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Executive summary
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3. dgmihimsios iaeanudhauesigm

In response to microbial infection, plant synthesize large quantity of reactive oxygen
species including HO,, organic peroxide and superoxide anions. These ROS function
directly in inhibiting bacteria proliferation and act as signals for further activation of plant
defense response. Xanthomonas belong to important groups of bacterial phytopathogen
known to effect every major economically important crops. For bacteria to grow and
establish themselves, they must over come host generated oxidative stress. Current evidence
suggest that many aspects of Xanthomonas oxidative stress response are differed from other
bacteria. Although, much work still need to be done in order to achieve a better
understanding of the process. Understanding of bacteria response to the stress could lead to
new strategies for controlling bacterial proliferation and eventual outcome of the disease.

4. Saqilszasn

The goal of the research is to gain a better understanding of the complex regulation
of oxidative stress response in a bacterial phytopathogen, Xanthomonas.

8.1) Isolation and characterization of catalase (kat4). The gene transcription
organization, transcription start sites and promoter sequences will be done. The role of oxyR
in regulation of the gene will be investigated using Northern analysis.

8.2) Construction and physiological analysis of kat4 mutant to investigate the role of
the gene in oxidative stress response.

8.3) Isolation and characterization of methionine sulfoxide reductase (msr4). Gene
and transcription organization will be determined as well as regulation of the gene. Promoter
and other transcription regulatory elements will be investigated.

8.4) Construction of msr4 mutant and examine its physiological roles in oxidative
stress response.

8.5) Transcription analysis of an important regulator oxyR will be performed by gene
fusion technology. This will allow monitoring of transcription regulation of oxyR which is
differed in Xanthomonas from all other bacteria thus far studied.
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Understanding of these genes will give better insight info pathogenesis processes
and might lead to novel strategies for controlling bacteria proliferation.

5. szl 3590

1) Isolation and characterization of katA.

1.1 Making a katA specific probe.

Several katA homologues have been isolated and comparison of their amino acid
sequences showed highly conserved regions suitable for reverse genetics/PCR approach of
gene isolation. The degenerate primers will be used to maximize possibility of gene
isolation. PCR will be performed at several annealing temperatures to established the most
suitable conditions for these primers. The putative kat4 will be sequenced and the resultant
sequence used to search Genbank. The probe will be used to screen previously constructed
genomic library in the lambda cre-lox phage vector. The phages containing putative katd
clones will be plaque purified three times and plasmids excised from phages using automatic
excision system of cre-lox positive cells.

1.2 Characterization of putative katA clones.

The putative kat4 will be sequenced in both directions using the primer walking
technique and Prism DNA sequencing kits on an automated DNA sequencer. The sequence
data will be analyzed using DNA analysis programs. Transcription organization of the gene
will be determined by Northern analysis. Expression analysis of the gene will be performed
by Northern experiments. Oxidants induction of kat4 will be investigated.

1.3 Construction of katA mutant and physiological analysis.

To specifically construct a knock out mutation in katd, part of the coding region of
karA will be cloned into a vector that cannot replicate in Xanthomonas (i.e. pUC18). The
constructed plasmid will be transformed into Xanthomonas by electroporation as previously
described (17). Transformants will be selected for ampicillin resistance and checked by PCR
to determine the plasmid integration into Xp chromosome. A single recombination between
plasmid and chromosome should result in inactivation of kaet4. Physiological
characterization will be performed on the mutant.

2) Regulation of oxyR.

Xanthomonas regulation of oxyR is unique. In response to oxidants, not only OxyR
changes form from reduced to oxidized forms but also increased its concentration. The cat-
kan® genes cassette will be purified by HindIII digestion, gap filled with DNA polymerase |
and blunt end cloning into gap filled Kp#l site of pPOXX containing Xp oxyR. The oxyR::cat-
kan®™ will be eletroporated into Xp selecting for Kan®. The transformant will be designated Xp
oxyR::cat. Construction of the mutant will be confirmed by Southern analysis. The strain
will allow monitoring of oxyR transcription activity by assaying Cat.

The effect of high level expression of oxyR and autoregulation will be investigated in
Xp oxyR::cat.

3) Isolation and characterization of msrA.

One of the better characterized system for repairing of oxidative damage proteins is
the methionine sulfoxide reductase (MsrA). The gene is highly conserved and has been
found from bacteria to man. Little is know how the gene regulated. In this proposal, the gene
will be isolates and characterized.

3.1 Isolation and Characterization of msrA.

The initial sequencing of the cloned fragment from Xp pOXX (13,18) that contained
oxyR showed that down stream of the oxyR there are several genes of interests. Downstream
of this orf located a truncated msr4. The truncated gene will be used as a probe to screen a
Xp genomic library constructed in a lambda phagemid vector. The Xp DNA in the plasmids
will be sequenced using primers walking technique and an automated DNA sequencer.
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The genome organization of msrd will be performed by first determine its copy
number. Then, transcription organization will be performed by hybridizing msrA probe
against total RNA isolated by a hot phenol method and separated on formaldehyde agarose
gels. This will give information whether msr4 1s transcribed as a monocistronic or
polycistronic.

3.2 Expression analysis of msrA.

msrA expression will be performed using Northern hybridization. Total RNA will be
isolated using hot phenol method and separated on formaldehyde agarose gels.

To aid understanding of transcription regulation of the gene, the transcription start
site will be determined by primer extension.

3.3 Construction and physiological analysis of msr4 mutant.

A knockout mutant in msrA will be constructed via a single recombination and gene
inactivation. The putative mutant will be characterized using PCR and confirmed by
Southern hybridization.

Physiological analysis of the mutant will lead to better understanding of the
function of the gene. Sensitivity of the mutant to various oxidants, and stresses will be
determined using both low and high concentrations.

6. wHUMIAMHUMTIdunnenlnIINs

2543 2544 2545
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7. dslaminma noridsy

Understanding of how bactertal phytopathogen response to plant defense
mechanisms could potentially lead to new disease management strategies. Generation of
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oxidative stress is an important components of plant defense response. Currently not much is
know how bacteria coped with increased oxidative stress generated by plants. Analysis of the
role catalase, methionine sulfoxide reductase play in oxidative stress response could lead to
development of inhibitors that could disrupt the bacterial ability to defense themselves from
oxidative stress. This would make bacteria more susceptible to plant defense response and
potentially could effect disease outcome. This could have big impact on agricultural practises
and disease control of economically important crops.

o 4 - ] oy o
8. 1 OITeABE N ITVINAIA NVSANUN

1. Isolation and characterization of kat4. Journal of Bacterielogy
2. OxyR regulation of kat4. Journal of Bacteriology
3. Isolation and characterization of msr4. Journal of Bacteriology

4. Unusual regulation of oxyR in Xanthomonas. Journal of Bacteriology
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CHAPTER 1

KatA: Monofunctional catalase in Xanthomonas campestris pv. phaseoli

ABSTRACT

Xanthomonas campesiris pv. phaseoli katd, the gene for major monofunctional
catalase was cloned using the reverse genetic technique. Two degenerated primers were
designed from a partial amino acid sequences of KatA in Xp and from the conserved
region of monofunctional catalases. The PCR using degenerate primers and Xp genomic
DNA was done and giving 344 bp-PCR product that was used as a DNA probe to screen
a full length katd gene from Xp genomic library A-ZipLox phages by plaque
hybridization. A complete positive clone was named pKat29 containing complete
sequence of kat4. An open reading frame of 1,521 bp, encoding a protein of 507 amino
acids with theoretical molecular weight about 56 kDa. The apparent Km and Vmax
values are about 39 mM of H,0; and 2.3 x 10° pmol/min/mg protein, respectively. The
keat at Vmax point is 2.132 x 10° sec”!. Both KatA from Xpw/t and XpHR were sensitive
to 3 Amino-1,2,4 Triazole. They are unusual catalase in several respects, including the
apparent of narrower pH optimal and less heat stable than normal tetrameric catalase.
The Xp KatA is classified in the bacteria group I from the results of amino acid
sequences similarity to all principal monofunctional catalase. To examine the Xp katd’ s
role against oxidative strass, katd mutant was constructed by insertional inactivation
using a piece of kat4 inserted into non-replicated plasmid. Xp katdA mutant was
ascertained by Southern analysis and catalase activity gel staining. The mutant produced
significantly decreased level of total catalase activity at log phase of growth, and became
extremely sensitive to H,O; killing comparing with the wild type strain. Thus, all results
suggest the kat4 played an important role in Xp against oxidative stress by detoxification
of exogenous H,0,. Expression analyses by Northern blot hybridization revealed that
katA was transcribed as a polycistronic RNA with the adjacent protein called ankyrin
like protein. The expression of katA could be induced by exposure to oxidants including
H,0,, organic hydroperoxide and particularly menadione and was mediated by oxyR, a

global peroxide sensor and transcription regulator.
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INTRODUCTION

Xanthomonas spp. is an important group of bacterial phytopathogen. During
plant-microbe interactions, the initial plant defense response involves increased
production of reactive oxygen species [1]. They function as bacteriocidal agents and as
secondary signal molecules to further activate plant defense responses [2]. To survive
and proliferate, bacterial pathogens must overcome reactive oxygen species. Micraobial
defense against oxidative stress required well-orchestrated expression of enzymes
involving both detoxification of the stress and repair processes. Catalases (E.C, 1.11.1.6)
have important protective roles against H,O, , the first ROS released, from plants [3,4].
There are two types of catalase enzymes, a bifunctional catalase-peroxidase and a
monofunctional catalase [5]. In this study we are interesting in Xanthomonas campestris
pv. phaseoli (Xp). It is a causative agent of common blight disease in dry beans
(Phaseolus valgaris and Phaseolus lunatus) [6]. The oxidative stress responses of Xp is
quite complex [7]. The previous study suggested that Xp possesses at least two distinct
monofunctional catalase isozymes on the basis of the observation of two main activity
bands on non denaturating polyacrylamide gel electrophoresis [8]. The stationary-phase
dependent catalase denoted KatE has been cloned and characterized [8]. This is an
essential step in order to understand this bacteria. In this study, the major form of
monofunctional catalase denoted KatA (formerly name Katl) was purified, cloned and

characterized.
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METHODS

Bacterial cultures and media.

All Xanthomonas strains were grown aerobically at 28°C in Silva-Buddenhagen (SB)
media containing appropriate antibiotic, respectively [9]. To ensure synchronous
exponential growth, overnight cultures were subcultured into fresh medium to give
ODs¢oo of 0.1.The culture was allowed to grow until an exponential phase culture
represented density had reached 0.5 ODgqg or a stationary phase culture presented 24 h
up to the experiments. Al Escherichia coli strains were grown aerobically at 37°C in
Luria-Bertani (LB) media.

Cell lysate preparation and catalase activity gel staining

Preparation of cell lysates for activity gel analysis was according to Vattanaviboon and
Mongkolsuk [8]. Essentially, 20 ml log-phase cultures were pelleted and washed once
with 50 mM sodium phosphate buffer pH 7.0. Bacterial cells were lysed by brief
sonication followed by centrifugation at 10,000 g for 10 min. Cleared lysates were used
for catalase activity gels. Catalase isozymes were visualized on native PAGE gels
performed by the method of Kim et a/. with some modifications [8,10].

