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OxyR is a DNA binding protein that differentially regulates a cell’s response to hydrogen peroxide-mediated
oxidative stress. We previously reported that the reduced form of OxyR is sufficient for repression of tran-
scription of agn43 from unmethylated template DNA, which is essential for deoxyadenosine methylase (Dam)-
and OxyR-dependent phase variation of agn43. Here we provide evidence that the oxidized form of OxyR
[OxyR(ox)] also represses agn43 transcription. In vivo, we found that exogenous addition of hydrogen peroxide,
sufficient to oxidize OxyR, did not affect the expression of agn43. OxyR(ox) repressed in vitro transcription but
only from an unmethylated agn43 template. The �10 sequence of the promoter and three Dam target sequences
were protected in an in vitro DNase I footprint assay by OxyR(ox). Furthermore, OxyR(ox) bound to the agn43
regulatory region DNA with an affinity similar to that for the regulatory regions of katG and oxyS, which are
activated by OxyR(ox), indicating that binding at agn43 can occur at biologically relevant concentrations.
OxyR-dependent regulation of Ag43 expression is therefore unusual in firstly that OxyR binding at agn43 is
dependent on the methylation state of Dam target sequences in its binding site and secondly that OxyR-
dependent repression appears to be independent of hydrogen-peroxide mediated oxidative stress and the
oxidation state of OxyR.

Bacteria have developed a multitude of means that allow
them to survive and grow in a constantly changing environ-
ment. The formation of biofilms and cellular aggregates can,
for example, facilitate resistance to certain environmental
stress factors. In different bacterial species a variety of protein
factors are being identified that promote the formation of
biofilms and bacterial aggregates. In Escherichia coli, one of
these factors is the outer membrane protein Ag43 (8, 9, 13, 14,
17, 24–26). Ag43 is a member of the autotransporter family
and is encoded by the agn43 gene, originally identified as the
flu locus (9, 18, 24, 25). The expression of Ag43 is under the
control of phase variation, so that an individual cell either
expresses the protein (ON) or does not (OFF). Thus, in a given
population of cells only a percentage of individual cells will be
expressing Ag43. The switch frequency of Ag43 expression,
that is, the frequency with which the expression state changes,
is approximately once per 1,000 cells per generation (12, 25).

Phase variation of Ag43 is regulated at the transcriptional
level by OxyR and by the DNA-methylating enzyme deoxya-
denosine methylase (Dam) (12, 17, 18). Dam is a maintenance
methylase of E. coli that specifically methylates the adenine
residue of GATC sequences. When three GATC sequences in
the agn43 regulatory region are unmethylated, OxyR can bind
and repress transcription, resulting in the OFF phase, but,
when these GATC sequences are methylated, OxyR does not
bind and expression is ON (12, 17, 18, 36, 37). Binding of OxyR
prevents Dam from accessing the target sequences in the bind-
ing site, allowing them to remain unmethylated throughout the
cell cycle, even in the presence of Dam (7). Thus, this DNA

methylation state can be passed on from mother to daughter
cell, which results in inheritance of the Ag43 OFF expression
state. By definition, this regulation is epigenetic, since it is
heritable and reversible and does not involve a change in DNA
sequence.

OxyR is a peroxide-sensing, global transcriptional regulator
(reviewed in references 11, 16, 23, and 31). Most data support
a model in which the peroxide-mediated oxidative stress signal
is transduced by oxidation of two cysteine residues in OxyR,
which leads to the formation of an intramolecular disulfide
bridge. This is accompanied by a protein conformation change
and a change in protein-DNA contact sites (6, 20, 34, 38). The
oxidized form of OxyR is a transcriptional activator of a mul-
titude of genes that assist in protecting the cell from oxidative
damage. These include regulatory factors, such as the small
RNA oxyS, enzymes of the two main disulfide reduction path-
ways (trxC and grxA), and peroxide-metabolizing enzymes like
catalase (katG) and alkyl hydroperoxide reductase (ahpC) (re-
viewed in references 23 and 31). The cellular response to
peroxide that is mediated by oxidized OxyR is transient, since
the inducing agent, peroxide, is enzymatically degraded rapidly
and, in addition, since oxidized OxyR in the cell is converted
back to the reduced state within 30 min (2). In the absence of
oxidative stress, OxyR remains mainly, if not exclusively, in the
reduced form, since the cytoplasm is a reducing environment
(2). A recent report by Kim et al. suggests that other modifi-
cations of OxyR may also occur (16, 19). A mutant of OxyR,
OxyR(C199S), is locked in the reduced form and has been
shown to be sufficient for obtaining repression of the Ag43-
encoding gene agn43 (12, 18, 20).

