observed after a HOCI challenge (10), should fa-
vor the Fenton reaction, leading to the formation of
highly deleterious hydroxyl radicals.

This view is supported by our mutant analysis, al-
though it should be kept in mind that mutations lead to
permanent inactivation, while HOCI-inactivated pro-
teins can be resynthesized in surviving cells since
HOCI was rapidly eliminated. The mutant deficient in
SOD (sodA sodB), despite its high steady-state level of
superoxide, is not more sensitive to HOCI than wild
type, but is drastically sensitized, even at low HOCI
concentrations, when the soxRS protective response is
mutated (in the sodA sodB soxS3 mutant). Notably,
although it has been shown that the soxRS regulon is
induced at low HOCI concentrations (15), the soxS3
mutation alone did not increase HOCI sensitivity, in-
dicating that the basal level of proteins under SoxRS
regulation is sufficient to protect against HOCI-medi-
ated oxidative damage, at least at low HOCI concen-
tration. Among soxRS-dependent protective functions,
G6PD appears to play a major role, as shown by the
hypersensitivity of the zwf sodA sodB mutant. The
synergy between the zwf and the sodA sodB mutations
is interesting and may be coupled to NADPH regener-
ation. NAD(P)H might contribute indirectly to main-
taining superoxide and hydrogen peroxide at low lev-
els. Indeed, GSH and surface-exposed methionine res-
idues can scavenge ROS via catalytic cycles driven by
an NAD(P)H oxidation reactions (4, 30). G6PD, which
is in a large part responsible for the regeneration of
NADPH pool, might thereby contribute to the mainte-
nance of a low ROS level. Thus, in addition to the SOD
deficiency resulting in a high increase of superoxide
steady state, the pool of reduced GSH which drops in
the presence of HOCI and the methionine residues
which might be oxidized (31), should be poorly recon-
stituted in zwf mutants, resulting in negligible scav-
enging of ROS.

One consequence of ROS and free iron level increases
is that at least part of the oxygen-dependent toxicity of
HOCI challenge could be due to DNA damage via the
formation of highly deleterious hydroxyl radicals. A
prior study supported the generation upon HOCI expo-
sure of hydroxyl radicals via a Fenton reaction, based
in part on the increased sensitivity of mutants in DNA
recombinational repair (5). This increased sensitivity
is not observed in anaerobiosis, where recA behaves as
wild type, supporting the idea of HOCI induced lethal
DNA damage. However, it should be noted that while
recA mutants are more sensitive to HOCI than wild-
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type cells, it is not clear whether HOCI-inflicted oxida-
tive DNA damage is involved in the killing of wild-type
cells.

Involvement of ROS in the deleterious effects pro-
duced by various stresses may be a general phenome-
non. Oxidative stress is implicated in bacterial Killing
during lethal heat shock. E. coli superoxide dismutase-
deficient mutants are hypersensitive to heat Killing
(32), and catalase is partially inactivated by heat shock
(33). Conversely, catalase enhances the ability of bac-
teria to form colonies following heat shock and other
stresses such as freezing, dessication, and dehydration
(33-37). In eukaryotes oxidative stress plays a major
role in the lethal effect of heat, as recently observed in
yeast, in which the deleterious effects of heat stress is
drastically reduced by anaerobiosis or by overexpres-
sion of antioxidants (38). Free radical mechanisms also
appear to be implicated in the toxicity of ethanol (39,
40). Thus, other stresses, like HOCI, may leave cells in
a vulnerable physiological state in which atmospheric
oxygen, during the recovery period, increases the toxic
effect of the primary stressor, which could maybe ex-
plain the viable but nonculturable phenomenon (41).
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