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Summary

The Bacillus subtilis OhrR protein functions as a
transcriptional repressor of the inducible peroxidase,
OhrA. Derepression is mediated by the organic-
peroxide selective oxidation of an active site cysteine
(C15). In the presence of cumene hydroperoxide
(CHP), oxidation of OhrR leads to a sulphenic acid
intermediate which reacts to form either a mixed-
disulphide or a protein sulphenamide. These inactive
forms of OhrR can be reactivated by thiol-disulphide
exchange reactions allowing restoration of repres-
sion. Here, we demonstrate that linoleic acid hydrop-
eroxide (LHP) is a potent oxidant for OhrR and even
low levels lead to overoxidation of OhrR to cysteine
sulphinic (and sulphonic) acid derivatives. Kinetic
competition experiments indicate that further oxida-
tion of the initial OhrR sulphenate product occurs at
least 100-fold more rapidly with LHP than with CHP.
Thus, depending on the oxidant, OhrR can be either
reversibly oxidized or can instead function as a
sacrificial regulator.

Introduction

Cells exposed to molecular oxygen generate reactive
oxygen species (ROS) by the autooxidation of reduced
enzyme cofactors and from the incomplete reduction of
oxygen during respiration (Imlay, 2003). Cells may also
encounter high levels of ROS when exposed to oxidant-
generating defence mechanisms such as those found in
both animals and plants (Fang, 2004; Torres and Dangl|,
2005). Typically, exposure of cells to low levels of ROS
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leads to the upregulation of appropriate defensive path-
ways including detoxification enzymes such as superox-
ide dismutase, catalase and peroxidases.

We have focused our attention on the pathways by
which Bacillus subtilis senses and responds to peroxides
(Helmann et al., 2003). The adaptive response to hydro-
gen peroxide is co-ordinated by the PerR transcription
factor, whereas the adaptive response to organic perox-
ides is controlled by OhrR (Mongkolsuk and Helmann,
2002). The PerR regulon includes the major vegetative
catalase (KatA), alkyl hydroperoxide reductase (AhpCF),
a Dps-like miniferritin (MrgA), the heme biosynthesis
operon, a Zn(ll)-transporting P-type ATPase (ZosA), the
major regulator of iron homeostasis (Fur) and PerR itself
(Chen et al., 1995; Herbig and Helmann, 2001; Fuangth-
ong et al., 2002; Gaballa and Helmann, 2002). In contrast,
OhrR regulates a single gene: the OhrA cysteine-based
peroxidase (Fuangthong et al., 2001).

PerR is a metal-containing repressor protein, related to
ferric uptake regulator (Fur) family of proteins, and binds
Fe(ll) as a corepressor under most growth conditions
(Lee and Helmann, 2007). Upon exposure of cells to H-O»,
oxidation of the Fe(ll) centre in PerR leads to hydroxyl
radical generation (Fenton reaction) and this leads to the
oxidation of either of two His residues that co-ordinate the
metal cofactor (Lee and Helmann, 2006). The oxidized
PerR protein is inactive as a repressor and, as far as is
currently known, there is no repair pathway for oxidized
His residues. Thus, PerR is thought to function as
sactrificial regulator.

OhrR is more typical of peroxide-sensing regulators in
that it relies on an active site Cys residue (Kiley and Storz,
2004; Jacob et al., 2006). The initial step in the inactivation
of the OhrR repressor is the oxidation of the C15 thiolate
to a sulphenic acid (Fuangthong and Helmann, 2002).
Although originally thought to be sufficient for derepres-
sion, recent evidence indicates that the OhrR C15 sulphen-
ate (SOH) is still active for binding DNA: loss of activity is
correlated with further processing of the initially formed
sulphenate to either a mixed disulphide or by cyclization to
the protein sulphenamide (Lee et al., 2007). This reaction
pathway has been documented in a reconstituted in vitro
system using cysteine as a model low-molecular-weight
(LMW) thiol and cumene hydroperoxide (CHP) as a model
organic peroxide oxidant. Thiol-disulphide exchange
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reactions can rapidly regenerate active OhrR from the
S-thiolated derivatives and slowly regenerate active OhrR
from the cyclic sulphenamide (Lee et al., 2007). In cells
treated with CHP, OhrR also accumulates as mixed disul-
phide species or as the protein sulphenamide. The major
S-thiolated species are the mixed disulphides with a struc-
turally uncharacterized 398 Da LMW thiol, cysteine and
coenzyme A. This reaction pathway differs from that docu-
mented for those OhrR proteins, such as that from Xanth-
omonas campestris, that additionally contain one or more
additional Cys residues in their carboxyl-terminal region
(Panmanee et al., 2002). In this case, oxidation of OhrR
leads to a reversibly inactived form containing an intersub-
unit disulphide (Panmanee et al., 2006; Newberry et al.,
2007).