Purification of the Xp catalase KatA.

All manipulations were carried out at 4°C. The crude extract was prepared by using the
Aminco French press at 20,000 psi (1 psi = 6.894757 kPa) and a 2.5 % streptomycin
sulfate precipitation was carried out as described [11], except that ImM EDTA was
present in the buffer. The ammonium sulfate precipitation was performed to separate the
catalase A (KatA) and also to achieve a greater increase in the specific activity of
enzyme. The first fraction was carried out at 30, 40, 50 and 60% saturation with solid
ammonium sulfate. At each step, the solution was stirred gently to ensure complete
dissolution and precipitation. For the Xanthomonas catalase, the 60% fraction had the
highest catalase specific activity. This fraction was dialyzed ovemight at 4°C against 4 L
of 50 mM potassium phosphate buffer (pH 7.0) and loaded on a 2 x 10 ¢cm
hydroxylapatite column equilibrated in the same buffer. The column was washed until
the absorbance at 280 nm of the elution had dropped below 0.05. The enzyme was eluted
with a linear gradient of NaCl (0.05-0.5 M). The fraction showing catalase activity were
pooled, concentrated by ultrafiltration (Amicon), dialyzed overnight in the same buffer,
and stored at —70°C.



13

Partial amino acids determination

KatA was purified as previously decribed. Purified KatA was run on the gel eletrophoresis
after digested by BrCN to eliminate blocking and bloted onto immobilon filter. The
catalase band was cut from the filter to determined partial amino acid sequence by the
Tripartite Microanalytical Center at the University of Victoria, Victoria, Canada.

DNA isolation, cloning, PCR and nucleotide sequencing.

Xanthomonas genomic DNA was purified as previously described [12]. Primers for
amplification of Xp katd were designed base on partial amino acid sequence of KatA
protein (NGVHAYKLVNAQG) and the conserved region of monofunctional catalases
bias toward the high G+C codon usage and modified to be the complementary strand
(DNFFQETEQ). Both of them were BTS50 [ AAC GG(G/C) GT(G/C) CA(C/T)
GC(G/C) TA(C/T) AA(A/G) CT(G/C) GT(G/C) AA(C/T) GC(A/G) CA(A/G)GG 37,
BT54 [5' TG(C/T) TC(A/G/C) GT(C/T) TC(C/T) TG(A/G) AA(A/G) AA(A/G) TT(A/G)
TC 3'] respectively. Genomic DNA (0.5pug) from Xp was added to PCR reaction
containing 25 pmol of primers, a commercial PCR reaction buffer and nucleotide mix
(Promega), 2 units of Taq polymerase. The PCR reactions were performed using the
following cycle conditions: denatured at 94°C 1 min, annealed at 55 °C 1 min and
reaction at 72 °C 1 min for 30 cycles. The PCR products were cloned into pGEM-T easy
vector {Promega) and use as a probe for screening Xp genomic library [13] if the results
from nucleotide sequencing by fluorescence dye terminator ABI prim kits and analyzed
on an automated DNA sequencer ABI 377 showed a high degree of identity with
monofunctional catalase of related species.

Analysis of peptide KatA and deduced amino acid sequence.

The pucleotide sequence was analyzed for possible ORF by DNASIS program. The
protein related to monofunctional catalase were detrived from databases using the
BLAST program. These amino acid sequences were aligned using the CLUSTAL W
(version 1.7) [14]. The results were drawn by PHYLODENDRON (version 0.8d) of D.G.
Gilbert, Department of Biology, University of Indiana, USA
(bttp://iubio.bio.indiana.edu).

Enzyme assay and protein estimation

Absorbance at 280 nm was used for monitoring proteins in column elutes. Catalase
activity was estimated by the method of Rorth and Jensen [15] in a Gilson oxygraph
equipped with a Clark electrode. One unit of catalase in defined as the amount that

decomposes 1 pmol of H;0O; in 1 min at 37°C
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Enzyme kinetics.

Michaelis-Menten constant (K,,), maximum velocity (Vma) and the turn over rate of
enzyme (ke) Were determined as a function of the H,O, concentration at 37°C at pH 7.0
Temperature sensitivity.

To estimate thermal stability, the purified enzyme was incubated at for 10 min at
different temperatures, and the residual activity was measured at 37°C

Effect of pH.

The purified enzyme was incubated in 50 mM potassium phosphate buffer at the various
pH values for 1 min prior to commencing the assay by adding H,O, [16). For values
beyond the buffering capacity, the pH was adjusted by the addition of HCl or NaOH
directly before the assay as previously described [17].

Inhibitory effect of 3-amine-1,2,4-triazole on the purified catalase A .

The catalase enzyme was incubated in 50 mM potassium phosphate buffer at various
concentration of inhibitor for 1 min. prior to commencing the assay by adding H,O; [18].
Construction of Xp katA4 insertional inactivation mutant.

The fragment kazA4 coding region in plasmid vector will transferred in to Xp wild type by
electroporation. The transformants will be selected on the appropriate antibiotic SB plate.
All antibiotic resistance colonies were characterized for inactivation of kat4 by Southern
blot analysis.

Purification of Kat A from XpHR

XpHR is a peroxide resistant mutant strain over producing KatA enzyme [19] as result
from the activity gel of lysate when compare with lysate from normal cell (Fig 2A). KatA
was purified by (NH,).SO4 precipitation followed by hydroxylapatite. The specific
activity of the KatA was about 150,000 U/mg protein. It is quite high specific activity
when compare with other monofunctional catalases. The final precipitation migrated
product showed a single band of protein on denaturing SDS acrylamide gels, with the
corresponding to a molecular weight of 54 kDa (Fig 2B)
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Cloning of Xp katA and analysis of catalase nucleotide sequence and the deduced
amine acid sequence.

To determine the role of catalase in the defense of Xp against H;0; toxicity, we employed
a genetic approach to clone and characterize a katd from this organism. We took
advantage of the high homology between region of monofunctional catalases from
various bacteria. Degenerate oligonucleotides derived from the conserved region of
monofunctional catalases bias toward the high G+C codon usage (DNFFQETEQ) and
designed base on partial amino acid sequence of KatA protein (NGVHAYKLVNAQG).
A 344 bp PCR product was amplified from Xp genomic. To determine whether the PCR
product was derived from a Xp catalase gene, we cloned this fragment into pGem T-easy
plasmid vector yielding pKatlll. The DNA inserted in this recombinant plasmid was
sequenced by both orientations.Analysis of its nucleotide sequence showed a high degree
of identity to various monofunctional catalases. This 344 bp DNA fragment was used as a
probe to screen a full length kat4 gene from Xp genomic library constructed in A ZipLox
phages by plaque hybridization. A positive clone named pKat29 containing a fulll length
of kat4 was isolated. The open reading frame of 1,521 bp capable encoding a protein of
507 amino acids with a predicted molecular mass 56 kDa was identified. This molecular
weight was consistent with that of the purified KatA determined SDS polyacrylamide gel
electrophoresis. The codon usuage of this ORF is typical of G+C rich which is the
character of this family. Homology search against GenBank databases showed high
degree of amino acid sequence identity to all principal monofunctional catalase,
especially to P. syringae and P. aeruginosa catalases.

Phylogenetic relationships of monofunctional catalases.

The alignments of amino acid sequences were created the multiple-alignment among the
monofunctinal catalase using CLUSTAL W (version 1.7) [14]. Estimates of the
evolutionary relationships of sequences and drawn unrooted tree by PHY LODENDRON
(version 0.8d) of D.G. Gilbert, Department of Biology, University of Indiana, USA
(bttp://iubio.bio.indiana.edu). The results from Fig.3 showed that KatA of Xp is closely
related to the bacteria group I. This group was derived from opportunistic or
nonpathogenic bacteria that are widespread in nature and include representatives from

such diverse taxa as ?-proteobacterial florescent pseudomonads [20].
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RESULTS AND DISCUSSION

1. Multiple catalase isozymes in X campestris pv. phaseoli

Multiple catalase isozymes have been reported in many bacteria especially in

Pseudomonas, a closely related genus to Xanthomonas. P. putida exhibits three catalase
isozymes encoded from three distinct genes. In order to differentiate catalase isozymes in
Xp, a catalase activity staining SDS-PAGE gel was performed. Equal amount of protein
in crude extracts prepared from X campestris pv. phaseoli cultures at all stage of growth
were separated on 7.5% SDS-PAGE. After electrophoresis, polyacrylamide gel was
renatured and stained for catalase activity as describe in the Materials and Methods. The

protein bands having catalase activity would appear as colorless bands in dark brown

background. The results from activity gel showed that Xp produced two detectable
catalase isozymes (Fig. 1). The low apparent mass isozyme, called KatA, was expressed
at all growth-phases. KatA was produced in higher quantity at log-phase of growth and
declined slightly when cells entering stationary phase. The other isozyme of catalase,
named KatE, had relatively higher apparent mass than KatA. The expression of Katz was
turned on when cells entering stationary phase. Both KatE and KatA activity bands did

not have peroxidase activity when a corresponding gel was stained for peroxidase

activity (data not shown). These results suggested that both KatA and KatE were

monofunctional catalases.

2. Induction of KatA isozyme by oxidants

In many microorganisms, catalase activity increases in response to oxidative stress.
Either bifunctional catalase i.e. £.coli KatG or monofunctional catalase i.e. Haemophilus

influenzae HKtE, and Vibrio fischeri KatA whose expressions could be inducible by

exposure to low concentrations of HO, In Xanthomonas, the studies in X. oryzae reveal
that X. oryzae produces only one detectable monofunctional catalase isozyme, KatX. The

expression of KatX is inducible in response to various oxidants including MD, tBOOH

and H,O, Unlike X oryzae, Xp possesses two monofunctional catalase isozymes
expressed in different fashion (Fig.33). Induction of catalase expression by oxidants was

investigated in Xp at both log- and stationary-phase of growth. Log phase or stationary
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phase cells were pretreated with MD, tBOOH, H,O, or NEM for 1 h. The lysates prepared

from induced or uninduced culture were assayed for total catalase activity and protein

content. The results (Table 1) showed that treatment of log-phase cultures with HO,,

tBOOH, MD or NEM could induce accumulation of catalase by 2.7, 4.5, 8.4 and 2.4

fold, respectively, when compared to uninduced cells. The catalase activity staining of
SDS-PAGE of those extracts (Fig. 2) revealed that Kat) isozyme was increased in
response to the treatment of oxidants whilst the activity of Kat isozyme was still non-
detectable. The intensity of KatA bands increased concomitantly with the fold of
induction in total catalase activity.

Induction of stationary phase cells with oxidants showed different profile
although the total catalase activity appeared to be inducible (Table 1). The folds of
induction by H,0,, tBOOH, MD or NEM were 1.7, 1.9, 2.1 and 1.7, respectively, which
dramatically lower than those of induction in log-phase cells. The catalase activity
staining of SDS-PAGE (Fig. 3) showed that the intensity of KatA isozyme was increased

and likely to be responsible for an enhancement of total catalase activity. On the other

hand, the expression of KatE isozyme was not obviously inducible by these tested
oxidants. These results clearly showed that the expression of KatA isozyme could be

induced by HO,, tBOOH, MD or NEM at both log- and stationary-phase of growth.