A key question in OxyR- and Dam-dependent phase varia-
tion of Ag43 is whether the switch in expression phase requires
a specific cell cycle or metabolic event. It has been suggested
that the oxidized form of OxyR may not mediate repression of
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agn43 (18, 28). If this were the case, it would not only elucidate
the nature of the switch but would also implicate Ag43-depen-
dent biofilm formation and autoaggregation as a survival
mechanism to oxidative stress. However, the results presented
here indicate that both the reduced and the oxidized forms of
OxyR can repress agn43 transcription when the agn43 GATC
sites are unmethylated.

MATERIALS AND METHODS

Medium and growth conditions. Luria-Bertani (LB) broth, LB agar, M9 me-
dia, and agar were prepared as described earlier (22, 30). Glycerol was added as
a carbon source to M9 medium at 0.2% (vol/vol), unless mentioned otherwise.
5-Bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-Gal) was added as re-
quired. Catalase was added to plates with MV462 and MV463 to enhance growth
of individual colonies. Antibiotics were added to the media at the following
concentrations: kanamycin, 30 �g/ml; ampicillin, 100 �g/ml; chloramphenicol, 34
�g/ml; spectinomycin, 50 �g/ml; and tetracycline, 15 �g/ml.

Bacterial strains and plasmids. The strains and plasmids used in this study are
listed in Table 1. The single-copy agn�-lacZ reporter plasmid, pMV169, was
constructed by cloning a 740-bp fragment of the agn43 regulatory region (nucle-
otides [nt] 8785 to 9525 of AE000291 [4]) at the NotI and HindIII site of pNN387
(10). This is the same region of agn43 present in the previously described strain
MV198 and its derivatives (7, 12, 37). MC4100 containing pMV169 (MV577) was
used for oxidative stress experiments. Standard genetic manipulations and tech-
niques were performed as described previously (3, 21, 22).

Induction of oxidative stress. An overnight culture of MV577 in M9 media was
diluted 1:100, subcultured in the same media, and grown to an A600 of 0.200. The
culture was aliquoted in three parts. One part was left untreated as a control for
the �-galactosidase assay and for determining the percentage of ON cells. The
other two parts (25 ml) were treated with hydrogen peroxide. To one of these, 2.5
�l of H2O2 (2 M stock) was added once for transient stress, and to the other 2.5
�l of H2O2 was added 15 times at 6-min intervals to obtain a sustained oxidative
stress. The treated and untreated cells were plated after 10 min and 2 h to
determine the percentage of Lac� cells. Cultures were vigorously vortexed be-
fore diluting and plating to ensure the absence of aggregates.

EMSA and DNase I footprint analysis. Electrophoretic mobility shift assays
(EMSA) were performed as described previously (12), with either purified OxyR
or crude cell extracts, as specified. Wild-type OxyR was purified as described
previously for OxyR(C199S) (7) from MV247. This oxyR strain carries plasmid
pMV107, which contains the wild-type oxyR gene behind an inducible promoter
(7, 12). Purified, wild-type OxyR is in the oxidized form, since it was purified
under aerobic conditions. To analyze the binding of mutant forms of OxyR at
agn43 (20) crude cell extracts of MV462 and MV463 and of MV764 containing
pAQ5(oxyR), pGS058[oxyR(A233V)], and pGS054[oxyR(H198R)], respectively,
were used in an EMSA with radiolabeled, unmethylated agn43 DNA as a probe
(20). The oxyR gene in these plasmids is contained within a larger insert on
pACYC184. Transcription of oxyR does not require induction. Cell extracts were

prepared from exponential-phase, LB- grown cultures. All these isolates contain
an insertional mutation in the chromosomal copy of the oxyR gene and a single-
copy agn�-lacZ reporter fusion. The protein concentration was determined, and
sodium dodecyl sulfate-polyacrylamide gel electrophoresis was run to confirm
that equal concentrations of protein were used in the EMSA.