Here, we have investigated the reaction of OhrR with
linoleic acid hydroperoxide (LHP) which is typical of the
types of oxidized fatty acids that are present in the soil
environment when there is decaying plant matter. Unex-
pectedly, the relevant oxidation pathway for the inactiva-
tion of OhrR in the presence of LHP differed significantly
from that observed with CHP: overoxidation to the sul-
phinic acid occurred rapidly and thereby inhibited both
S-thiolation and cyclic sulphenamide formation. Thus,
CHP oxidizes OhrR by a reversible pathway, whereas in
the presence of LHP OhrR appears to function as a sac-
rificial regulator.

Results and discussion
Overview of OhrR oxidation by CHP

Previous studies using CHP as an oxidant (Lee et al.,
2007) have demonstrated a branched pathway for the
functional inactivation of OhrR (Fig. 1). OhrR is initially
oxidized to the sulphenic acid (reaction 1), a form still
active for binding DNA. This sulphenate can enter any of
three different reaction pathways, depending on the con-
centration of oxidant and the presence of LMW thiols such
as cysteine.

In the first pathway (reaction 2) the sulphenic acid is
rapidly trapped as a mixed-disulphide with cysteine or
other LMW thiols. In the presence of saturating amounts
of cysteine (1 mM), the inactivation of OhrR by CHP
occurs rapidly with an observed kit ~2 x 10* M~ s,
Under these conditions, kinact ~ K1 (Lee et al., 2007). This
S-cysteinylated protein is reduced by thiol reductants to
restore DNA binding activity (reaction 3). The concentra-
tion of cysteine in B. subtilis is estimated as 0.15-0.5 mM
(Newton et al., 1996; Gusarov and Nudler, 2005), more
than sufficient to mediate efficient S-cysteinylation in the
presence of CHP (Lee et al., 2007).

In the second pathway, as observed in vitro in the
absence of cysteine (Lee et al., 2007), the initially formed

© 2008 The Authors

'8G62S9ET

Oxidation of OhrR by linoleic acid hydroperoxide 979 “

RS-SR_ ohrR-8H . RS-SR

RS 4 R'OOH s 2RSH
OhrR-8-SR ky OhrR-SN
R'OH
H, Ky %_lzo
rsH OhrR-SO
R=  HI  (H0)

R'O0OH

Ke Ox.f (CHP)
i | T
Q

OhrR-SO,H (SO,H) onl, (LHP)
4]

s H

Fig. 1. Oxidation pathways for Bacillus subtilis OhrR. OhrR first is
oxidized to the sulphenic acid form (reaction 1) which retains DNA
binding activity (Lee et al., 2007). The OhrR sulphenate is
functionally inactivated by either S-thiolation (reaction 2), protein
sulphenamide formation (reaction 4), or overoxidation to the
sulphinic and sulphonic acid derivatives (reaction 6). The OhrR
mixed disulphide can be rapidly re-activated by disulphide
exchange in the presence of reduced thiols such as DTT

(reaction 3). The OhrR sulphenamide is slowly re-reduced by DTT
(reaction 5) whereas the OhrR sulphinic and sulphonic acid
derivatives are not.

sulphenic acid slowly cyclizes into the protein sulphena-
mide which is inactive for DNA binding (reaction 4).
Protein sulphenamides form when the cysteine sulphen-
ate (SOH) condenses with a backbone amide group (NH)
to generate a cyclic sulphenamide (SN). Protein sulphe-
namide formation was first described in structural studies
of protein tyrosine phosphatase 1B in which the active site
Cys215 residue forms a sulphenate that subsequently
cyclizes by condensation with the amide group of the
adjacent amino acid (Ser216) (Salmeen et al., 2003; van
Montfort et al., 2003). Protein sulphenamides are slowly
reduced to an active form by DTT (reaction 5) as shown
for both OhrR (Lee etfal.,, 2007) and a murine protein
tyrosine phosphatase (Yang et al., 2007).