3. The induction of KatA was mediated by OxyR
Since HO,, tBOOH, MD and NEM have been reported to be potent inducers of

Xanthomonas oxyR, a global regulator and peroxide sensor. Thus, KatA expression and

induction might be regulated via OxyR,. To test this hypothesis, induction experiments
were repeated in Xp oxyR mutant (oxyR:Gm). As expected, Xp oxyR mutant produced
non-inducible level of catalase activity corresponding to the low intensity of KatA band
in activity gel (Table 2, Fig. 4). These results indicated that induction of KatA expression

in Xp requires functional oxyR.
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Time (h)

Fig. 1. Multiple catalase isozymes in Xp.

Catalase ctivity staining of proteins separated on 7.5% SDS-PAGE to
determine various catalase isozymes in crude extracts at different growth phases.
Lane: 1, early log (3h); 2, mid-log (6h); 3, early stationary (12h}; 4, stationary (18h);
5, late stationary (24h); and 6, late stationary (30h).
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Table.1 Total catalase activity of Xp at log-phase and stationary-phase in response to

different inducers.

Total catalase activity * (fold of induction)
Inducersf
(concentration)

log-phase cells stationary-phase cells
Uninduced 5.0£1.1 (1.0) 3.91£1.0 (1.0)
H,O, (100uM) 13.9+1.4 (2.7) 6.6x1.2 (1.7)
tBOOH (100pM) 22.8+2.4 (4.5) 7.2+1.1 (1.9)
MD (100pM) 42.2+3.6 (8.4) 8.3+1.0 (2.1)
NEM (100pM) 12.3+2.0 (2.4) 6.7£1.3 (1.7)

*All experiments were independently repeated 3 times and mean + S.D. values are shown.
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Fig. 2. Induction of catalase isozymes in Xp.
Activity staining of catalases separated on 7.5% SDS-PAGE. Log-phase cells

induced with different oxidants, Lane 1, tBOOH-induced; 2, uninduced; 3, MD-
induced; 4, H,Os-induced; and 5, NEM-induced.
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Fig. 3. Induction of catalase isozymes in Xp

Catalase activity staining of proteins separated on 7.5% SDS-PAGE to
visualize catalase isozymes in samples prepared from stationary phase cells induced
with different oxidants, Lane 1, uninduced; 2, MD-induced; 3, H>O;-induced; 4,
tBOOH-induced; and 5, NEM-induced.
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Fig. 4. Induction of catalase isozymes in an Xp oxyR mutant.

Catalase activity staining of proteins separated on 7.5% SDS-PAGE to
visualize catalase tsozymes in samples prepared from log-phase cuiture induced with
different oxidants. Lane 1, uninduced; 2, tBOOH-induced; 3, H,Os-induced; 4, NEM-
induced; and 5, MD-induced.
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Table 2. Total catalase activity of Xp oxyR mutant in response to oxidants.

Inducers (concentration) Catalase (Umg protein)
Uninduced 1.7+04
H>0; (100uM) 1.5+ 0.5
tBOOH (100uM) 1.6+04
MD (100pM) 1.6+0.3
NEM (100uM) 1.9+04

*All experiments were independently repeated 3 times and mean + S.D. values are shown,
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4, KatE was inducible by starvation.
The expression of Ecoli monofunctional catalase (KatE) is regulated by o°

sipma factor whose expression is turn on when cell entering stationary phase or in

starvation condition. Similar to E.coli KatE, Xp Kat2 was produced at stationary phase of
growth. The effect of starvation on the expression of Kat2 was observed in Xp. An
overnight culture was subcultured into 20-ml SB broth. The log-phase (3h) growing cells
were collected by centrifugation at 28 °C. Cell pellet was resuspended in 20 ml M9
minimal salt (without glucose) and grown for 3h in aerobic condition. For non-starved
control, the 3h-culture in SB was continued growing for 3h in the same condition The
lysates prepared from control and starved cells were loaded into SDS-PAGE for catalase
activity staining. As shown in Fig 5, starvation could induce the expression of KatE

catalase isozyme.

Fig. 5. Induction of catalase isozymes by starvation.

Catalase activity staining of proteins separated on 7.5% SDS-PAGE to visualize catalase
isozymes in samples prepared from log phase cultures of Xp in complex medium (non-
starved, lane 1), under carbon starvation for 2 h (lane 3), 3h (lane 4;and a stationary phase

culture (lane 2
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5. Cloning and characterization of Xp kat4

The katA gene from Xp was cloned using a reverse genetic approach. The partial
amino acid sequence of KatA, NGVHAYKL, was determined from trypsin digest
fragments. The KatA amino acid sequence and another sequence derived from a highly
conserved region of bacterial monofunctional catalases were used to design two
degenerate oligonucleotide PCR primers which yielded a 344 bp PCR product that was
cloned into pGEM-T-easy vector giving pKatlll. The nucleotide sequence of the
fragpment showed significant similarity to other monofunctional catalases. The 344 bp
DNA fragment was then used as a probe to screen for the full-length kat4 gene from an
Xp genomic library. A positive clone named pKat29 containing kat4 was isolated and
sequenced. An open reading frame of 1,521 bp encoding a 507 amino acid protein with a
predicted molecular mass of 56 kDa was identified. The encoded protein showed a high
degree of amino acid sequence identity with other monofunctional catalases, including
84% and 78% identity with CatF of P. syringae and KatB of P. aeruginosa, respectively.
The gene was therefore designated kat4. A phylogenetic analysis of a limited group of
catalase sequences was carried out revealing that kat4 is a clade I catalase more closely
related to plant than to mammalian catalases (Fig. 6).

Xp katA was sub-cloned from pKat29 into a pGEM-5Zf vector giving pGemkatA
for transformation into the catalase deficient E. coli strain UM255 (katG2,
katE12::Tnl0,recA) [9]. Cell lysates prepared from UM255 harboring pGemkatA and
from Xp were compared on non-denaturing gels stained for catalase activity revealing a
similar band of catalase in both extracts. Expression of KatA in UM255 harboring
pGemkatA was more efficient at 28°C (955 units mg of protein™) as compared to 37°C
(119 units mg of protein™). This effect may be the result of poorer folding of KatA in the
heterologous E. coli host at 37°C and to the enhanced temperature sensitivity noted

above.
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Fig. 6. Fig. 3. A phylogenetic tree of monofunctional catalases.

A phylogenetic tree was constructed by the neighbor joining method using the Tree
program for the phylogenetic analysis of Clustal W [12]. The results were drawn using
the program PHYLODENDRON (Version 0.8 d 1994; Department of Biology,
University of Indiana [http://iubio.bio.indiana.edu]). XPA, X campestris pv. phaseoli
KatA (AF461425); PSF , P. syringae CatF (U03465); PAB, P. aeruginosa KatB
(U34896); DRA, Deincococus radiodurans KatA (D63898); LSR, Listeria seeligeri Kat
(M75944); ATA, Arabidropsis thaliana CatA (X64271); HBS, Hevea brasiliensis
(AF151368); NPL, Nicotiana plumbaginifolia Cat2 (Z36976); OSA, Oryza sativa CatA
(X61626), ANR, Aspergillus niger CatR (Z23138); ECE, E.coli KatE (M55161); MAE,
Mycobacterium avium KatE (L41246); XPE, X. campestris pv. phaseoli KatE
(AF170449);, SCT, Saccharomyces cerevisine CatT (X04625); CTA, Candida tropicalis
CatA (M18832); HAS, Homo sapiens Catalase (P04040); DMA, Drosophila
melanogaster CatA (X52286); BSA, B. subtilis KatA (MB0796); NGA, Neisseria
gonorrhoeae KatA (U35457); RMA, Rhizobium meliloi KatA (U59271); AAR,
Actinobacillus  actinomyceterium (AF162654); HPA, Helicobacter pylori KatA
(U67458). Bar, 0.1 change per site.
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6. Purification of KatA from XpHR

Catalase activity gels have shown that Xp produces two isozymes of
monofunctional catalases coded by distinct genes. Because many catalase genes have
been isolated from bacteria, but very few enzymes have been purified and characterized,
the purification and characterization of KatA, the major catalase in Xp, was initiated. Xp
has a low total catalase activity that made purification of the enzyme difficuit, but a
multiple peroxide resistant mutant designated XpHR that produces 200-300 fold higher
levels of catalase has been isolated (Fig. 7A). This mutant was used as the source for
KatA, the major catalase of Xp (Fig. 7). The purified catalase has a specific activity of
150,000 U mg protein (at 60 mM H,0,), somewhat higher than some other bacterial
catalases such as E. coli KatE and P. aeruginosa catalases. SDS-PAGE analysis of the
purified enzyme showed that the preparation was greater than 90% pure and the major
protein band had a molecular weight of 56 kDa (Fig. 7A) similar to other small subunit

monofunctional catalases.

7. Biochemical characterization of KatA

The apparent K, and Vi, values of the KatA for HO; at pH 7 and 37°C were
determined to be 75 mM of H,O, and 2.74 x 10° pmol H;0, pmol heme'sec?,
respectively. The keu i 2.55 x 10° sec”'. Catalases generally have low substrate affinities
with apparent K, values for H,O; of 10.6 and 44.7 mM for KatB and KatA from P.
aeruginosa and 60 mM for CatF from P. syringae [2,4] and Xp KatA is similar to these.

KatA is very sensitive to the catalase inhibitors, 3-amino-1,2,4-triazole (K; = 2.0
mM) and NaNj; (K; = 1.0 pM) in sharp contrast to £.co/i KatE which is highly resistant
to both inhibitors but similar to the catalases from Pseudomonas. KatA has a broad pH
range for optimal activity from 6.0-9.0, outside of which activity dropped off rapidly
(Fig. 8B). This differs from monofunctional catalases from E.coli and Bacillus subtilis,
which have even wider ranges of optimum pH. Incubation of KatA for 10 minutes at 30
°C resulted in a loss of 20% of activity while incubation for 10 minutes at 55 °C resulted
in a loss of 50 % of activity (Fig. 8C) making KatA was much more sensitive to heat
inactivation than many other catalases. In conclusion, KatA from XpHR differs in some

properties and is similar in others compared to characterized bacterial catalases.
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Fig. 7. Analysis of purifed KatA and catalase activity gel.

In A, 5 pg of purifed KatA was analyzed on a 8% SDS-PAGE gel stained with
Coomassie Biue (KatA). M represented protein molecular weight markers. In B, catalase
activity staining of the protein lysates separated on 7.5 % SDS-PAGE to visualize KatA
in UM255 (100 pg total protein), UM255 harboring pGemkatA (5 pg total protein) and
exponential phase Xp (100 pg total protein), respectively. Arrow indicated the position of
KatA.
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Fig. 8. Biochemical characterization of KatA.