DNA probes were obtained by amplifying the regulatory regions from chro-
mosomal DNA of MC4100 by using PCR and were radiolabeled for EMSA and
DNase I footprint analyses. The agn43 probe consisted of nt 9129 to nt 9389 of
AE000291, the katG probe of nt 5252 to 5467 of AE000468, and the oxyRS probe
of nt 55 to 311 of X52666.

The DNase I footprinting assay was performed as previously described on
PCR-derived fragments of the agn43 regulatory region and of oxyRS described
above by using purified protein (7).

In vitro transcription. Multiple rounds of in vitro transcription reactions were
performed with pMV151 as a template that contains agn43 regulatory region
DNA, as described earlier (37). Both methylated and unmethylated pMV151
DNA was used as template for transcription. The effect of oxidized OxyR on in
vitro transcription was studied by the addition of 9.5 and 19 nM purified OxyR
to the reaction mix.

Southern blot analysis. The methylation of agn43 GATC sequences in oxida-
tive stress strain MV651 was determined using by using Southern blot analysis as
described previously (12).

EMSA, DNase I footprint, and in vitro transcription data that were all ob-
tained with radioactive DNA probes were visualized with a Storm phosphorim-
ager and were quantified by using ImageQuant (Molecular Dynamics).

RESULTS

Mutant OxyR and agn43 regulation. It was previously shown
that oxidized OxyR binds to unmethylated agn43 DNA in vitro
(7, 12), but its role in agn43 regulation was not addressed
further. One approach for studying this is to use mutants that
mimic the biochemical properties and biological activity of
oxidized OxyR in normal, reduced cytoplasm. We analyzed the
mutants OxyR(A233V) and OxyR(H198R), which constitu-
tively activate transcription of oxyS (20). OxyR(H198R) and
OxyR(A233V) differ in the degree of activation and their DNA
binding properties (20). Henderson et al. previously showed
that OxyR(A233V) does not complement the oxyR null phe-
notype, in that agn43 transcription was not repressed (18).
MV201(agn�-lacZ; oxyR) was transformed with pAQ5 carrying
the wild-type oxyR gene (MV462), pGS058[oxyR(A233V)] re-
sulting in MV463, or pGS054[oxyR(H198R)] resulting in
MV764. These isolates differed from each other in the Lac
phenotype of individual colonies (Table 2). The predominance

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant genotype Reference or Source

Strains
MC4100 F� araD �lacU169 rpsL thi-1 5
DHB4 F� lac-pro lacIq/�(ara-leu)7697 araD139 �lacX74 galE galK rpsL

phoR �(phoA)PvuII �malF3 thi
2

FA369 DHB4(katG::Tn10[Tet], �ahpCF::Kan) 2
MV201 MC4100 oxyR::�(Spec) �MV195(agn�-lacZ) lysogen 12
MV247 MV243 oxyR::�(Spec) containing pMV107(oxyR) 12
MV462 MV201 containing pAQ5(oxyR) This study; 20
MV463 MV201 containing pGS058[oxyR(A233V)] This study; 20
MV577 MC4100 containing pMV169(agn�-lacZ) This study
MV612 MC4100 containing pAQ24(katG�-lacZ) This study; 33
MV651 FA369 containing pMV169 This study
MV764 MV201 containing pGS054[oxyR(H198R)] This study; 20

Plasmids
pMV151 pRLG770 with an agn(8785–9389) insert 37
pMV169 pNN387 with a 740-bp agn(8785–9525) NotI-HindIII fragment This study; 10
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of Lac� colonies of MV462(oxyR) confirms that wild-type
OxyR, which is mainly if not exclusively in the reduced form,
represses agn43 transcription. An isolate with a chromosomal
copy of oxyR phase varies, but in this isolate phase variation is
absent as a result of the relative increase in level of cellular
OxyR. Conversely, the Lac� phenotype of the colonies of
MV463 confirms that OxyR(A233V) does not repress agn43
transcription. In contrast, MV764[oxyR(H198R)] resulted in a
mixed Lac phenotype, which indicates that this mutant can
repress agn43 transcription but less efficiently than the wild-
type protein. The latter result could be interpreted as the
oxidized form of OxyR being able to repress agn43. However,
these differences in repression at the population level can also
be the result of differences in the binding affinity of the OxyR
proteins for agn43 DNA. In Fig. 1 the results of EMSA are
shown with the use of extracts prepared from these three
isolates, which suggests that this is indeed the case. Binding
was observed with wild-type OxyR (Fig. 1A), whereas no bind-
ing was observed with OxyR(A233V) (Fig. 1C). This indicates
that the affinity of OxyR(A233V) for the unmethylated agn43
binding site was at least fivefold lower than that of wild-type
OxyR. In contrast, and consistent with the observed repression
in vivo, binding was observed with OxyR(H198R) (Fig. 1B).
However, from this and a duplicate experiment (results not
shown), it appears that the affinity may be lower than obtained
with wild-type OxyR. Taken together, these results suggest that
OxyR(A233V) and OxyR(H198R) may not accurately reflect