In the third pathway, the sulphenic acid can be further
oxidized to form the sulphinic (SO.H) and sulphonic
(SOsH) acid derivatives (reaction 6). These overoxidized
forms can not be reactivated by DTT. Previously, overoxi-
dation was observed in cells treated with high levels of
CHP or in cells in which LMW thiols were depleted (by
addition of the thiol oxidant diamide) prior to exposure to
CHP (Lee et al., 2007).

Linoleic acid hydroperoxide is a preferred substrate for
oxidation of OhrR

Here, we have extended our in vivo and in vitro analysis
of OhrR oxidation to the reaction with LHP. Lipid hydrop-
eroxides are thought to be the physiologically relevant
substrate for organic hydroperoxide reductases (Ohr per-
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oxidases) present in soil bacteria. Oxidized polyunsatu-
rated lipids from decaying plant material are prevalent in
the soil environment and, in Xanthomonas campestris, it
has been reported that OhrR is highly sensitive to inacti-
vation by LHP (Klomsiri et al., 2005). Optimal induction
of the OhrR regulated reporter fusion, Pona-cat—lacz,
requires 100 uM CHP (Fig. 2A), consistent with previous
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Fig. 2. Overoxidation of OhrR by LHP in vivo.

A. Activity of a Powa-cat—lacZ transcriptional fusion upon oxidation
by CHP and LHP. B-Galactosidase activity was measured after

15 min of treatment of mid-logarithmic phase cells with CHP or
LHP added at the indicated concentrations. Error bars represent
the standard deviation from three independent experiments.

B. MALDI-TOF analysis of OhrR oxidation state in cells treated with
either CHP or LHP. Cells were either untreated (top panel) or
treated with 100 uM CHP (middle panel) or 5 uM LHP (bottom
panel) for 1 min. After alkylation of un-reacted Cys residues with IA,
immunoprecipitated and purified OhrR-FLAG was digested with
trypsin prior to MALDI-TOF MS analysis. T3 is the Cys15
containing peptide. In the absence of oxidant, C15 is fully alkylated
by IA (yielding the T3 + 57 tryptic peptide; white triangle). After
exposure to CHP, the T3 peptide now appears as a mixture of
three peaks representing the sulphenamide (T3*; black triangle)
and the mixed disulphides formed with cysteine (T3 + 119) and a
398 Da thiol (T3 + 396), as previously documented (Lee et al.,
2007). In contrast, in the LHP-treated cells these products are
either not detected or are present at greatly reduced levels.
Instead, a prominent peak (grey triangle) corresponding to sulphinic
acid formation (T3 + 32) appears.

analyses (Fuangthong et al., 2001). In contrast, a compa-
rable level of derepression was observed with only 5 uM
LHP (Fig. 2A). Thus, LHP is ~20-fold more potent an
inducer than CHP in vivo. At higher concentrations of LHP
(10 and 20 uM) expression of the P,n4-cat—lacZ reporter
fusion decreased, perhaps owing to toxicity. The higher
relative potency of LHP could be due to increased pen-
etration into cells, a more selective interaction with OhrR,
or an increased rate of protein oxidation.

LHP leads to overoxidation of OhrR in vivo

MALDI-TOF MS analyses were conducted to determine
the in vivo fate of OhrR in cells treated with LHP (Fig. 2B).
For this analysis, cells expressing OhrR-FLAG (from its
native promoter) were treated with oxidant, unreacted
thiols were alkylated with iodoacetamide (lA), and the
OhrR-FLAG protein was recovered by immunopre-
cipitation. After isolation by SDS-PAGE, the protein was
trypsinized and the oxidation state of Cys15 monitored by
MALDI-TOF MS.