The apparent V. (A) and K,;, (Lineweaver-Burk plot, B) determinations with different
concentrations of H,;O, as substrate. The effect of temperature (C) and pH (D) on
catalase activity. All experiments were performed as described in the materials and

methods.
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8. Construction of kar4 mutant.

Part of the coding region of kat4 cloned into a vector that cannot replicate in Xp
(the pKatll1) was introduced into Xp by electroporation. A single recombination
between a katA fragment in non-replicated plasmid and a counter part on the
chromosome resulted inactivation of kart4. The Southern analysis showed the result to
confirm the knock out of kat4 gene in Xp katA mutant (Fig.9). The mutant produced
significantly decreased level of total catalase activity at log phase of growth, and very
sensitive to H>O; killing when comparing the parental strain (Table 3). Thus, all results
suggest the katA4 played an important role in Xp against oxidative stress by detoxification

of exogenous H;0,;.

kb

3.05
2.04
1.64
1.02

Fig. 9. Southern blot analysis of Xp kat4 and its parental strain (Xp).
Genomic DNA of Xp kat4 (lane 1 and 3) and Xp (lane 2 and 4) were digested with £coR]
and Sall respectively. The blot was hybridized with radioactively labeled kaz4 probe.
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Table 3. The resistant level against oxidants in Xp kat4 mutant and its parental strain.

Strains Inhibition Zone (mm)
HO, Menadione tBOOH
Ap 14.0 245 29.0
Xp katA 24.0 24.5 28.0
Xp katA/pKatA 10.0 22.5 31.0
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CHAPTER IT

ohrR: organic peroxide sensor and transcriptional repressor in X. campestris pv. phaseoli

ABSTRACT

We report the physiological role of OhrR as an organic peroxide sensor and
transeription repressor in Xanthomonas campestris pv. phaseoli. In vivo exposure of X
campestris pv. phaseoli to either zert-butyl or cumene hydroperoxides efficiently neutralized
OhrR repression of expression from the OhrR regulated P1 promoter. H;O, was a weak and
non-physiological inducer of the system while other oxidants and metabolites of organic
peroxide metabolism did not induce the expression from the P1. Northern blotting resuits
indicated a correlation between concentrations of tert-butyl hydroperoxide used in the
treatment and the induction of o/r (an OhrR-regulated gene) expression. In addition, the
levels of ohr mRNA in cultures induced by various concentrations of ferz-butyl
hydroperoxide were reduced in cells with high levels of an organic peroxide metabolising
enzyme (AhpC-AhpF)} but not in cells with high catalase levels suggesting that organic
peroxide interacts with OhrR. DNA band shift experiments using purified OhrR and the Pl
promoter fragment showed that organic peroxide treatment prevented binding of the protein
to the P1 promoter by oxidation of OhrR, since the inhibition of binding to the P1 promoter
was reversed by addition of a reducing agent, DTT. The highly conserved cysteine residue
C22 of OhrR is required for organic peroxide inducible gene expression. A mutant protein,
OhrRC22S can repress the P1 promoter activity but insensitive to organic peroxide treatment.
Thus, OhrR is the first transcription repressor characterized that appeared to evolve to

physiologically sense organic peroxides.
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INTRODUCTION

Organic peroxides are highly toxic compounds to biological systems due to their
abilities to react with intracellular macromolecules and to generate reactive organic radicals
(Halliwell and Gutteridge, 1984). Bacteria have evolved several pathways to ensure efficient
removal of organic peroxides. Alkyl hydroperoxide reductase (AhpC) is widely distributed in
diverse organisms ranging from bacteria to humans and is the best characterized organic
peroxide detoxification system that metabolizes organic peroxides to their corresponding
alcobols (Chae et al., 1994; Poole and Ellis, 1996). A second organic peroxide protection
system, organic hydroperoxide resistance protein (Ohr), was first identified in X. campestris
pv. phaseoli (Mongkolsuk et al., 1998) and subsequently shown to be present in many gram-
positive and gram-negative bacteria (Atichartpongkul et a/., 2001; Fuangthong et al., 2001;
Ochsner et al., 2001; Shea and Mulks, 2002). Inactivation of chr results in increased
sensitivity towards organic peroxides (Atichartpongkul et al., 2001; Mongkolsuk et al.,
1998). How the Ohr system works is not known.

The abilities to sense changes and respond to oxidative stress are crucial for aerobic
organisms. Bacteria have complex sensing mechanisms and response regulators which alter
patterns of gene expression as to prevent oxidative damages to cells. Two of the most well
characterized bacterial sensors of oxidative stress and transcription regulators are OxyR, a
global peroxide sensor (Toledano ef al., 1994; Zheng and Storz, 2000) and SoxR, a giobal
superoxide sensor (Demple et al., 2002). AhpC and Ohr appear to have overlapping
physiological functions, but their patterns of expression and regulation differ. ahpC is
regulated by OxyR (Loprasert et al., 2000), while ohr is regulated by a novel, organic
hydroperoxide inducible, transcription repressor, OhrR, that belongs to the MarR family.
ohrR is found in both gram-negative and gram-positive bacteria (Fuangthong ez al., 2001).
Interestingly, genes in the OxyR regulon are highly induced by treatment of cells with H,O,
and organic peroxide whereas genes in the OhrR regulon are highly induced only by organic
peroxide (Loprasert et al., 2000; Sukchawalit ef al., 2001). In X. campestris pv. phaseoli,
ohrR is uniquely regulated at both the transcriptional and post-transcriptional levels. OhrR
autoregulates expression from its own promoter (P1), and RNA processing and production of
a highly labile ohrR mRNA, coupled with inefficient translation of the mRNA limits the
intracellular level of OhrR (Mongkolsuk et al., 2002). Here, we report that OhrR is evolved to
sense and respond to changes in organic peroxide levels. The sensing mechanism involved
oxidation of the highly conserved C residue that prevents the protein from binding to its target

site in the P1 promoter region.
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METHODS
Bacterial culture conditions
All Xanthomonas strains were grown aerobically in SB (Silva-Buddenhagen medium, 0.5%
peptone, (.5% yeast extract, 0.5% sucrose and 0.1% glutamic acid, pH 7.0, Mongkolsuk et al.,
1997) at 28°C. The oxidant induction experiments were performed on exponential phase cells by
addition of stated concentrations of oxidants to cultures followed by incubation for additional 15
min for Western analysis and 10 min for Northern analysis before cells were harvested for lysate
preparation and RNA extraction. Antibiotics were used at the following concentrations: for
selection of chromosomal integrated mutants 15 pg ml™! kanamycin; and for selection of
plasmids, 15 pg ml" gentamicin and 30 pg ml™ kanamycin. All plasmids were transferred into
X campestris pv. phaseoli by electroporation using previously described conditions
{(Mongkolsuk eral., 1998).
Western immuno detection of Cat
Cell lysates were prepared by resuspended cell pellets from 10-ml log-phase cultures in 0.5 ml
of 50 mM sodium phosphate buffer pH 7.0. The cell suspension was sonicated intermittently for
2 min and spun at 10 000xg for 20 min. Protein concentration in clear lysate was measured
using the Bradford assay (Bradford, 1976). Subsequently, 20 ug total protein was loaded into
each lane of an 10% SDS-PAGE gel. The separated proteins were electrophoretically transferred
to a sheet of PVDF membrane. The blocking of membrane, primary antibody reaction, washing
and subsequent detection of immune reaction by alkaline phosphatase conjugated second
antibody were done as previously described (Loprasert ef al., 2000). Densitometer analysis was
performed as previously described (Sukchawalit ez al., 2001).
Northern analysis of ohr expression
X. campestris pv. phaseoli strains were treated with different concentrations of tBOOH or H;0,
for 10 min. Cells were pelleted and tota] RNA was extracted using the modified hot phenol
method (Mongkolsuk et al., 1997). In the induction kinetic experiment, aliquots of cells were
removed at the indicated time and cells were pelleted by centrifugation before total RNA was
extracted. RNA samples were loaded into 1.5% formaldehyde agarose gel and after
electrophoresis the separated RNA samples were transferred to a nylon membrane. Pre-
hybridization, hybridization, stringent washing conditions and ohr probe preparation were done
as previously described (Mongkolsuk ef al., 1998).
Purification of OhrR
The poly His-OhrR fusion protein was made using BT377 (5’ATTCTCGAGTCCCGCGCCAA

GGCT 3%) and BT 378 (5’CGAATTCGCCGATGGTCCC 3°) primers and pBBRohrR as DNA

- ——
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template in a PCR reaction using previously described conditions except 1 U of pfi« polymerase
was used instead of 7aq polymerase. The 560 bp PCR products were digested with Ncol and
Xhol and cloned into similarly digested pET Blue-2 (Invitrogen). This gave pET-OhrR3His that
has OhrR fused to poly-His at the carboxyl terminus. The gene sequence was confirmed by
DNA sequencing. The fusion protein was purified from Escherichia coli BL21(DE3)/pLysS
harbouring pETohrR3His. Essentially, cell pellet was resuspend in resuspension buffer (50 mM
Tris-HCl pH 8.0, 1 mM EDTA, 0.1 mM DTT, 100 mM NaCl, 1 mM PMSF and 10% glycerol)
and lysed by intermittent sonication. The cell debris was removed by centrifugation at 10 000xg
at 4°C for 30 min before loading into a heparin agarose column equilibrated with binding buffer
without 100 mM NaCl. Bound protein was eluted with NaCl gradient (0.05-1.0 M). Fractions
containing OhrR was pooled and concentrated before loading onto Superdex 75 column and
protein eluted at the rate of 0.5 ml min' in binding buffer with 100 mM NaCl. Fractions
containing OhrR was pooled and protein concentration was determined by a dye-binding method
(Bradford, 1976). The purity of OhrR is greater than 90%.
DNA band shift assay

The DNA band shift reactions were performed by adding 3 fmol of labelled 170 bp Pl
promoter fragment probe to the binding buffer (20 mM Tris pH 7.0, 50 mM KCl, 1mM EDTA,
5% glycerol, 50 pg mt™' BSA, 5 pg mi” calf thymus DNA, 0.8 pg ml™ polydl/dC). Then 15 ng
of purified OhrR was added and the reaction incubated at 37°C for 30 min (Loprasert et al.,
2000).
Site-directed mutagensis of ohrR
Polymerase chain reaction (PCR) based site-directed mutagenesis was used to change the OhrR
C228S. Essentially, mutagenic primers BT17 (5’-GAGCTGTCCTTTGCGTTGT-3") and BT18
(5’ACAACGCAAAGGACAGCTC-3’) were used and pPBBRohrR as DNA template were mixed
with PCR reaction and performed using previously described conditions (Mongkolsuk ef af.,
2000). Two PCR products were re-annealed and re-PCR with Mi3-Forward and M13-Reverse
primers giving 710 bp PCR products which were digested with EcoRI and Sacl and cloned into
pBBR1 MCS-5 (Kovach et al., 1994) giving pBBRohrRC22S. The sequence of the mutated
DNA was verified using an automated DNA sequencer.
Construction of Xp PllacZ
A 170 bp fragment containing P1 was cloned into a mini-Tn5 vector pUTPlacZ1 (de Lorenzo
and Timmis, 1994) in front of a promoterless /acZ giving pPllacZ. The promoter probe vector
was transferred into X. campestris pv. phaseoli and selected for Km® and Ap® phenotypes for

transposition of the mini-Tn. The intergration of the mini-Tn containing P1lacZ was confirmed
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by PCR using primers located in P1 and lacZ. B-galactosidase assays were done according to
Ochsner et al., (2001).