the role of oxidized OxyR in agn43 regulation. Therefore, we
directly address the role of oxidized OxyR on Ag43 phase
variation by using both in vivo and in vitro approaches.

The OFF phase is maintained during oxidative stress. To
study the effect of oxidized OxyR on expression of agn43, we
constructed an agn�-lacZ reporter fusion in a single-copy plas-
mid (pMV169) and introduced it into a lacZ mutant back-
ground (MV577). The expression of lacZ in the strain MV577
was phase variable. The switch frequencies were 3.9 	 10�3 for
OFF to ON and 3.2 	 10�2 for ON to OFF. This is a few times
lower than previously described for the agn�-lacZ reporter fu-
sion on the chromosome in MV198 (12). The plasmid-based
approach avoids complications that can arise if induction of the
agn�-lacZ containing lambda prophage in MV198 occurs as a
result of oxidative stress.

OxyR can be oxidized in vivo by increasing intracellular
hydrogen peroxide levels (2). Thus, the effect of hydrogen
peroxide addition to a culture of MV577 (OFF phase) in early
logarithmic growth phase was determined. �-Galactosidase
levels were measured to observe an immediate change in tran-
scription levels. In addition, aliquots of MV577 culture were
plated 10 min and 2 h after addition of H2O2 to determine
whether a heritable change in the expression phase had oc-
curred, as determined by the percentage of Lac� colonies. The
addition of peroxide altered neither the �-galactosidase activ-
ity (not shown) nor the percentage of ON cells (Table 3).
Transcription from a katG�-lacZ fusion increases in the pres-
ence of oxidized OxyR (33). When the same protocol with
MV612 containing a multicopy katG�-lacZ fusion was used, a
1.5-fold increase in LacZ expression was obtained at 10 min,

FIG. 1. Different binding properties of wild-type and mutant OxyR to unmethylated agn43 regulatory region. Results obtained from EMSA
with cell extracts containing OxyR are shown in panel A (lanes 2 to 5), with OxyR(H198R) in panel B, and with OxyR(A233V) in panel C. Amounts
of total protein added were 0 �g (lanes 1 and 6), 0.42 �g (lanes 2), 0.85 �g (lanes 3), 2.55 �g (lanes 4), and 4.25 �g (lanes 5). Also shown is the
shift obtained with 7 ng of purified, oxidized OxyR (A, lane 7).

TABLE 2. Lac phenotype of colonies of isolates containing an agn�-
lacZ fusion and plasmids encoding wild-type or mutant OxyR

Strain oxyR genotypea Lac phenotype
(original colony)

No. of
colonies

examined

% Lac� (OFF)
in daughtersb

MV462 oxyR Lac�(OFF) 1,622 
99.9c

1,960 
99.9
MV463 oxyR(A233V) Lac� (ON) 715 �0.2d

967 �0.2
MV764 oxyR(H198R) Lac� (ON) 274 23

387 24
Lac�(OFF) 1,090 95.5

1,839 95.5

a This is the genotype of the plasmid-encoded oxyR allele. The chromosomal
oxyR gene is inactivated in all isolates.

b A colony with a specific Lac phenotype (original colony) was resuspended,
diluted, and plated. The phenotype of these latter, daughter colonies is given.

c Some colonies showed blue sectors, but no Lac� (ON) colonies could be
obtained.

d A Lac� (OFF) colony of this isolate was never observed in any experiment.