In untreated samples, OhrR was present as the
reduced form and was quantitatively alkylated by IA
(detected as a T3+ 57 tryptic peptide peak; T3 corre-
sponds to the peptide from Leu-10 to Arg-23). In the
sample treated with 100 uM CHP, we detected a major
peak corresponding to S-thiolated protein modified with
a 398 Da thiol (T3 + 396), the cyclic sulphenamide
(T3*), and a small peak of corresponding to protein
S-cysteinylation (T3 + 119), as previously documented
(Lee etal., 2007). Surprisingly, in the sample treated
with 5 uM LHP, the peaks corresponding to S-thiolation
and sulphenamide formation were absent or greatly
decreased. As there was no residual T3 + 57 peak, we
infer that OhrR was quantitatively oxidized to a form non-
reactive with |A under these conditions. We do note a
prominent T3 + 32 peak, which corresponds to the sul-
phinic acid derivative of OhrR. Although the peak intensity
is lower than the alkylated T3 + 57 peak in the control
sample, negatively charged peptides are often poorly
detected in positive ion mode MALDI experiments.
Indeed, we previously demonstrated that treatment of
cells with CHP, after first depleting intracellular thiols with
diamide, also led to OhrR overoxidation as detected as a
small T3 + 32 peak (and confirmed by ESI-MS). More-
over, OhrR overoxidized to the sulphonic acid is detected
in negative ion, but not in positive ion mode (Lee et al.,
2007). Therefore, we suggest that the major in vivo prod-
ucts of LHP oxidation under these conditions are irrevers-
ibly overoxidized (e.g. sulphinic and sulphonic acids),
rather than reversibly modified, OhrR. Indeed, OhrR
oxidized in vitro with low concentrations of LHP (150
or 300 nM) incorporates either two or three additional
oxygen atoms per monomer as monitored by ESI-MS of
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the intact protein, consistent with rapid overoxidation of
Cys15 (data not shown).

The kinetics of OhrR inactivation by LHP and
CHP differ significantly

The kinetics of OhrR inactivation were further investigated
using a fluorescence anisotropy (FA)-based DNA-binding
assay. First, OhrR—DNA complexes were treated with
various concentrations of either CHP or LHP in the
absence of free cysteine (Fig. 3). At one molar equivalent
(per protein monomer) of oxidant (300 nM), the rates
of OhrR inactivation by CHP and LHP were indistingui-
shable. This slow rate of inactivation corresponds pre-
cisely to the previously determined rate for sulphenamide
formation (Lee etal., 2007). We surmise that in these
reactions OhrR was initially oxidized to the sulphenic acid,
and then DNA dissociation was limited by the relatively
slow rate of cyclization to the sulphenamide (Lee et al.,
2007). This also indicates that the rate of initial oxidation
(to the sulphenate) is faster than the subsequent rate of
overoxidation (to the sulphinic and sulphonic acids) for
both CHP and LHP. This can be summarized as ki > kg
(0.3 uM oxidant). If ke were faster than k; then treatment
with one molar equivalent of oxidant would instead lead to
a mixture comprised predominantly of unoxidized OhrR
and the sulphinic acid derivative.

Surprisingly, only two molar equivalents of LHP
(600 nM) increased the dissociation rate of OhrR from

A
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DNA significantly, whereas 600 nM CHP led to essentially
the same DNA dissociation rate as treatment with 300 nM
CHP (Fig. 3B versus Fig. 3A). As the rate of sulphena-
mide formation from the sulphenate (k) is likely to be the
same regardless of the oxidant, we hypothesized that the
second molar equivalent of LHP (~300 nM after the initial
oxidation event) reacted rapidly with the initially formed
OhrR sulphenate resulting in OhrR sulphinic acid. Indeed,
protein overoxidation is detected under these conditions
by ESI-MS analysis (data not shown). In contrast, over-
oxidation by CHP required significantly higher levels
of oxidant (Fig. 3A). In kinetic terms, we infer that ks
(0.3 uM LHP) > k4 > ks (0.3 uM CHP). This speculation is
confirmed in the following experiments. Thus, depending
on the oxidant, the pathway for the functional inactivation
of OhrR can change.

