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FIG. 2. Northern analysis ohr region genes. Expression of ohrA
(A), ohrB (B), and ohrR (C) was measured using 10 ng of total RNA
from each sample separated on a 1% formaldehyde gel. RNA was
transferred to a nylon membrane and hybridized with a radiolabeled
DNA fragment containing the coding region of each gene. Arrows
indicate the major transcript of each gene. Cells were either uninduced
(none) or were treated with 100 uM CHP, 100 pM fert-butyl hydroper-
oxide (t-BuOOH), 100 uM H,0,, 4% ethanol, or 4% NaCl for 15 min
as indicated.

to cells harboring ohrA-lacZ alone (HB574) (~6 U). In con-
trast, mutation of oArR did not greatly affect the level of ex-
pression of the ohrB-lacZ fusion, which is very low in growing
cells (1 to 2 U). These data demonstrate that mutation of ohrR
is sufficient for derepression of ohrA, but not ohrB.

There is no significant increase in ohrR-cat-lacZ activity in
ohrR versus wild-type cells (Table 2), suggesting that OhrR is
not autoregulated. Moreover, expression of the ohrR-cat-lacZ
fusion did not respond to CHP treatment (Table 2), a finding
consistent with the slight response to CHP (1.3-fold induction)
observed in the Northern analysis of ohrR mRNA (Fig. 2C).

Putative binding site of OhrR. Inspection of the ohrA4 pro-
moter region reveals possible binding motifs for OhrR. The
ohrA promoter region contains one perfect inverted repeat
(TACAATT-AATTGTA) and an adjacent imperfect repeat
with three mismatches (Fig. 6A). Alternatively, this region may
be viewed as an 11-bp direct repeat.

To determine if these sequence motifs are important for
OhrR-mediated repression, we selected for mutant strains that
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FIG. 3. Primer extension analysis of the ohrA4 promoter. Cells were
grown and treated as described for Fig. 2 prior to RNA isolation. The
major alkyl peroxide responsive transcriptional start point for the ohr4
gene corresponds to position —27 relative to the start codon, in agree-
ment with previously published start site mapping data (38). The origin
of the larger band is not clear, but may be due to readthrough tran-
scription from the upstream proAB operon.

were derepressed for ohrA-cat-lacZ expression and character-
ized the resulting cis-acting mutants. Two independent mu-
tants (ohrA+) contained the identical 15-bp deletion (Fig. 6B).
These mutations likely arose from unequal crossing over be-
tween the two 11-bp direct-repeat elements noted above. Re-
markably, this deletion also removes the native —10 element of
the ohrA promoter but replaces this region with another se-
quence that closely matches the —10 consensus, thereby likely
generating a new o”-dependent promoter.

To determine if this altered promoter retains sequences that
bind OhrR, the ohrAx*-cat-lacZ fusion from one representative
strain (HB2031) was transduced into the oArR mutant to gen-

TABLE 2. B-Galactosidase activity of ohrA4 and ohrR transcription
fusion in wild-type and oArR backgrounds

Genotype Mean B-Galactosidase activity = SD

Strain (Miller unit)”

Mutation Reporter Uninduced 100 uM CHP
HB2012 None ohrA 3.44 = 0.09 90.47 = 1.35
HB2014 ohrR ohrA 513.04 £19.58  520.31 = 16.43
HB2011 None ohrR 3.65 = 0.19 3.73 =0.12
HB2013 ohrR ohrR 427 £0.14 4.46 = 0.24
HB2031 None ohrA™* 128.55 = 4.12 ND
HB2044 ohrR ohrA* 230.37 = 31.22 ND

“ ND, not done.
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FIG. 4. Effect of an ahpC mutation on induction of ohrA4 by organic hydroperoxides. B-Galactosidase activities were assayed in various mutants
(bars: gray, ohrA, HB574; black, ohrA ohrB, HB2003; white, ohrA ahpC, HB2008; cross-hatched, ohrA ohrB ahpC, HB2010). Cells were grown to
mid-log phase, and various concentrations of CHP or tert-butyl hydroperoxide (tBOOH) were added to the cultures for 15 min at 37°C with
shaking. The data shown are representative of triplicate determinations.