TABLE 3. Transient and sustained peroxide-mediated oxidative
stress does not affect phase variation of agn43

No. of H2O2
pulsesa Time (h)b % Lac�c

0d 0 5.2
0d 2 4.8
1 0.16 4.1
1 2 5.9

15 2 4.9

a An aliquot of H2O2 was added to a growing culture of MV577 (see Materials
and Methods).

b Aliquots of the culture were plated at the time indicated, relative to peroxide
addition.

c Percentage of Lac� colonies.
d Untreated MV577 culture.
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indicating that at least part of the cellular OxyR was converted
to the oxidized form by using this approach.

After an oxidative pulse like the one described above, OxyR
is completely converted to the oxidized form within 30 s and is
converted back to the reduced form quite rapidly as well, with
a predicted half-life that, dependent on the cell density, varies
from 1.6 to 17 min (2). The transition to the ON phase of Ag43
not only requires dissociation of OxyR from the DNA but also
methylation of the three target GATC sequences in the agn43
OxyR binding site to prevent reassociation of OxyR (7). In the
experiment above, the OFF state could have been maintained
either by binding of oxidized OxyR or by a lack of methylation
during the brief period during which OxyR(ox) was dissoci-
ated. The latter would allow OxyR after conversion back to the
reduced form to readily reassociate with the DNA. To address
the latter possibility, we tested whether maintaining oxidized
OxyR for a prolonged period would affect Ag43 regulation.
Hydrogen peroxide was added 15 times to a culture of MV577
at intervals of 6 min as described in Materials and Methods.
This prolonged peroxide-mediated oxidative stress also did not
result in a change in the percentage of Lac� cells in the prog-
eny (Table 3). It must be noted that growth of the culture
ceased after five additions (30 min). Because of this concern,
we took additional approaches to examine the effect of sus-
tained oxidative stress. Paraquat, a superoxide-generating
compound, indirectly activates the conversion to oxidized
OxyR by generating hydrogen peroxide at low levels (40). Var-
ious concentrations of paraquat, in the range of 0.01 to 1.0
mM, were added to a culture of MV577. At these concentra-
tions the culture continued to grow, even though the growth
rate decreased. The addition of paraquat also did not result in
a change in the number of Lac� cells (data not shown).

A high level of oxidized OxyR in vivo can also be achieved by
introducing mutations that increase intracellular H2O2 concen-
tration. This is the case in an isolate containing mutations in
both ahpCF and katG (2). The single-copy plasmid with the
agn�-lacZ fusion, pMV169, was introduced into the double
mutant FA369 (ahpCF, katG) (MV651). We were not able to
analyze agn43 phase variation based on Lac phenotype of the
colonies due to the very slow growth of MV651. As an indica-
tor for the Ag43 expression state, the agn43 DNA methylation
state of three independent cultures of MV651 was determined,
and in each case over 95% of the agn43 regulatory region of
pMV169 was sensitive to restriction with MboI, indicating that
the GATC sequences were unmethylated (data not shown).
This is consistent with methylation protection at agn43 by
bound OxyR in this strain, which suggests that OxyR can be
bound to the agn43 regulatory region in vivo under persistent
oxidative stress.

Taken together, the lack of an effect of peroxide-mediated
oxidative stress on Ag43 expression indicates that, in cells with
OxyR mainly or completely in the oxidized form, agn43 tran-
scription is repressed. To determine whether the observed
repression in the OFF cells can be mediated by oxidized OxyR,
we examined in vitro the interactions of oxidized OxyR with
agn43 regulatory region DNA.

Oxidized OxyR represses agn43 transcription in vitro. Pre-
viously, we showed that OxyR(C199S), which has the biological
and biochemical properties of the reduced form, is able to
repress in vitro transcription of agn43 from an unmethylated

DNA template. We carried out an in vitro transcription assay
with agn43 DNA in the presence of oxidized OxyR. Oxidized
OxyR completely repressed transcription from an unmethyl-
ated template (Fig. 2, compare lanes 1 and 2 to lane 3) but not
from a methylated template (Fig. 2, compare lane 4 to lanes 5
and 6). These results are in agreement with binding of oxidized
OxyR to the unmethylated but not methylated agn43 regula-
tory region (12). No additional products were observed in the
presence of OxyR(ox), indicating that it was also not acting as
an activator for an alternative agn43 promoter. This repression
in vitro is consistent with the interpretation that in vivo under
hydrogen peroxide-induced oxidative stress agn43 repression is
mediated by oxidized OxyR.