Rapid LHP-mediated overoxidation of OhrR to the
sulphinic acid in vitro

As previously observed with CHP, OhrR loses DNA
binding activity upon formation of S-thiolated protein
(reaction 2), the cyclic sulphenamide (reaction 4), or over-
oxidation (reaction 6) (Lee etal.,, 2007). These forms
of oxidized OhrR species can be distinguished in an
FA-based DNA-binding assay based on their rates of
reduction by 10 mM DTT. The DNA binding activity
of S-cysteinylated protein is restored rapidly by DTT,
whereas the cyclic sulphenamide form regains activity
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Fig. 3. Rapid inactivation of OhrR by LHP in vitro. The functional inactivation of OhrR (300 nM) was monitored using fluorescence anisotropy
and a fluorescent probe corresponding to the ohrA operator site. The OhrR—DNA complex has a higher anisotropy than the free DNA probe.
At the time indicated by the black arrow (300 s) protein inactivation was initiated by addition of either CHP (A) or LHP (B). These reactions
were performed in the absence of added low molecular weight thiols, so functional inactivation proceeds by either reaction 4 (sulphenamide
formation) or reaction 6 (overoxidation). Concentrations of oxidant were (in order of increasing inactivation rate) 0.3, 0.6, 1.5, 2 and 30 uM for
CHP and 0.3, 0.6, 1.5, 2 and 3 uM for LHP. The rate of inactivation in the presence of one molar equivalent of oxidant (0.3 uM) is essentially
identical for CHP and LHP, consistent with the hypothesis that inactivation proceed via slow formation of the protein sulphenamide (reaction
4). Note that the shoulder on these curves corresponds to the accumulation of protein sulphenate, as described previously (Lee et al., 2007).
The rates of inactivation with two molar equivalents of oxidant (0.6 uM) differ greatly, indicative of a change in mechanism for protein

inactivation.
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slowly. In contrast, overoxidized OhrR is irreversibly inac- cyclic sulphenamide formation). Moreover, when this
tivated under these conditions. sample was treated with 10 mM DTT, approximately 60%
We took advantage of these differences to indirectly of the DNA binding activity is recovered, albeit slowly
monitor the products of OhrR oxidation in reactions con- (Fig. 4A). This corresponds to the fraction of the protein
taining either LHP or CHP. For example, the oxidation of present as the cyclic sulphenamide (Lee et al., 2007). The
OhrR by 3 uM CHP in the presence of 1 mM cysteine led remaining fraction corresponds to OhrR that is overoxi-
to quantitative S-cysteinylation and DNA binding activity dized under these conditions. These assignments have all
was fully and rapidly recovered by treatment with 10 mM been confirmed by ESI-MS analyses as reported previ-
DTT (Fig. 4A). In the absence of cysteine, the inactivation ously (Lee et al., 2007) and are presented here for com-
rate was much slower (primarily owing to the slow rate of parison purposes.
3 uyM CHP 3 UM LHP
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Fig. 4. Inactivation of OhrR by LHP is largely irreversible. Reversibility of OhrR inactivation was monitored using FA following oxidation

(by CHP or LHP) and reduction (by 10 mM DTT).

A. Reversible oxidation of OhrR by CHP. Addition of 10 mM DTT (open arrow) leads to the rapid reactivation of OhrR (300 nM) that was
inactivated by 3 uM CHP in the presence of 1 mM Cys (open circles) thereby leading to mixed-disulphide formation. In contrast, DTT only
slowly and partially restores activity to protein oxidized in the absence of Cys (open squares). This is consistent with the observation that the
major product under these conditions is the protein sulphenamide (S—N) and the residual irreversibly oxidized fraction corresponds to
overoxidized protein (see Lee et al., 2007).

B. Overoxidation of OhrR by LHP. Addition of 10 mM DTT (open arrow) leads to only partial reactivation of OhrR (300 nM) after treatment with
LHP even in the presence of 1 mM Cys (open circles). In the absence of Cys (open squares), there is no recovery of protein activity,
consistent with overoxidation of OhrR rather than sulphenamide formation.

C. Concentration dependence of OhrR overoxidation (in competition with sulphenamide formation). Reactivation of OhrR (300 nM) by 10 mM
DTT was monitored after treatment with CHP (0.3, 3 or 30 uM) or LHP (0.3, 0.6, 1.5 or 2 uM) in the absence of Cys. Even low concentrations
of LHP irreversibly inactivated OhrR.

