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Hydrogen Peroxide Activates the SoxRS Regulon In Vivo
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By multiplex reverse transcription-PCR, we demonstrate that the SoxRS response, which protects cells
against superoxide toxicity, is triggered also by hydrogen peroxide. SoxR-dependent inductions of 7.3-, 7.6-,
4.6-, 2.2-, and 2.6-fold were quantified for soxS, micF, sodA4, inaA, and fpr transcripts, respectively. This finding
suggests an extensive and tight connectivity between different regulatory pathways in the Escherichia coli

response to oxidative stress.

Key regulators of adaptive responses to hydrogen peroxide
(H,0,) and superoxide anion (O, ) are OxyR and SoxR to-
gether with SoxS, respectively (recently reviewed in reference
11). H,O, oxidizes the transcription factor OxyR, leading to
the formation of an intramolecular disulfide bond (17). Oxi-
dized OxyR then induces the transcription of a set of genes,
including katG (hydroperoxidase I), dps (a nonspecific DNA
binding protein), ahpCF (alkyl hydroperoxide reductase) and
gorA (glutathione reductase). Superoxide-generating com-
pounds, such as paraquat, activate the transcription factor
SoxR by the univalent oxidation of the 2Fe-2S clusters of the
protein through an unknown mechanism (11). Oxidized SoxR
then induces the expression of a second transcription factor,
SoxS, which in turn activates the transcription of a set of genes.
Among the SoxRS-regulated genes are micF (a regulatory
RNA), sodA (manganese superoxide dismutase), ina4 (un-
known function), and fpr (NADPH- ferredoxin reductase) (10,
11). Redox-cycling agents also activate the syntheses of pro-
teins that are induced by H,O, and controlled by OxyR, due to
the spontaneous and superoxide dismutase-mediated conver-
sion of O, to H,O, (4, 15). In contrast, it is commonly
believed that H,O, is unable to switch on the SoxRS regulon
expression (4, 8, 14, 15).

We have devised a multiplex reverse transcription-PCR for
the simultaneous quantitation of the in vivo transcription
of more than 10 different target genes (2) (M. Manchado,
C. Michan, M. Cousinou, G. Dorado and C. Pueyo, unpub-
lished data). In this protocol, all target genes, a housekeeping
gene, and one or two external standards are amplified in the
same reaction tube. Specific fluorescent primers are used, and
amplification products are analyzed with a DNA sequencer.
Putative variations in the expression of the housekeeping gene
are controlled by the external standards. Expressions of the
targets relative to the reference (or to one of the external
standards) are measured. Recently, we have experimentally
demonstrated that our methodology fulfills all theoretical re-
quirements for precise quantification of both induction and
repression of gene transcription (M. Manchado, C. Michan,
M. Cousinou, G. Dorado and C. Pueyo, unpublished data).
Because of the PCR amplification step, our method displays a
much higher sensitivity than those of current techniques for
mRNA quantitation, such as Northern blotting or primer ex-
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tension analyses. Here, we used this sensitive experimental
approach to investigate if H,O, is able to trigger the expression
of the SoxRS regulon, in order to better define the coordina-
tion between the OxyR and SoxRS regulatory networks of
Escherichia coli.

H,0, induces sodA transcription. The putative activation of
the SoxRS regulon by H,O, was first investigated by examining
the expression of the sodA gene in wild-type cells exposed to a
wide range of H,O, concentrations (varying from 0.25 to 1,000
uM) (Fig. 1). While the lower-dose treatments (from 1 to 100
pM H,0,) induced specifically the transcription of selected
OxyR-regulated genes (katG, dps, ahpCF, gorA), the higher-
dose treatments (=500 .M H,0,) resulted in the activation of
sodA. In contrast with previous data (14), inductions of 2.1-
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FIG. 1. H,0, induces sodA transcription. Wild-type cells grown in M9 min-
imal medium (optical density at 600 nm of 0.2) were treated with the H,O,
concentration (uM) indicated in the abscissa. Samples were collected immedi-
ately (<1 min) after the addition of the oxidant. RNA purification, cDNA
synthesis, and multiplex PCRs were carried out as described previously (7). An
exogenous fragment of the gene (CYP1A) coding for cytochrome P4501A from
Liza aurata (9) was coamplified with the target genes and the reference gapA
gene. The fluorescence signal of each PCR product was compared to that of
CYPIA (noncompetitor heterologous standard). Data were from an average of
eight multiplexed PCR amplifications. Values from treated samples were divided
by those from the corresponding control (unexposed bacteria). Statistical com-
parisons were done by an analysis of variance test. Significant increments are
indicated by filled-in symbols.
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FIG. 2. H,O, induces SoxRS regulon transcription. Treatments and analyses
were as described in the legend to Fig. 1. A laboratory-engineered fragment
(gapA™) of the housekeeping gene was used as an external standard (M. Man-
chado, C. Michan, M. Cousinou, G. Dorado, and C. Pueyo, unpublished data).
The fluorescence signal of each PCR product was compared to that of gap4*
(competitor homologous standard). Error bars were estimated from the corre-
sponding standard error of the mean values. Significant increments are marked
with an asterisk.

and 4.7-fold were readily seen for sod4 mRNA in response to
500 and 1,000 pM H,O,, respectively, immediately after the
addition of the oxidant (Fig. 1).