The binding region of oxidized OxyR at agn43. We examined
the binding of oxidized OxyR to the unmethylated agn43 reg-
ulatory region DNA by in vitro footprinting with DNase I. A
hallmark of the members of the OxyR regulon is that either the
reduced or the oxidized form of OxyR binds to the regulatory
region or that, if both forms bind, the DNA-protein contact
sites differ (34). For example, the DNase I footprints of the two
forms of OxyR at the oxyRS intergenic region differ (Fig. 3,
lanes 4 to 6) in accordance with previously published results by
Toledano et al. (34). Specifically, OxyR(C199S), which has the
properties of the reduced form, resulted in an extended foot-
print with a hypersensitive site (Fig. 3, lane 6). This hypersen-
sitive site was absent in the shorter footprint obtained with the
oxidized form (Fig. 3, lane 4) (34).

The DNase I-protected region of unmethylated agn43 DNA
in the presence of oxidized OxyR included the �10 sequence
of the agn43 promoter and the three GATC sequences (Fig. 3,
lane 1). The protected region at this agn43 DNA was the same
as that protected with OxyR(C199S) (Fig. 3, lane 3). Binding
by both oxidized OxyR and OxyR(C199S) resulted in a hyper-
sensitive site. The footprint obtained with OxyR(C199S) is
consistent with our previously reported results (37).

The affinity of oxidized OxyR for agn43 DNA is biologically
relevant. The results described above show that the oxidized
form of OxyR binds to unmethylated agn43 DNA and re-
presses agn43 transcription in vitro. To address the potential

FIG. 2. Oxidized OxyR represses transcription from an unmethyl-
ated agn43 template in vitro. Template DNA was either unmethylated
(lanes 1 to 3) or methylated (lanes 4 to 6). OxyR(ox) was added as
indicated before RNA polymerase to a final concentration of 9.5 nM
(lanes 2 and 5) or 19 nM (lanes 1 and 6). No OxyR was added to
reactions shown in lanes 3 and 4. “Control” refers to a transcript
obtained from a vector-derived promoter. The size of the agn43 tran-
scription product is 220 nt. Lane 2 was obtained from a different
exposure of the same gel.
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biological relevance of this in vitro activity, we compared the
relative affinity of oxidized OxyR for unmethylated agn43 DNA
with that for the regulatory regions of katG and oxyRS. Binding
of oxidized OxyR at these latter regions activates transcription
of katG and oxyS, respectively (33). In Fig. 4 the results of

EMSA with oxidized OxyR are shown. The results indicate
that the affinities of OxyR(ox) for the regulatory regions of
agn43, oxyRS, and katG differ by less than 20%. This suggests
that, under peroxide-mediated stress, when oxidized OxyR is
known to bind to the katG and oxyRS regions and activate
transcription, it can also be bound to the unmethylated agn43
regulatory region and thus repress agn43 transcription.

DISCUSSION

The data presented here strongly suggest that phase varia-
tion of Ag43 is not affected in cells experiencing peroxide-
mediated oxidative stress and furthermore that under these
conditions the OFF phase can be a result of repression by
oxidized OxyR. Firstly, the absence of a change in the level of
agn�-lacZ transcription and in the percentage of ON cells after
a transient oxidative stress indicates that a change in the oxi-
dation state of OxyR does not result in an alleviation of re-
pression and methylation of the GATC sequences (Table 3).
Previously, global analysis of transcription also showed that the
level of transcription from agn43 (flu) was not altered after
addition of hydrogen peroxide (40). These results suggest that
OxyR, which is mainly in the oxidized form, was bound and
repressed agn43 transcription. Alternatively, oxidation of
OxyR resulted in abrogation of repression, but a lack of rapid
methylation allowed OxyR to rebind after being converted
back to the reduced form. However, a constantly applied per-
oxide-mediated oxidative stress also did not result in a change
in the percentage of ON cells (Table 3). The cells continued to
grow until the fifth addition of peroxide, indicating that met-
abolic activity including DNA methylation was active during
this period. Nevertheless, the percentage of ON cells did not
change, indicating that the OFF phase had been maintained
throughout the oxidative stress period. Furthermore, in the
presence of paraquat the culture grew continuously, even
though the growth rate was affected. The lack of conversion
from the OFF to the ON phase in these cells under oxidative
stress also is consistent with OxyR(ox) binding and repressing.
Finally, the presence of unmethylated regulatory region in the
ahpCF katG mutant is consistent with methylation protection
by bound OxyR. This binding would result in repression of
agn43 transcription in these cell that are under sustained oxi-
dative stress.