D. Concentration dependence of OhrR overoxidation (in competition with S-cysteinylation). OhrR (300 nM) was treated with either 3 uM CHP
or 3 uM LHP in the presence of the indicated concentration of Cys. The ability of 10 mM DTT to restore DNA binding activity was monitored
after 30 min of oxidation. Even low levels of Cys completely protect OhrR against overoxidation by CHP, but not by LHP.
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The results were significantly different when the oxidant
was LHP instead of CHP (Fig. 4B). When the protein was
oxidized in the absence of cysteine, the inactivation
process was irreversible: there was no recovery of DNA
binding activity upon incubation with 10 mM DTT (Fig. 4B),
consistent with the overoxidation of OhrR observed in vivo
under similar conditions (Fig. 2B). Strikingly, even the
presence of 1 mM cysteine failed to completely trap the
initially formed protein sulphenate as the reversibly
S-cysteinylated product as shown by the incomplete
recovery of DNA binding activity upon addition of 10 mM
DTT. These observations are consistent with the hypoth-
esis that LHP rapidly overoxidizes OhrR as noted above.

Kinetic competition between LHP-mediated
overoxidation and cyclic sulphenamide formation

To monitor the kinetics of LHP and CHP overoxidation, we
performed experiments equivalent to those in Fig. 4A and
B at a range of oxidant and cysteine concentrations. After
oxidation, the fraction of reversibly oxidized protein was
measured by overnight incubation with 10 mM DTT. In the
presence of only one molar equivalent of oxidant (Fig. 4C;
leftmost data points), OhrR was reversibly inactivated to
an approximately equivalent extent (~60—70%) by either
CHP or LHP. As noted above, one molar equivalent of
oxidant is only sufficient for oxidation to the sulphenate
and the subsequent loss of DNA binding activity is pre-
dominantly due to the slow cyclization to the sulphena-
mide (as seen in Fig. 3). Using mass spectrometry, we
reported previously that oxidation of OhrR by one molar
equivalent of CHP leads to ~60-70% sulphenamide for-
mation (in the absence of LMW thiols) with the remaining
protein overoxidized to the sulphinic acid derivative,
owing to either residual oxidant or air oxidation (Lee et al.,
2007). Oxidation with one equivalent of LHP also leads to
the protein sulphenamide as the predominant end-
product (Figs 3B and 4C).

Strikingly, with only 2 uM LHP there was no reversible
oxidation and 10 mM DTT could not restore DNA binding
activity (Fig. 4C). Thus, the rapid rate of overoxidation by
LHP (irreversible inactivation) completely precluded for-
mation of the cyclic sulphenamide. In contrast, even with
high concentrations of CHP (30 uM) a significant fraction
(~40%) of the protein was in a form that could be
re-activated by prolonged incubation with DTT. Note that
the fraction of the protein present as the sulphenamide
(as deduced from Fig. 4C) was roughly equivalent in reac-
tions with 30 uM CHP or 600 nM LHP (corresponding
to ~300 nM LHP after consumption of 300 nM LHP to
form the OhrR sulphenate). This can be expressed as:
ks(0.3 UM LHP) ~ k(30 uM CHP). As LHP was not in
excess over protein in these reactions, the actual concen-
tration of oxidant was decreasing significantly during the
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course of the reaction and a pseudofirst order treatment of
the kinetic data will underestimate the true second order
rate constant. Thus, these data suggest that the second
order rate constant for overoxidation of the sulphenate to
the sulphinic acid (ke) is >100 times faster for LHP than for
CHP.

Kinetic competition between LHP-mediated
overoxidation and S-cysteinylation

The relatively stable OhrR sulphenate can be trapped by
S-cysteinylation with a second order rate constant k. of
~103 M~ s7" (Lee et al., 2007). As a result, even low levels
of cysteine suffice to protect OhrR from overoxidation
in the presence of CHP (Fig. 4D and Lee et al., 2007).
In contrast, treatment of OhrR with 3 uM LHP in the
presence of even 1 mM cysteine led to a partial
(~60%) conversion of OhrR to the reversibly inactivated,
S-cysteinylated derivative (Fig. 4B versus Fig. 4A).