RESULTS AND DISCUSSION

1. OhrR binding to P1

We assessed the binding of purified OhrR to 293 bp fragment containing the P1 in the
DNA band shift assay. The results of the DNA band shift assay show that OhrR binds
specifically to P1 (Fig. 1). The OhrR binding to P1 was abolished by unlabelled competing P1
fragment but not by unrelated DNA sequence (Fig. 1). Moreover, substitution of a protein
unrelated to OhrR did not produce mobility shift of Pi (Fig. 1). Addition of increasing
concentrations of OhrR to the P1 fragment did not produce additional species of slower
migrating bands suggesting that there was no co-operative binding of OhrR to the operator and
probably only one binding site for the protein was present within the P1 fragment (Fig. 1).

The location of the OhrR binding site within the Pl promoter fragment was determined by
DNasel protection assay {Fig. 2). Analysis of the footprint patterns shows that OhrR binding to
P1 produced a DNasel protected region of 44 bp extending from -1 to -45 on the coding strand
and from -7 bp to -51 bp on the non-coding strand (Fig. 2). The DNasel protected regions
completely overlap the -35 and -10 regions of P1. Thus, the binding of OhrR prevents RNA
polymerase from binding to the promoter resulting in repression of gene expression.

Analysis of the DNA sequence within the OhrR protected region reveals several features
which could constitute the OhrR operator site. There are several of atypical AT rich regions of
two direct repeats ATAAATCG (D1) separated by 22 bp, TTGCAA (D2) separated by 21 bp
and an inverted repeats TTGCAATT-AATTGCAA (I1) separated by 17 bp surrounded by
normal GC rich Xanthomonas DNA. These elements are all located in the close proximity of the
-35 and -10 regions of P1 and binding of OhrR to these sites would prevent RNA polymerase
from binding to the promoter. The analysis of P1 deletion showed that half of the ATAAATCG
(D1) direct repeat could be removed (Deletion #87) without altering the ability of OhrR to
repress cat expression indicating that this motif was not crucial for the binding of OhrR to P1. In
the B. subtilis system, the proposed sequence for the putative binding site for OhrR located in
front of the ohr4 also has AT rich regions of overlapping inverted and direct repeats
(Fuangthong et af., 2001). The importance of these elements as putative OhrR binding sites is
suggested by analysis of a non-inducible oA#4 mutant that has a deletion which removes half of

the inverted and direct repeats (Fuangthong et al., 2001). OhrR from Xanthomonas and B.
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subtilis also share high levels of homology at the amino acid sequence level suggesting that they
might recognize similar DNA motifs as the binding site. Comparison of the AT rich regions of
Pl and the ohrA promoter revealed a region with a high degree of similarity. Base on the
analysis of the sequence alignment of these regions (data not shown), we proposed the putative
OhrR operator site to be an inverted repeat TTnCAATT-(16-17)-AATTGnAA. The site consists
of AT rich inverted repeats separated by a relatively long space of 16-17 bp. In X. campestris
pv. phaseoli, the putative OhrR operator consisted of a perfect inverted repeat separated by 17
bp (I1) located between the -35 and 3' of -10 regions of the P1 promoter. Results of both the
DNA footprinting of OhrR binding to P1 and the in vivo deletion analysis suggests that the
binding site of OhrR is located within the -35 and -10 regions of Pl. In B. subtilis, the OhrR
operator has an inverted repeat containing three mismatches and separated by 16 bp and the
operator overlaps the -35 and -10 regions of the ohrd promoter (Fuangthong et al., 2001). OltR
appears to recognize an extended operator site of about 32-33 bp. This probably accounts for the
observed long (44 bp) protected region resulting from OhrR binding to Pl in the DNasel
footprinting experiment (Fig. 5). At present we do not know whether the D2 direct repeats
contributes to OhrR binding to P1. The importance of the inverted and direct repeats is being
investigated.

Overlapping binding sites for OhrR and RNA polymerase suggest that the repressor binding
to the operator i::revents RNA polymerase from initiating transcription at P1l. Generally, a
repressor has a higher binding affinity for an operator site than does RNA polymerase for a
promoter. In uninduced cells, most of the OhrR binds to the operator resulting in repression of
P1. Exposure to organic peroxide likely inactivates OhrR and prevents it from binding to the
operator which allows RNA polymerase to bind and initiate transcription. This assumption is
supported by the primer extension data showing the tBOOH treatment increased the
transcription initiation at P1l. Moreover, preliminary investigations suggested that, in vitro,
organic peroxide might directly modify OhrR and prevents it from binding to P1 (data not

shown).
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Fig. 1. DNA band shift assay for binding of OhrR to P1.

Purified OhrR was added to 293 bp of radioactively labelled P1 fragment in the binding buffer
and separated in a polyacrylamide gel done as described in the materials and methods. The
binding reaction consisted of labelled P1 fragment and 400 ng OhrR. UP is adding of 2 pg of
unrelated protein (BSA) to the binding reaction ; FP is free P1 probe; addition of increasing
concentrations of OhrR 100, 200, 400, 800 and 1200 ng to labeled P1 probe; P1 is adding of 2
png of unlabelled P1 DNA to the binding reaction; UD addition of 3 pg of unrelated DNA
(pUC18 plasmid) to the binding reaction. The positions of free (F) and bound (B) P1 probe are
shown to the left.
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Fig. 2. DNasel protection assay to locate OhrR binding site to P1.

The DNasel protection assay for the binding of OhrR to P1. P1 represents the DNA fragments
treated with DNasel; P1+OhrR represents the binding of OhrR to the DNA fragments prior to
DNasel treatment. The labelling of non-coding and coding strands are done as described in the
materials and methods. The arrows indicate the size of the fragments in bp and numbers in the
brackets indicate the position of the protected regions with respect to the +1 transcription
initiation site. G, A, T, C are the sequence ladder. M is radioactively labelled ¢X174 Hinfl

molecular weight markers.
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2. The stability of ohArR-ohr and ohr mRNA

We have shown that the bicistronic chrR-ohAr mRINA is processed by cufting in the loop
section of the stem and loop structure 3' of oArR possibly by a RNase llI-like enzyme to give
monocistronic oAr mRNA and rapidly degraded monocistronic oArR mRNA (Sukchawalit et
al., 2001). This reduces the functional level of okrR mRNA and ultimately effect the level of
OhrR. Since, transcription of ohrR and okr are driven from the P1, the stability of these
mRNA would have important effects on their expression. Here, we determined the stability of
ohrR-ohr and ohr mRNA by measuring the half-life of these mRNA in tBOOH induced cells.
The data show that osr mRNA is highly stable and has a half-life of greater than 15 minutes
(Fig. 6). By contrast, the bicistronic ohrR-oir mRNA was highly labile and the unprocessed
bicistronic could not be detected 6 minutes after addition of rifampicin (Fig. 3). Consistent
with previous observations, no monocistronic oArR mRNA could be detected (Fig. 3 and
Sukchawalit et al., 2001). This differential stability of ohrR and osir mRNA would result in
high concentrations of functional ohr mRNA giving correspondingly high Ohr levels and
would reduce the level of o2rR mRNA. Since, Ohr is responsible for detoxification of organic
peroxide, high level of the protein would be beneficial to the bacterial during an exposure to
organic peroxide stress. While low levels of OhrR also prevents excessive repression of the
operon by the autoregulatory process. Thus, the differential stability and rapid processing of
the mRNA exerts an additional post transcription step to regulate in vivo concentration of
OhrR. This mechanism is not unique to the regulation of ohrR. Post transcription regulation at
the level of mRNA stability had been observed in diverse bactenia {Takata et al., 1989;
Nilsson et al., 1996; Herbermehl and Klug, 1998; Homuth et al., 1999).

3. ohrR is inefficiently translated

We have observed in both uninduced and tBOOH induced cells that OhrR is barely
detectable by Western analysis despite the gene having a highly efficient promoter {data not
shown). Although, we identified a post-transcription regulatory step which invoives the
differential stability of the mRNA, lack of correlation between the promoter strength and the
concentration of OhrR supggested further regulation perhaps at the translational level. oArR
produced a leaderless mRNA. An alternative interpretation that oh#R mRNA could be
translated from other translation initiation codons located further downstream of the ATG is
unlikely since there is no other commonly used gram negative translation initiation codons
(ATG to GTG) nearby. Furthermore, studies on the translation of leaderless mRNA indicate
that the ATG codon is required (Wu and Janssen, 1997; Winzeler and Shapiro, 1997). Here,
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we investigated the role of the ATG codon in the transcription of the gene and the translation
of ohrR mRNA. A site directed mutagenesis of the gene was done to change the "ATG"
codon to a rarely used franslation initiation codon, "CTG" (Fig. 4). Subsequently, the levels of
ohrR transcription and translation in vivo was determined by making transcription (cat2,
Mongkolsuk et al., 1993) and translation (cat3, Mongkolsuk et al/., 1993) fusions of cat
reporter genes to the mutated CTG-oArR at the PstI site. Cat levels specified by Xanthomonas
harbouring pOPCcat2 and pOPCcat3 were determined and compared to the levels attained by
the strains harbouring non-mutated ohrR-cat fusion plasmids (Fig. 4). The results show that
changing of the translation initiation codon from ATG to CTG did not affect the level of
transcription (pOPCcat2). By contrast, the transiation fusion of CTG-ohrR to cat3
(pOPCcat3) was abolished and no Cat fusion protein was detected (Fig. 4). The evidence
confirmed that the translation of osrR mRNA occurred at the proposed ATG and the codon
was required. However, the ATG codon was not important to the transcription of the gene.

We also further investigated the level of transcription and translation of ohrR using the
cat reporter gene fusions. Initially, the transcription and translation fusions were made at the
Kpnl site located in the middle of o4rR (Fig. 4). The results of densitometer analysis show
that the Cat levels specified by transcriptional fused pOKcat2 was at least 5 fold higher than
the levels specified by the translational fused pOKcat3 (Fig. 4). To confirm these
observations, additional transcription and translation cat fusions were made at the Pstl site
located closer to the translation initiation of ohrR (Fig. 4). Cat levels specified by pOPcat2
was at least 5 fold higher than the level attained by pOPcat3. These fusions gave similar
patterns regardless of the locations of the gene fusions indicated that c6hrR mRNA is
inefficiently translated and the translation level of the cArR mRNA occurs in only about 20%
of the total oArR mRNA.