Our in vivo data show that repression of agn43 occurs when
the cellular pool of OxyR is mainly in the oxidized form,
indicating that the oxidized form of OxyR is functioning as a
repressor. However, neither the presence of a low level of
reduced OxyR nor the possibility that DNA methylation was
slightly affected can be fully excluded. Furthermore, the level
of oxidative stress that is required to maintain OxyR(ox) will
inherently affect growth and related metabolic processes. Even
though our results obtained with OxyR(H198R) support our
conclusion, we show that analysis of the effect of OxyR mutants
on agn43 expression does not necessarily reflect the role of
oxidized OxyR (Fig. 1; Table 2). The absence of and decrease
in percentage of ON colonies in isolates with OxyR(A233V)
and OxyR(H198R), respectively, appear to be a result of the
decreased binding affinity of these mutants for agn43 DNA and
not to be related to the redox state of OxyR (Fig. 1). Recently,
Schembri et al. presented data indicating that OxyR(H198R)

FIG. 3. The DNase I footprint of oxidized OxyR is similar to that of
OxyR(C199S) at agn43 DNA. Footprints were obtained using a final
concentration of 12 nM OxyR(ox) (lanes 1 and 4) or 10 nM
OxyR(C199S) (lanes 3 and 6). Template DNA was unmethylated
agn43 DNA (lanes 1 to 3) and oxyRS DNA (lanes 4 to 6). For the agn43
sequence, the position of the three GATC sequences is shown. The
direction of transcription of oxyR and oxyS is shown for the oxyRS
footprint, as well as the position of the OxyR binding motifs O1
through O5, as designated previously by Toledano et al. (34).

FIG. 4. The affinity of oxidized OxyR for unmethylated agn43 DNA
is similar to that for katG and oxyRS DNA. The percent shifted DNA
in an EMSA with increasing amounts of purified wild-type OxyR is
shown. Eight nanograms of OxyR corresponds to a final concentration
of 12 nM. Template DNA consisted of oxyRS (open diamonds), katG
(open squares), and unmethylated agn43 regulatory regions (closed
triangles). Data from two independent series of experiments are
shown.
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does not repress agn43 transcription (27). The difference be-
tween our results and theirs can be reconciled by taking into
consideration that different expression systems for OxyR were
used, which can lead to different cellular levels of OxyR. A
decrease in concentration of OxyR, like a decrease in affinity,
will affect the competition with Dam for the agn43 binding site,
which leads to decreased OxyR binding, and thus results in an
increased incidence of the ON phase.

Our in vitro analyses with purified, oxidized OxyR directly
support the conclusion that the repression of agn43 transcrip-
tion, which occurs under oxidative stress, is a direct result of
binding of oxidized OxyR. The affinity of oxidized OxyR for
unmethylated and hemimethylated agn43 DNA is the same as
the affinity of OxyR(C199S), which behaves like the reduced
form (12, 20). Furthermore, it was previously shown that meth-
ylation blocks binding of OxyR(ox) in vitro and conversely that
binding of OxyR(ox) protects agn43 DNA from Dam-depen-
dent methylation, which are both essential features of Ag43
phase variation (7, 12). Consistent with this, the region pro-
tected by OxyR(ox) from DNase I includes the GATC se-
quences. In addition, part of the agn43 promoter sequence was
protected, which is consistent with the data showing that oxi-
dized OxyR repressed agn43 in vitro transcription (Fig. 2 and
3). Taken together, the data support a model in which the ON
state for Ag43 expression is obtained by DNA methylation-
dependent abrogation of OxyR binding and in which the OFF
phase is a result of repression mediated by binding of either
the reduced or the oxidized form of OxyR to unmethylated
agn43 DNA (Fig. 5).

At the agn43 regulatory region, the oxidized form has a
DNase I footprint that resembles the reduced form and pro-
tects the same region (Fig. 3) (37). This is in contrast to the
distinctive differences in the DNase I footprints obtained by
the reduced and oxidized forms at the katG and oxyRS sites
(Fig. 3) (34, 39). Similar DNase I footprints for both forms of
OxyR have, however, also been observed at a mutated ahpC
regulatory region (34). The relative intensity of the hypersen-
sitive site in the footprint of OxyR(ox) at agn43 is lower than
that obtained with OxyR(C199S), which indicates that there is
some difference in the protein-DNA interaction between the
wild-type, oxidized form and OxyR(C199S).