erate strain HB2044. Comparison of 3-galactosidase activity in
the wild-type and oArR mutant cells indicates that OhrR still
exerts a small, but reproducible, repressive effect on this pro-

OhrR binds to the inverted repeat sequences noted above and
suggests that the imperfect inverted repeat, which is retained in
the mutant promoter region, may be sufficient for mediating

moter (Table 2). This result is consistent with models in which some repression by OhrR.

A.
PA PB
ohrAd ohrR ohrB
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OhrRa Pa  --------- MSRLPTTPC§ i# K TAME 51
OhrRb Pa - ---MSTRGKVARPDGVEES 56
OhrR AC  ----=--=---== MQODAST 47
OhrR Sc MTTPATEPAAEPAREPATHW 60
OhrR vc - ---MPSP-QVSCQTPTHDP : i 55
OhrR Stc  ----=-------mmo- 44
OhrR Bs 102
OhrRa Pa 106
OhrRb Pa { ‘, j IRI‘ 116
OhrR Ac bt BsBrr ek egito iR 102
OhrR Sc LDSGTLEPLLKRLENAGLY 115
OhrR Ve 110
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OhrR VcC
OhrR stc

FIG. 5. ohrR encodes a MarR-like repressor of ohrA. (A) Schematic of the ohrA ohrR ohrB region. P, indicates a o”*-dependent promoter
element; Py indicates a o®-dependent promoter. (B) alignment of OhrR with other closely related MarR family members. The abbreviations used
are as follows (strain; GenBank accession number): OhrR Bs (B. subtilis; E69857), OhrRa Pa (P. aeruginosa PAO1; D83290), OhrRb Pa (P.
aeruginosa PAO1; G83292), OhrR Ac (Acinetobacter sp. strain ADP1; CAA70318), OhrR Sc (Streptomyces coelicolor; CAB87337); OhrR Vc (Vibrio
cholerae group O1 strain N16961; B82389), and OhrR Stc (Staphylococcus sciuri strain ATCC 29062). The amino acid sequences were aligned
(using CLUSTALW) and conserved residues highlighted using the BoxShade utility.
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FIG. 6 Genetic identification of sequences required for OhrR-mediated repression. The perfect inverted repeat is indicated in capital letters
with matching bases identified by a vertical line. (A) In the ohr4 promoter, there are two adjacent inverted repeats. The first is imperfect; the
second is a perfect inverted repeat (thick arrows). This region also contains two 11-bp direct repeats (thin arrows). The —10 and —35 regions are
shown in boldface. (B) The sequence of the mutant promoter region (ohrA+) is shown with a dashed line to indicate the 15-bp deletion. A new
—10 element is created by the deletion. (C) A related, imperfect inverted repeat is found overlapping the ohrR promoter region.

DISCUSSION

Cells have evolved numerous overlapping mechanisms to
protect against the ravages of ROS (35, 36). In the case of
organic hydroperoxides, the best-studied defensive enzyme is
alkyl hydroperoxide reductase, encoded by the ahpCF operon.
However, bacterial cells contain additional activities that are
important in protection against organic peroxides, including
other peroxiredoxins and, as described here, members of the
Ohr family. The role of Ohr in defense against oxidative stress
was first described in X. campestris pv. phaseoli (27), and recent
results indicate a similar function in Pseudomonas aeruginosa
(28). Ohr proteins are not obviously homologous to known
peroxidases, but it is reasonable to speculate that these pro-
teins may enzymatically detoxify peroxides. Although Ohr ex-
pression is clearly regulated, the mechanisms controlling Ohr
expression have yet to be described.