4, High levels of OhrR reduce organic peroxide resistance

The existence of multiple regulatory mechanisms to ensure that OhrR is not produced at
high levels implies that the tight regulation of the gene must have important physiological
consequences on the cells ability to response to oxidative stress. The assumption was tested
by measuring the effects of killing concentrations of H>O,, a superoxide generator
(menadione) and organic peroxides on X. campestris pv. phaseoli harbouring pPBBRohrR. In
the bacteria harbouring pBBRohrR, tBOOH and cumene hydroperoxide gave zones of growth
inhibition of 32 mm and 31 mm, respectively compared to 26 mm for the bacteria harbouring

pBBRMCS-1. H;0; and menadione produced similar sizes of zone of growth inhibition in
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both strains. The data indicate that high level of OhrR has detrimental effects on oxidative
stress response by decreasing the organic peroxide resistance level, most likely by repression
of the ohr expression. Thus, it is not surprising that Xanthomonas has evolved multiple
mechanisms to ensure proper regulation of oArR. At present, we don't know other genes in the
OhrR regulon thus it is possible that other stress responses could be affected by high levels of
OhrR.

5. A model for transcription and post transcription of regulation of chrR

The transcription regulation of ohrR involves the autoregulation of the gene at the Pl
promoter by OhrR. The binding target for OhrR overlaps with the -35 and -10 sites enabling
repressor to block RNA polymerase from binding to the promoter. In uninduced cells, OarR
represses expression of its own operon. The post transcriptional regulation of ohrR occurs at
two steps: First, the bicistronic oArR-0hr mRNA is rapidly processed giving high levels of ohr
mRNA and rapid degradation of ohrR mRNA. ohr mRNA is highly stable in contrast to
highly labile bicistronic ohrR-ohr. This greatly reduces the functional concentration ohrR
mRNA. Second, esrR mRNA is inefficiently translated and translation of the mRNA occurred
at only 20% of the transcription level. Multiple regulatory mechanisms at transcriptional and
post transcriptional levels ensure that the intracellular level of OhrR remains at a low level.
When cells are exposed to organic peroxides, presumably they inactivate OhrR and prevent
the repressor from binding to the operator resulting in high levels expression of oArR and ohr.
Once Ohr removes organic peroxide, OhrR would then autoregulate itself and represses

expression of the operon (Fig. 5).
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Fig. 3. Analysis of bicistronic oArR-ohr and ohr mRINA stability.

Total RNA was isolated culture treated with 100 uM tBOOH for 10 min before addition of
Rifampicin. Time zero represents the steady state level of mRNA before addition of 150 pg
ml™” Rifampicin was added. At stated time after rifampicin addition samples were withdrawn
and total RNA extracted. 15 pg of RNA from each time point was loaded into each well and
separated in a formaldehyde gel. The samples were blotted to a nylon membrane and probed
with radioactively labelled ohr in A. The steady state (0) RNA sample was probed with ohrR
in B.
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Fig. 4. ohrR mRNA is inefficiently translated.

In A, Diagrammatic representation of various plasmids showing the site of either
transcriptional or translational fusions between ohArR, mutated CTG-ohr and cat. cat2 and cat3
fusions represent transcriptional and translational fusions, respectively. In B, 10 pg of total
protein prepared from cultures of Xanthomonas harbouring various plasmids was loaded into
each lane. Separated protein samples were transferred to membranes after gel electrophoresis.
Cat was detected by Western blot. U and [ are uninduced and 100 uM tBOOH induced

cultures, respectively.
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6. Organic peroxide is the in vivo inducer of OhrR

High level expression of oArR from an expression vector results in strong repression of
expression from P1 promoter. Transcription from Pl can be lifted by treatment with an
organic peroxide (Sukchawalit et al., 2001). This is a sensitive system with which to test the
ability of various compounds to induce transcnption from P1. /n vivo, an organic peroxide is
metabolized to the corresponding organic alcohol by alkyl hydroperoxide reductase (Poole
and Ellis, 1996). However, the in vivo system cannot differentiate whether an organic
peroxide moiety or its metabolite is acting as an inducer of the system. Thus, we tested the
ability of organic alcohols to induce transcription from P1 promoter. Chloramphenicol
acetyltransferase (Cat) levels in X. campestris pv. phaseoli pP1/pBBRohrR (Mongkolsuk et
al., 2002) treated with 100 pM tert-butyl hydroperoxide (tBOOH), cumene hydroperoxide
(CuOOH) and corresponding alcohols were determined and compared to untreated cells. As
expected, tBOOH and CuOOH strongly induced cat expression from Pl as shown by high Cat
levels while tert-butyl and cumic alcohols did not (Fig. 6A). The in vivo role of OhrR as an
organic peroxide sensor was further investigated. We have previously shown that induction of
ohr requires a functional osrR (Mongkolsuk et al., 2002). We hypothesized, therefore, that if
an organic peroxide is responsible for the tnactivation of OhrR and subsequent derepresston
of ohr expression, then high levels of an organic peroxide metabolizing enzyme, such as alkyl
hydroperoxide reductase, would be expected to reduce the magnitude of tBOOH induced
expression of ohr. In contrast, high level of enzymes not involved in organic peroxide
metabolism, such as catalase, should not affect o&r induction. The levels of ohr mRNA in
uninduced and tBOOH-induced X. campestris pv. phaseoli cultures having normal AhpC-
AhpF, high AhpC-AhpF and high catalase levels were determined. The results show that a
reduction in the level of the tBOOH induced ohr mRNA was detected only in cells having
high levels of AhpC and AhpF (Fig. 6B}. No changes were detected in the other two strains
(Fig. 9B). In addition, there was a correlation between the level of ohr mRNA and the
inducing concentration of tBOOH, suggesting that OhrR senses changes in the intracellular
concentration of the organic peroxide.

Surprisingly, H>O, weakly induced cat expression from P1 at 20-fold lower levels than
those obtained on an organic peroxide induction (data not shown). Weak induction of gene
expression from P1 by H;O; raises a question as to whether H>O, act as a physiological
inducer of the OhrR regulon. Thus, we examined the expression okr, a gene controlled by
OhrR in response to peroxide treatment. Ir vivo, the low level of induction of ohr by H,0;

could be due to high catalase activity. Thus, okr induction by H;O, was examined in a katd
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(KatA is the major catalase in X. campestris pv. phaseoli log-phase cells) katE [KatE is a
growth-phase-regulated catalase (Vattanaviboon and Mongkolsuk, 2000)] double mutant and
the parental strain, Northern blotting results showed that the levels of o2y mRNA induced
with 100 and 150 pM H,0, were higher in the katA katE mutant than in the parental strain
(Fig. 7A). Nonetheless, these levels were more than 10-fold lower than the level attained after
induction with organic peroxide. In the control expenment, the expression of an OxyR-
regulated gene, ahpC was strongly induced by H;0O; in both strains (data not shown). The data
suggest that low level H2O; induction of ohr expression was partially due to elimination of
H,O; by catalase.

A possibility for lower induced levels of oAr by H30; is that OhrR is oxidized at
different rate by H>O; and tBOOH . The idea was tested by examining the kinetic of H,O; and
tBOOH induction of ohr expression. The results in Fig. 7B show that tBOOH treatment
rapidly induced ohr expression and full induction was achieved after exposure to tBOOH for
10 min. Similarly, the peak of ohr mRNA level induced by H20; was also detected after the
treatment for 10 min, however, this level was 20-fold less than the level attained by tBOOH
treatment. These findings ruled out the idea that low level of oAr induction by H,O, was due
to the slow rate of OhrR oxidation.

Since, H>0; was a much less efficient inducer than tBOOH, experiments were done to
test the effects of treating cells with increasing doses of H»O, on the induction of car
expression from the P1 promoter. Western analysis of Cat level clearly demonstrated that
treatment of cells with H;O; at concentrations between 100 to 500 uM resulted in
corresponding increase in the amount of Cat specified by the P1 promoter (Fig. 7C).
However, further increase in the concentration of H;O; upto 5 mM did not result in further
increase in the Cat level (Fig. 7C). Moreover, the H,O; fully induced levels were 20-fold
lowered than the Cat level in cells treated with 100 uM tBOOH. This clearly showed that the
low level of OhrR oxidation by H;O; was due to its inability to efficiently oxidize the protein.
These data lead us to conclude that OhrR is not involved in sensing changes in H;0, levels.
The physiological importance of the H,0; induction of the OhrR regulon remains unclear.
Nonetheless, low level induction of the OhrR regulon might serve as an additional defense
against low concentrations of organic peroxides, such as nucleic acid and lipid peroxides
produced as a result of exposure to high concentrations of H,O, (Kappus, 1987; Turton e#
al., 1997)
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The ability of other oxidants to induce cat expression from P1 was also investigated. A
superoxide generator (menadione) and N-ethylmaleimide (INEM) did net cause induction,
although these substances strongly induced expression of genes in the OxyR regulon (data not
shown and Mongkolsuk et al., 1997; Loprasert er al., 2000). We also tested with other
compounds (at concentration of 1 mM), such as salicylate, benzoate, butylate and
hydroxytoluene which commonly induce expression of genes under MarR family of repressor
(Alekshun and Levy, 1999). None of these compounds induced cat expression from Pl (data
not shown). These findings suggest that both the peroxide and the organic moieties of organic

peroxides are required for efficient interaction with and inactivation of OhrR.

7. Organic peroxide and H,0; treatments inhibited OhrR binding to P1 in vitro

The putative mechanism of inactivation of OhrR and induction of gene expression is
thought to involve organic peroxide, either directly or indirectly, resulting in modified OhrR
by oxidation, rendering it inactive. An {n vivo promoter assay cannot differentiate between
direct and indirect modification of OhrR by an organic peroxide. We have used a DNA
mobility shift assay to show that OhrR interacts specifically with the P1 promoter region and
the location of the OhrR binding site was mapped by DNasel footprinting experiment
{Mongkolsuk et al., 2002). The DNA mobility shift assay allowed us to test the in vitro
effects of oxidants, such as CuQOH, tBOOH, H,0; and other chemicals on the ability of
OhrR to bind to P1. CuOOH, tBOOH or H,0; treatment prevented OhrR from binding to the
Pl fragment (Fig. 8A, B and C). The inactivation of OhrR by organic peroxides (tBOOH and
CuOOH) occurred at concentrations more than 10-fold lower than the concentration of H.O,
needed for OhrR inactivation. Addition of other oxidants, such as menadione, NEM or related
compounds such as fers-butyl and cumic alcohols to the binding reaction mixture did not
interfere with OhrR binding to the P1 promoter region (data not shown). The in vitro
experiment provides crucial data to support the hypothesis that organic peroxide and H,O;
interact directly with and probably oxidize OhrR, so rendering the protein inactive as a
repressor. Next, we tested whether oxidation of OhrR by peroxide is a reversible process. We
determined if a reducing agent, such as dithiothreitol (DTT), could reverse the inhibitory
effect of an organic peroxide on OhrR binding to the Pl promoter. The results show that 10
mM DTT reversed the inhibitory effects of tBOOH on OhrR binding to the P1 promoter (Fig.
11D). DTT was also able to reverse the inhibitory effect of H,O; {data not shown). These data
supported the idea that tBOOH oxidizes OhrR to render it inactive and the oxidized protein

could be reduced to give back its biological activity. It remains to be seen in vivo if oxidized
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OhrR can be reactivated by any of the intrinsic cellular reducing systems. These data, coupled
with the in vivo results favour the hypothesis that an organic peroxide is responsible for

efficient oxidation of OhrR and, as a consequence, inactivation of the repressor OhrR.