The affinity of oxidized OxyR for unmethylated agn43 DNA
was similar not only to OxyR(C199S) for agn43 DNA but also
to the oxyRS and katG regulatory regions (Fig. 4). Since these
genes are immediately activated by oxidized OxyR upon oxi-
dative stress, this indicates that binding of oxidized OxyR to
agn43 DNA will occur in a cell under oxidative stress as long as
this site is unmethylated. Interestingly, a high binding affinity
of OxyR for agn43 DNA had been predicted by Zheng et al.,
based on analysis of a binding sequence with contacts at four
adjacent major grooves (39). Our data suggest that the OxyR-
agn43 contacts are different but that the affinity is nevertheless
relatively high, which supports these authors’ conclusion that
DNA binding of OxyR and OxyR-dependent regulation are
versatile (6, 39).

OxyR is known to repress several genes. In the reduced form
it is a repressor of its own transcription, of agn43, and of the
phage Mu mom gene (12, 32). In the oxidized form, it is a
repressor of itself, of fhuF, a putative iron reductase, and, as we
show here, of agn43 (39, 40). The oxidized form also binds to
mom DNA (15, 32). However, differences between binding of
OxyR and the mechanism of repression of mom and agn43
make it difficult to extrapolate our results to the role of oxida-
tive stress in regulation of mom.

Our conclusion that oxidized OxyR as well as reduced OxyR
can repress agn43 transcription has implications for a model
proposed by Schembri et al., which addresses the coordinated
regulation between fimbrial production and Ag43 expression.
These authors proposed that fimbrial production leads to a
change in the environmental redox potential that would result
in the conversion of cytoplasmic OxyR to the oxidized form. In
their model, this conversion results in abrogation of OxyR-
dependent repression (27–29). In contrast, our results indicate
that oxidized OxyR can efficiently repress agn43 transcription,
which suggests that the coordinate regulation is not mediated
by the differential oxidation state of OxyR at the level of agn43
transcription. However, processes that affect the cellular or
environmental redox state will affect other pathways that are
involved in responding to the redox potential, including those
that affect protein secretion, stability, and proteolytic cleavage.
These changes may affect the presence of processed Ag43 on
the cell surface, as was shown to occur upon the addition of
dithiothreitol (27).

To summarize, our data indicate that agn43 is an unusual
member of the OxyR regulon in that its OxyR-dependent reg-
ulation is dependent on the DNA methylation state of the
regulatory region but is apparently independent of the oxida-
tion state of OxyR. Thus, peroxide-mediated stress does not
alter the regulation of this specific member of the OxyR regu-

FIG. 5. Schematic model for regulation of agn43 transcription.
Vertical lines indicate the GATC sequences, and methylation is indi-
cated by CH3. The oxidized and the reduced forms of OxyR are as
indicated, and the transcription start site is indicated by an arrow. The
ON phase (A) is obtained if the three GATC sequences in regulatory
region are methylated. The OFF phase is obtained by OxyR-depen-
dent repression. Both the oxidized (C) and reduced forms (B) of OxyR
repress transcription from the unmethylated agn43 template. Neither
the oxidized nor reduced form of OxyR could bind to the methylated
agn43 template.
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lon. Ag43-mediated biofilm formation or aggregation may nev-
ertheless confer a survival advantage under oxidative stress
(27). It remains to be determined if environmental signals exist
that lead to differential expression patterns of Ag43.

A family of agn43-like genes has been identified in E. coli
isolates and in Shigella flexneri (1, 26). The function of this
extended family of proteins is not clear, even though it was
recently shown that the Ag43-like Cah protein in E. coli
O157:H7 confers the characteristic Ag43-dependent autoag-
gregation and biofilm formation but also binds calcium (35).
The regulatory region of this cah gene, as well as of all other
members of this family for which sequence is available, has
retained the essential features for OxyR- and Dam-dependent
phase variation (37). Thus, it is very likely that the basic prin-
ciples underlying Ag43 phase variation will be applicable to
other members of the family of agn43-like genes.
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