In previous studies (2, 7, 9), the amounts of the mRNAs of
interest were determined with reference to the mRNA level of
the gapA gene (used as an internal standard), which codes for
a key enzyme of the glycolytic and gluconeogenesis pathways
(p-glyceraldehyde-3-phosphate dehydrogenase). As discussed
elsewhere (M. Manchado, C. Michan, M. Cousinou, G. Do-
rado and C. Pueyo, unpublished data), it cannot be taken for
granted that the so-called housekeeping gene will maintain a
steady level of expression under all circumstances. Indeed, we

Fold increase relative to control

micF

soxS

100 pM H,0, (< 1 min)

NOTES 6843

observed a small (=twofold), though statistically significant,
increase in gapA transcription in response to =500 puM H,0.,.
Thus, to circumvent possible underestimations of transcrip-
tional inductions, all data in this work were compared to an
external standard. A noncompetitor heterologous standard
was used for Fig. 1, and a competitor homologous standard was
used for Fig. 2 and 3. As described elsewhere (M. Manchado,
C. Michan, M. Cousinou, G. Dorado and C. Pueyo, unpub-
lished data), both types of external standards are equally useful
for monitoring changes in the expression levels of the genes,
but the competitor has the additional advantage of using the
same pair of primers that amplifies the reference gene.
SoxRS regulon activation by H,0, depends on SoxR. The
results above and the particularly complex multiregulated tran-
scription of sodA (13) prompted us to investigate the effect of
H,O, treatment on the expression of other SoxRS-regulated
genes, such as soxS, micF, inaA, and fpr (Fig. 2 and 3). H,O, at
a 100 pM concentration increased instantaneously the tran-
script levels of soxS and micF (Fig. 2), whereas 5- to 10-fold-
higher concentrations were required to induce significantly the
sodA expression (Fig. 1 and 2). Nonetheless, significant incre-
ments in sodA transcription and also in ina4 and fpr transcrip-
tion were observed when bacteria were exposed to 100 uM
H,O, for 10 min (Fig. 3). These results clearly demonstrate
that H,O, stress conditions that are regularly used to induce
the OxyR response (e.g., references 1, 12 and 17) strongly
activate the in vivo transcription of the SoxRS regulon. There-
fore, induction levels of 7.3- and 7.6-fold (<1 min of treat-
ment) and of 4.6-, 2.2-, and 2.6-fold (10 min of treatment) were
quantified for soxS, micF, sodA, inaA, and fpr, respectively, in
response to 100 uM H,O, (Fig. 3). Interestingly, the activation
of the SoxRS-regulated genes by H,O, was seen concomitantly
with a decline in the amounts of the OxyR-regulated tran-
scripts (e.g., the katG transcript levels shown in Fig. 2).
Figure 3 provides further evidence that the induction of
soxS, micF, sodA, inaA, and fpr expression by H,O, was abol-
ished by the introduction of the AsoxR9::cat mutation (16),
indicating a strict dependence on a functional SoxR regulator.
In contrast, this transcriptional up-regulation was preserved in
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FIG. 3. SoxR regulates the induction of SoxRS regulon transcription by H,O,. Wild-type, AoxyR::kan, and AsoxR::cat bacteria were treated with 100 puM H,0O,.
Samples were collected immediately (<1 min) or at 10 min after the addition of H,O,. The fluorescence signal of each PCR product was compared to that of a
competitor homologous standard (gapA*). See the legends to Fig. 1 and 2 for more details.
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the strain with the AoxyR:kan mutation (6), indicating that
OxyR is not involved in the SoxR-mediated response to H,O,.
In fact, generally, the induction ratios of the SoxRS-regulated
genes by H,O, were somewhat higher in the AoxyR::kan mu-
tant than in the wild-type strain, which might be attributed to
the inability of OxyR-defective bacteria to induce katG tran-
scription (7), i.e., the H,O, breakdown catalyzed by hydroper-
oxidase L.

The activation of the SoxRS regulon by H,O, stress in a
SoxR-dependent manner might be an indirect result, depend-
ing on the formation of an H,O,-generated signal that is
sensed by SoxR rather than on H,O, itself. In fact, a crucial
unanswered question concerns the nature of the signal(s)
sensed by SoxR. Another possibility is that H,O, somehow
could interfere with the unknown system that keeps SoxR in its
reduced, inactive form in vivo, e.g., by depleting the electron
source for the recently discovered SoxR reductase (5). Indeed,
we have demonstrated (9) that both glutaredoxin and thiore-
doxin pathways, which consume NADPH, are triggered in the
OxyR-mediated response to H,O,. Whatever the mechanism,
the H,O,-mediated induction of the SoxRS response may re-
flect the existence of multiple pathways for SoxR activation
and deactivation, as discussed by others (3). This versatility
would let the SoxR system respond to a wide range of envi-
ronmental and intracellular changes indicative of possible
oxidative stress. The multiplex reverse transcription-PCR
methodology used in this work for quantification of transcrip-
tion will be of relevance in further experiments. Nevertheless,
quantifications at the protein level will also be necessary in
order to unravel the relationships between mRNA production
and protein synthesis.
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