We have shown that the both OhrA and OhrB contribute to
organic hydroperoxide resistance. Unlike PerR regulated
genes, which can be induced by either organic hydroperoxides
or H,0, (7, 8, 12, 13), ohrA responds specifically to organic
hydroperoxides, and this regulation requires OhrR. Consistent
with previous studies, ohrB expression responds to heat, etha-
nol, and salt stress as part of the o®-dependent general stress
response (Fig. 2A) (38). However, OhrB also has a role in
organic hydroperoxide resistance, as shown by the increased
CHP sensitivity of the ohr4 ohrB double mutant (Fig. 1).

The relationship between the Ohr proteins and AhpCF is
complex. Interestingly, only ohrA is under the control of OhrR.
It is possible that OhrA plays the primary protective role when
cells are exposed to organic hydroperoxides and OhrB is in-
volved in detoxification of organic hydroperoxides produced
during general stress. It is also possible that OhrA, OhrB, and
the Ahp/TSA family members have distinct, albeit overlapping,
substrate selectivities. Introduction of an ahpC mutation into
the ohrA, ohrB, or ohrA ohrB strains did not increase sensitivity
to organic hydroperoxides (Fig. 1), suggesting that AhpCF
does not play a major role in protecting cells against the killing
action of these organic hydroperoxides. The lack of a protec-
tive role for AhpCF in the present studies may result from the
use of logarithmically growing cells (in which ahpCF is ex-
pressed at a low level) and the use of defined organic peroxides
as the stressor. AhpCF and other genes repressed by PerR are

known to be induced upon entry into stationary phase, upon
starvation for iron and manganese, or in response to peroxides
(7, 8, 14). In stationary-phase cells or under conditions in
which both H,O, and organic peroxides are generated, AhpCF
levels would be elevated and could thereby contribute to oxi-
dative defenses. Indeed, perR mutant cells have elevated resis-
tance to CHP that depends on the aipC gene (8). It is curious
that AhpCF overproduction (in a perR mutant) leads to a
CHP-resistant phenotype, whereas OhrA overproduction (in
an ohrR mutant) does not, although OhrA is now sufficiently
abundant as to be visible by Coomassie blue staining of whole-
cell lysates (data not shown). Similarly, Ohr overproduction in
X. campestris did not increase resistance to organic hydroper-
oxides (27).

The presence of two Ohr paralogs with distinct regulation is
reminiscent of other genes involved in oxidative defense in B.
subtilis. The katA gene is induced by ROS by virtue of its
regulation by PerR, while the katB and katX genes are part of
the o® regulon (4, 5, 8, 17, 30). Similarly, PerR represses
expression of the Dps homolog encoded by mrgA (12), while a
second Dps homolog encoded by the dps gene is regulated by
a® (2).

Our genetic analysis defines a 15-bp region required for
OhrR-mediated repression of the ohrA gene. This region in-
cludes a perfect inverted repeat, TACAATT-AATTGTA,
which likely defines the OhrR binding site. Related imperfect
inverted repeat sequences (three mismatches) are found in the
ohrA and the ohrR promoter regions. Analysis of the ohrA*
mutant suggests that an imperfect inverted repeat element may
still allow some residual regulation by OhrR (Table 2). How-
ever, the imperfect inverted repeat overlapping the ohrR pro-
moter does not appear to mediate repression, since we found
no evidence for ohrR autoregulation (Table 2).

OhrA and OhrB are representative of a large family of
conserved proteins found throughout the Bacterial domain (3).
Our data lend further support to the suggestion that these
proteins function in protecting cells against organic peroxides.
Moreover, since ohr homologs are often found closely associ-
ated with an ohrR-like gene (3), the mechanism of regulation
described here may also be conserved. Thus, OhrR is a novel
type of organic peroxide-sensing transcription factor and rep-
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resents a third regulator (together with PerR and o) involved
in oxidative stress responses in B. subtilis.
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