8. C22 residue of OhrR is required for peroxide oxidation

A cysteine residue in proteins is often a target for oxidation as in the case of OxyR
where oxidation of highly conserved C residues lead te formation of a disulphide bond
(Zheng et al., 1998). This converts OxyR to an activator (oxidized) form. Comparison of
OhrR amino acid sequences from various organisms showed a highly conserved C residue
(C22) located close to the amino terminus. In addition, amino acid sequences surrounding the
C residue are also highly conserved suggesting that the region is important for OhrR function
(Fig. 9A). While other C residues in the protein are not in highly conserved positions (data not
shown). A site-directed mutagenesis that changed C22S was performed to examine the
regulatory role of the conserved C residue. The mutated ohrRC22S was cloned in
pBBRIMCS-5 (Kovach et al., 1994) resulting in pBRRohrRC22S. The plasmid vector,
pBBRohrR and pBBRohrRC22S were transformed into Xp PllacZ (X campestris pv.
phaseoli mini-Tn5 PllacZ, Km®), a strain that has P1 promoter fused to /acZ in 2 mini-Tn5
vector and subsequently transposed into the chromosome. Analysis of B-galactosidase activity
showed that both wild type OhrR and mutated OhrRC22S repressed the P1 promoter activity
(Fig. 9B). This indicated that the C22 residue has no role in the binding of OhrR to its target
site within the P1 promoter. In contrast, treatment with 100 pM tBOOH or CuOOH highly
induced /acZ expression driving from the P1 promoter in cells harbouring pBBRohrR but not
in cells harbouring pBBRohrRC22S (Fig. 9B). These data indicated that C22 of OhsR is
important to the protein ability to sense organic peroxide and this residue is the target for
oxidation by organic peroxide that probably changes the protein conformation and renders it
inactive. Recent findings indicate that the conserved C residue in Bacillus subtilis OhrR is
being oxidized by organic peroxide to a sulfenic acid intermediate that cause inactivation of
the protein (Fuangthong and Helmann 2002).

The data presented in this report imply that the physiological role of OhrR is to sense
and respond to changes in organic peroxide levels. Addition of organic peroxide causes
inactivation by oxidation of OhrR leading to derepression of okr expression. We have shown
that high level of OlrR conferred increased resistance to organic peroxide killing
(Mongkolsuk er a/., 2002). Oxidation of OhrR by an organic peroxide results in loss of the
protein ability to bind to its target site. A recent finding s show that OhrR from B. subtilis
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behave similarly (Fuangthong and Helmann, 2002). Efficient interaction with the inducer and
subsequent oxidation of OhrR requires that the inducer has both peroxide and organic
moieties. Replacing either of these entities renders the inducer ineffective or reduces its
efficiency. It remains to be seen how OhrR differentiates between organic peroxide and H,O,.
One explanation is that the OhrR peroxide sensing site 1s buried in a hydrophobic region
which favours interaction with the organic moiety of an organic peroxide. Full oxidation of
the protein might require that the ligand remains at the active site for a prolonged period of
time. Alternatively, protein-ligand interaction with the organic moiety of the inducer may
facilitate the oxidation reaction e.g. by aligning the peroxide group and its target. In contrast,
since H,O; can diffuse into the cell, the low level induction detected may be a result of H,O;
reacting in a non-directed way with the sensing site of OhrR. These possibilities will be

investigated.
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Fig. 6 Organic peroxide is the in vivo inducer of OhrR.

In A, Western analysis of Cat production by X. campestris pv. phaseofi harbouring pP1 and
pBBRohrR in response to various inducers. X. campestris pv. phaseoli pP1/ pBBRohrR
(Sukchawalit er al., 2001) was treated with 1 mM tert-butyl alcohol (Ton), 1 mM cumic
alcohol(Copn), 100 uM tBOOH (T) and 100 pM CuOOH (C). Cell collection, lysate
preparation, gel electrophoresis and Western analysis of Cat were done as previously
described (Loprasert et al., 2000). Total protein (30 pg) was loaded into each lane. U
represents an uninduced culture.

In B, Northern analysis of ohr expression in response to tBOOH treatments in X. campestris
pv. phaseoli and strains having high AhpC-AhcF or catalase levels. X. campestris pv.
phaseoli (Xp) strains with high catalase level (Xp pkatA) or high AhpC-AhpF levels (Xp
pahpCF) were treated with 20, 50, 100 uM tBOOH for 10 min. Total RNA extraction and
Northern blotting analysis of oir mRNA were done as previously described (Mongkolsuk et
al., 1998). Total RNA (10 pg) was loaded into each well of a 2% agarose formaldehyde gel.
U represents uninduced culture.
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Fig. 7 H,0O; is not a physiological inducer of OhrR.

In A, Northern blot analysis of ohr expression in response to H>O; in a katd katE mutant and
the kinetic of induction. Cultures of X campestris pv. phaseoli (Xp) and a katA katE mutant
(Xp katd katF) were treated with increasing concentrations of H;O,. In addition, a X
campestris pv. phaseoli culture was induced with 100 pM tBOOH. In B, The kinetic of oAr
induction in X. campestris pv. phaseoli in response to 100 uM tBOOH or H,0; at 5, 10 and
20 min. The levels of ohr mRNA were determined using Northern blotting analysis as
described in Fig. 1B legend except in tBOOH-treated cells, 5 ug of total RNA was loaded.
U represents uninduced culture. In C, Western analysis of dose response of H,O; treatment
and derepression of Pl promoter. Log-phase cultures of X. campestris pv. phaseoli pP1/
pBBRohrR were induced with 0.1, 0.5 mM tBOOH or 0.1, 0.5, 1, 5 mM H,O0; for 15 min. U
represents uninduced cuiture. Total protein (10 pg) was loaded into each lane and detection of
Cat performed as described in the experimental procedures.
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Fig. 8 The effect of organic peroxide and DTT on OhrR binding to the P1 promoter.

DNA band shift experiments using purified OhrR and radioactively labelled P1 promoter
fragment were done as described in Mongkolsuk et al. (2002). The binding reaction consisted
of 15 ng OhrR and labelled P1 probe. A, effect of adding increasing concentrations of tBOOH
to the binding reactton; B, effect of adding CuOOH to the binding reaction; C, effect of
adding H>O; to the binding reaction; D, effect of addition of DTT to the binding reaction
containing 0.3 mM tBOOH, DTT was added 1 min after addition of tBOOH to the binding
reaction. F and E represent free and OhrR-bound probe respectively.
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Fig. 9 The conservation of C22 in OhrR and the effect of OhrRC22S mutation on expression
of lacZ from the P1 promoter.

A, conserved regions around C22 (W) in OhrR from various gram-negative and gram-positive
bacteria. - represents the same amino acid as in X. campestris pv. phaseoli OhrR. B,
pBBRohrR and pBBRohrRC22S were transformed into Xp PllacZ. Pl represented the Xp
PllacZ with a plasmid vector. tBOOH (T) or CuOOH (C) at final concentration of 100 pM
was added to the culture of Xp PllacZ harbouring pBBRohrR or pBBRohrRC22S and
incubated for additional 15 min prior to cell harvest and enzyme assay. U represents
uninduced culture. B-galactosidase was assayed as described in the experimental procedures
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Xanthomonas campestris Ohr (a protein involved in organic peroxide
protection) and Escherichia coli OsmC (an osmotically inducible protein of
unknown function) are related proteins. Database searches and phylogenetic
analyses reveal that Ohr and OsmC homologuas cluster into two related
subfamilies of proteins widely distributed in both Gram-negative and Gram-
positive bacteria. To determine if these two subfamilies are functionally
distinct, ohr and asmC in Pseudomonas aeruginosa (a bacterium with one
raepresentative from each subfamily) were analysed. Only ohr mutants are
hypersaensitive to organic peroxide, and this phenotype can be restored by
complementation with ohr but not osmcC. In addition, expression of ohr was
highly Induced only by organic peroxides, and not by other oxidants or
stresses. In contrast, osmC was induced by athanol and osmotic strass. A

similar pattern of regulation was observed for Ohr and OsmC homologues in
the Gram-positive bacterium Deinococcus radiodurans, though uninduced
expression was much higher and induction lower in this species. These data
clearly support the conclusion that Ohr and O0smC define two functionatly
distinct subfamifies with distinct patterns of regulation.

Keywords: Pseudomonas aeruginosa, Deinococcus radiodurans, organic peroxide
resistance, osmotic stress

INTRODUCTION

Organic peroxides are highly toxic and can damage
cellular macromolecules, including proteins, lipids and
DNA. Furthermore, these compounds participate in
free-radical reactions that generate more reactive or-
ganic radicals which thereby increases their toxicity
{Halliwell & Gutteridge, 1984). In bacteria, organic
peroxides are generated as by-products of aerobic
metabolism {Gonzales-Flecha & Demple, 1997). In
addition, pathogenic bacteria are exposed to reactive
oxygen species, including organic peroxides, generated
by the host as a part of the active defence response
(Baker 8& Orlandi, 1995; Levine et al., 1994). Thus,
detoxification of organic peroxides is important for
bacterial survival and proliferation in the host,

Abbreviations: Ahp, alkyl hydroperoxide reductase; tBOOH, tert-butyl
hydreperoxide.

Bacteria have evolved complex systems to protect
themselves from organic-peroxide toxicity. Alkyl hydro-
peroxide reductase {Ahp) is the best-characterized bac-
terizl enzyme involved in the metabolism of organic
peroxides (Poole, 1996; Niimura et af., 1995). This
enzyme consists of two subuanits: catalytic subunit C
(AhpC) and reductase subunit F (AhpF). AhpC reduces
organic peroxides to the corresponding alcohols (Pocte
& Ellis, 1996). AhpC belongs to a large family of
peroxidases {the AhpC/thiol-specific antioxidant fam-
ily} found in organisms ranging from bacteria to man
(Chae et al., 1994a). Some organisms express multiple
AhpC/thiol-specific antioxidant paralogues, presum-
ably with distinct functions (regulation or cellular
localization) (Baillon er af., 1999; Bsat et a4l., 1996 ; Hillas
et al., 2000),

In the bacterial phytopathogen Xanthomonas cam-
pestris pv. phaseoli, the defence against organic-
peroxide toxicity is complex (Loprasert et af., 1996). In
addition to AhpC, there is a recently characterized novel

D002-4697 © 2001 SGM
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organic hydroperoxide resistance gene, obr (Loprasert
et al., 1997; Mongkolsuk et al., 1998a). X. campestris
ohr mutants are sensitive to organic peroxides, but not
to other oxidants {Mongkolsuk et al., 1998a}. In
addition, obr has a unique pattern of oxidant-induced
expression; only organic peroxides induce high levels of
expression (Mongkolsuk et af., 1998a). This unusual
partern of induction distinguishes obr from other known
oxidative stress genes. Analysis of CGhr primary structure
shows that it has homology to proteins with unknown
functions from both Gram-positive and Gram-negative
bacteria, and that it has moderate homology to an
osmortically inducible protein (OsmC) from Escherichia
colf (Gutierrez & Devedjian, 1991).