To more carefully quantify the kinetic competition
between S-cysteinylation and overoxidation, we monitored
the partitioning between reversibly and irreversibly oxi-
dized OhrR after treatment with 3 uM oxidant (either CHP
or LHP) in the presence of various cysteine concentrations
(Fig. 4D). At a concentration of 100 uM cysteine, OhrR
treated with 3 uM CHP was quantitatively S-cysteinylated
and activity could be fully restored by DTT. In contrast, only
~20% of OhrR treated with 3 uM LHP under these condi-
tions was reversibly oxidized. Indeed, with 3 uM LHP, full
recovery of DNA binding could not be obtained even in the
presence of 5 mM cysteine (data not shown). Assuming
that the rate constant for S-cysteinylation is unaffected by
the nature of the oxidant, these results are consistent with
the observation that the competing reaction (overoxida-
tion) is much faster for LHP as compared with CHP. This is
in agreement with the kinetic competition studies above in
which overoxidation rates (ks) were compared with sulphe-
namide formation (k).

Kinetic description of OhrR oxidation and inactivation
by organic peroxides

Our current estimates for the rate constants involved in the
oxidative inactivation of OhrR by LHP and CHP are sum-
marized in Table 1. The most accurately measured rates
are those for sulphenamide formation (k.), the second
order rate constant for S-cysteinylation (k.), and the
overall rate of functional inactivation by CHP in the pres-
ence of excess cysteine (ki) (Lee et al., 2007). As both k
and k4 are known, and the effective (pseudofirst order) rate
of the former reaction can be controlled by cysteine con-
centration, we can provide a reasonably accurate estimate
of ke, the second order rate constant for overoxidation of
OhrR by LHP. For example, as the rate of reaction of the
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Table 1. Estimated rates (and half-times) for reaction of OhrR with CHP and LHP.

Reaction Rate CHP ti, (CHP) ti, (LHP)

Oxidation ki >2x10* M s! >10° M~ s 0.3 s (100 uM CHP) <0.1s (5uM LHP)
Overoxidation ke ~200 M s 2.6x10° M s™! 35s (100 uM CHP) ~0.5s (5 uM LHP)
S-cysteinylation ko 1x10° M s! 3.5s (200 uM cys)

Sulphenamide formation ks 1.3x10°s™ 9 min

initial OhrR sulphenate with 3 uM LHP is approximately
the same as that for 800 uM cysteine (~50% reversible
oxidation; Fig. 4D), we estimate ks as ~2.6 x 10° M~ s~ for
LHP (and much slower with CHP). As kg is less than k; (see
above), this also provides a lower limit for the value of k;
for LHP. We previously estimated the initial rate of oxida-
tion of OhrR by CHP as at least 2 x 10* M~' s7! based on
the rate of functional inactivation in the presence of satu-
rating levels of cysteine. As shown here, the rate of initial
oxidation is at least 10-fold faster with LHP.

Using these estimated rate constants, we can calculate
half-times for each of the reactions involved in the inacti-
vation of OhrR in cells exposed to CHP and LHP (Table 1).
Both oxidants, when added at their most effective concen-
trations, are estimated to oxidize OhrR in less than 1 s
(assuming rapid penetration of oxidant into the cell). Func-
tional inactivation of OhrR by S-cysteinylation is also pre-
dicted to occur rapidly (on a time scale of seconds). The
actual rates may differ in vivo as there are additional LMW
thiols in the cell, and the concentrations of all relevant thiol
species are not accurately known. Here we have used
200 uM as a reasonable estimate of the intracellular con-
centration of LMW thiols as detected using monobromobi-
mane labelling (e.g. (Newton et al., 1996). In LHP-treated
cells, the rate of overoxidation is estimated to be faster than
S-cysteinylation consistent with the observed in vivo
product distribution (Fig. 2B). Note that the rate of sulphe-
namide formation measured in vitro is too slow to
effectively compete with S-cysteinylation, although small
amounts of protein sulphenamide are detected in vivo (Lee
et al., 2007). The observation that OhrR accumulates in
vivo as the sulphinic acid derivative in cells treated with
LHP (Fig. 2B), whereas it accumulates predominantly as
S-thiolated derivatives in cells treated with CHP (Fig. 2A
and Lee et al.,, 2007), indicates that these kinetic infer-
ences have relevance for the in vivo pathways of OhrR
inactivation. We conclude that OhrR, like the hydrogen
peroxide sensors OxyR and PerR (Aslund et al., 1999; Lee
and Helmann, 2006), is an extremely sensitive regulatory
protein with a second order rate constant for inactivation by
LHP of > 10° M~ s7'.

Concluding remarks

OhrR is exquisitely sensitive to oxidation by low levels of
organic peroxides and effectively insensitive to H,O..

Indeed, it was previously shown that inactivation of OhrR
by H.O. required high concentrations of oxidant (at least
100 uM H,0,) and could only be observed in cells lacking
the two major H,O, detoxification enzymes: catalase
and alkyl hydroperoxide reductase (Fuangthong and
Helmann, 2002). Here, we demonstrate that full induction
of the OhrR-regulated ohrA gene is achieved with either
100 uM CHP or 5 uM LHP.

Analysis of OhrR inactivation by CHP and LHP sug-
gests that this regulator may switch between reversible
and irreversible inactivation pathways depending on the
nature of the oxidant. The in vivo product of LHP oxidation
is predominantly the sulphinic (and likely sulphonic) acid
derivative of OhrR (Fig. 2B), which represents an irrevers-
ible oxidation event in bacteria. Although sulphinic acids
can be repaired in at least some proteins in eukaryotes by
sulphiredoxin (Biteau et al., 2003), an equivalent protein
repair system has not been detected in bacteria. In con-
trast, oxidation of OhrR by CHP leads to S-thiolated
species as the primary reaction product (Fig. 2B and Lee
et al., 2007). These can be repaired by thiol-disulphide
exchange reactions. Indeed, the S-thiolated species
detected in cells after 2 min of treatment with CHP
decrease over time and are virtually undetectable by
15 min post treatment, consistent with rapid in vivo repair
(data not shown). Thus, our in vivo and in vitro results
suggest that, depending on the nature of the oxidant,
OhrR can function as either a reversible or an irreversible
(sacrificial) regulator. Sacrificial regulators are fairly rare,
but well-characterized examples in Escherichia coli in-
clude the cleavable LexA repressor and the modification
of the Ada repressor. Furthermore, the B. subtilis PerR
protein is inactivated by protein oxidation events that are
thought to be irreversible (Lee and Helmann, 2006). It is
interesting to note that all of these proteins regulate stress
responses that may determine the survival of the cell, and
therefore rapid induction may be more important in this
situation than the energetic cost of destroying an inacti-
vated repressor.

Experimental procedures

Monitoring OhrR oxidation in B. subtilis

OhrR-FLAG was generated as previously described (Lee
et al., 2007). A total of 200 ml of cells in LB at ODggo ~0.4 was
untreated or treated with 100 uM CHP or 5 uM LHP for 1 min.
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OhrR-FLAG was recovered in the presence of 100 mM IA,
isolated by SDS-PAGE and then digested with trypsin. The
resulting tryptic peptides were analysed using an Applied
Biosystems 4700 MALDI-TOF mass spectrometer as
described previously (Lee et al., 2007).

Transcriptional fusion analysis

Cells were grown in LB at 37°C with aeration until ODgg ~0.4.
The cells were treated with the indicated concentration
of CHP or LHP for 15 min. Samples were harvested and
assayed for p-galactosidase activities as previously
described (Miller, 1972).

Synthesis of LHP

LHP was generated in vitro as described (Evans et al., 1998).
The mixture of 0.3 mM linoleic acid (Sigma) and soybean
lipoxygenase (4000 U; Sigma) in 0.1 M sodium borate buffer
(pH 9) was stirred vigorously for 30 min at room temperature.
The product was loaded onto an end-capped C18 reverse-
phase column (Strata), and LHP was eluted in 5ml of
methanol. The functional concentration of LHP was calcu-
lated based on inactivation of OhrR in an FA assay using
CHP as standard.

Fluorescence anisotropy

A 6-carboxyfluorescein-(6F-) labelled DNA fragment contain-
ing the ohrA operator site was generated by annealing 5’-
6F-TACAATTAAATTGTATACAATTAAATTGTA-3" (Integrated
DNA Technologies) and its unlabelled complementary strand.
FA measurements (Aex =495 nm; slit width =15 nm, Aem =
520 nm; slit width = 20 nm, integration time = 1 s) were per-
formed with 50 nM DNA and 300 nM OhrR (monomer) in 3 ml
of 20 mM Tris (pH 8.0) containing 150 mM NaCl, and 5%
(v/v) glycerol unless otherwise noted. FA values were
recorded automatically every 10 s using a Perkin-Elmer LS55
luminescence spectrometer. The g-factor for the experiments
was 1.07 = 0.01.
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