On the basis of sequence analysis of Ohr and OsmC
homologues, we propose that these two proteins define
two protein subfamilies. In this report, we focus on two
organisms with one member of each subfamily : Pseudo-
monas aeruginosa and Deinococcus radiodurans. Gen-
etic analyses in P. aeruginosa, and expression studies in
both organisms, suppors the hypothesis thae these
proteins are functionally, as well as structurally, distinet.

METHODS

Bacterial strains, growth conditions and oxidant killing.
Xantbomonas strains, D. radfodurans and P. aeruginosa
PAQO1 were grown in Silva—Buddenhagen medium (0-5%
sucrose, 0-5% yeast extract, 0-5% peptone, 0'1% glutamic
acid; pH 7'0) at 28 °C, TGY medium {0-1% glucose, 0-8%
rryptone, 0°4% yeast extract; pH 7-2} at 32°C and Luria—
Bertani (LB) medium at 37 °C, respectively. Bacterial growth
was monitored specrrophotometrically at OD,,.

Quantitative determinations of plating efficiency in the pres-
ence of various oxtdants of Pseudomonas strains were
performed as described previously (Hassett et af., 2000;
Ochsner et al., 2000). Essentially, cells from exponential phase
culrures were serially diluted and plated on LB agar containing
various caoncentrations of tere-butyl hydroperoxide (tBQOH).
The numbers of colonies at the different oxidant concen-
trations were counted after 24 h incubation at 37 °C. Per-
centage survival is defined as the percentage ratio berween the
c.f.u. growing on plates containing tBOOH and those growing
on plates without tBOOH.

Alignment and phylogenetic analysis. Protein sequences
related to Ohr and OQsmC were retrieved from public sequence
databases using the BLAST program (Altschul et al., 1997).
These amino acid sequences were aligned using the program
CLUSTAL W, version 1.7 (Thompson et al., 1994). A phyla-
genetic tree was constructed by the neighbour-joining merhod,
using the TREE program from the phylogenetic analysis page of
D. L. Robertson, E. Beaudoing & J. M. Claverie (hrtp://igs-
server.cnrss-mrs.fr/anrs /phylogenetics), The results were
drawn using the program PHYLODENDRON, version 0.84 (D. G.
Gilbert, Deparunent of Biology, University of [ndiana, USA;
hetp :/ /iubio.bio.indiana.edu).

Stress-induced expression of ohr and osmC. Exponenrial
phase cultures (ODg,, = 0:4) were divided into flasks and
oxidants or other chemicals were added. The following
concenteations of chemicals were used: 250 pM H,O,, 200 yM
cumene hydroperoxide, 200 pM tBOOH, 100 pM menadione,
2% {w/v) sodium chloride and 4% (v/v) ethanaol for P.

aeruginosa; 50 M H,0,, 100 uM tBOOH, 4% (w/v)
sodium chloride and 4% (v/v) ethanol for D. radiodurans.
Treated and untreated cultures were harvested after 20 min
incubation at appropriate temperatures.

Cloning of P. aeruginosa ohr and osmC. Full-length P.
aeruginosa obr and osmC genes were cloned using PCR.
Primers 5'ohrP (3-TCAGACAGGTGACTCTC-3"), 3'oheP
(3"-AGTCGCGAAGCTTCAGAC-3"), 5osmCP (5-CGACG-
CGAGCGGATGTC-¥) and 3 osmCP (5-AGCGTTCCGC-
TCAGCCG 3') were designed using seguence data obtained
from the genome sequence of P. aeruginosa (Stover et al.,
2000). A primer pair, P. aeruginosa genomic DNA, the PCR
reaction mix and 2 U Pfu polymerase were mixed and used to
amplify either obr or osmC genes, under the following
conditions: denaturation at 96 °C for 1 min, annealing at
50 °C for 1 min, and extension at 72 °C for 2 min. The 450 bp
obr and 470 bp osmC PCR-generated fragments were cloned
into pBBR1MCS5-4 and pBBR1MCS-5, respectively (Kovach et
al., 1994}, giving two recombinant plasmids, pBBRohrP and
pBBRosmCP. The nucleotide sequences of both genes were
determined using a BigDye terminator cycle sequencing kit on
an automated DNA sequencer {ABI 310).

Lonstruction of ohr and osmC mutants in P. aeruginosa.
Mutants were constructed by insertional inactivation of obr
and osmC genes. Essentially, pBBRohrP was digested with Sfl
and Sacll. The ends of the 340 bp fragment containing the
coding region of obr were gap-filled by DNA polymerase, and
the blunt-ended fragment was cloned into Smal-digested
pKnock-GM {Alexeyev, 1999) to give pKnock-oht. Similarly,
pBBRosmCP was digested with Sall and BstEIl. The ends of
the 240 bp DNA fragment containing part of the 0smC coding
region were gap-filled by DNA polymerase, and cloned inta
Smal-digested pKnock-Ap (Alexeyev, 1999) to give pKnock-
osmCP. The sequences of the cloned DNA in both recom-
birant plasmids were determined using an automared DNA
sequencer {ABI 310). pKnock-ohtP and pKnack-osmCP were
conjugaced into P. aeruginosa PAQOI as described previously
(Hassett et /., 2000). Gentamicin-resistant and carbenicillin-
resistant colonies will arise from homologous recombination
of the in-coming recombinant plasmid with either obr or
osmC genes on the chromosome, depending on the fragment
on the plasmid. Insertion of the plasmid into the chromosome
is expected to inactivate the gene. Transconjugants containing
pKnock-ohr and pKnock-asmC were selected with gentamicin
{(15pg ml™) and carbenicillin {200 pg ml™*), respectively.
Putative mutants were screened by PCR using a universal
sequence pritner for a site located in pKnock vectors and either
the 3'obr or the 3'osmC primer. The expected insertions
resulting in inactivation of obr and osmC were confirmed by
Southern analysis of genomic DNA extracted from the
mutants and were probed with gene-specific probes {dara not
shown}.

Northern analysis of ohr and osmC homologuas. Total RNA
was extracted from P. aeruginosa and D. radiodurans by using
the hor acid phenol method performed as described previously
{Mongkolsuk et 2l., 1997). RNA samples were separated by
electrophoresis in formaldehyde agarose gels and were then
cransferred by capillary action to pieces of nylon membrane.
Total RNA (10 pg) was loaded into each well. Probes were
prepared, and RNA hybridization and membrane washing
were performed as described previously {(Mongkolsuk et af.,
1997). P. aeruginosa ohr and osmC probes of 300 bp and
375 bp, respectively, were made from M/lul-digested pKnock-
obrP and $fil-HindIll-digested pKnock-osmCP. The DNA
fragments were separated on an agarose gel, extracted and
then purified prior to being radioactively labelled using a
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random prime DNA-labelling kit. D, radiodurans obr and
osmC probes were made using PCR. Primers corresponding to
coding regions of either obr {3’chrD, 5 -TGCGGGCGA-
GGGAATAG-3', and 3’ohtD, 5-GTGTCTTATTCGCGG-
AC-3) or osmC (5'0smCD, 5’-CAGCGAGCACACTGGGC-
3, and 3osmCD, 5-GCTTGAGCGACTCAGCC-3") were
designed using the D. radiodurans genome sequence (White et
al., 1999). PCR was performed with D, radiodurans genomic
DNA and the gene-specific primers in the PCR reactions noted
above, using the following conditions: denaturation at 96 °C
for 1 min, annealing at 50 °C for 1 min and extension at 72 °C
for 2 min for 35 cycles. The 445 bp obr and 470 bp osmC PCR-
generated fragments were gel-purified, and radioactively
labelled probes were made using the random primer DNA-
labelling kit.

RESULTS AND DISCUSSION
Analysis of Ohr and OsmC homologues

Analysis of Ohr homologues from various bacteria
suggested that there were two groups of related proteins
{(Koonin et al., 2000; Mongkolsuk et al., 1998a; Volker
et al., 1998). Some homologues, such as Ohr from
Acinetobacter calcoaceticus and P. aeruginosa, have
high levels of identity {50 % or more), while others, such
as E. cofi OsmC, have moderate levels of identity
{around 20%) when compared with the Ohr from X.
campestris pv. phaseoli {Mongkolsuk ez al.,, 1998a).
Since the physiological role of these homelogues is
unknown, it is not yet clear whether these structural
distincrions are of funcrional significance. To address
this question, we have performed a phylogeneric analysis
of Ohr homologues and initiated molecular generic
studies in two model systems containing homologues

from both the Ohr and the OsmC subfamilies.

X. campestris pv. phaseoli Ohr and E. coli OsmC amino
acid sequences were used to search the GenBank and
bacterial genome databases for related proteins. Homo-
logues of both proteins are widely distributed in both
Gram-negative and Gram-positive bacreria, bur no
homologues were detected in eukaryotes. Amino acid
alignments generated using cLustar w (Thompson et
al., 1994) suggest that the Ohr/OsmC family can be
divided into two subfamilies, each being defined by
sequence motifs conserved only among Ohr (designaced
Oh regions) or only among OsmC {designated Qs
regions} homologues (Fig. 1). At present, we do nort
know the biclogical significance of these different motifs.
A notable feature of the primary steucture of Ohr and
OsmC family members is the two highly conserved
cysteine residues. C residues have been shown to be the
active site of AhpC, an enzyme that metabolizes organic
peroxide {Chae et al., 1994b). The amino acid sequences
around the second C residue are conserved within
members of the Ohr and OsmC families but are very
diverse between the two families. The conserved amino
acid region around C-125 of the Ohr family members
contains the sequence motif VCPY (Fig. 1). This region
is not present in members of the OsmC family. The
VCPY motf places the cysteine residue in an environ-

ment of abnormally strong nucleophilicity that makes it
highly susceptible to reactive oxygen species {(Lim et al.,
1994). The strongly nucteophilic regions in thiol-specific
antioxidant proteins such as AhpC (Chae et al., 1994b}
and in the peroxide-scavenging protein ovothiol (Turner
et al., 1988) have been shown to be the catalytic sites for
the breakdown of peroxides. This suggests thar the C-
125 residue in members of the Ohr family could
participate in peroxide reduction. This idea is being
investigated. The aminc acid sequences were used to
construct a phylogeneric tree (Fig. 2); it clearly shows
that there are two separate groups of proteins, defined
here as the Chr and OsmC subfamilies.

Several bacteria produce either Ohr or OsmC. For
example, Mycoplasma pneumoniae, Mycoplasma
genitalium, Vibrio cholerae and Xylella fastidiosa have
only the Ohr homologue, whereas E. coli has only an
OsmC homologue. In Bacillus subtilis, Mycoplasma
genitalium and Sinorbizobium meliloti, proteins de-
scribed as *OsmC homologues’ (Volker et af,, 1998)
clearly belong to the Ohr subfamily (Fig. 2).
Interestingly, Mycoplasma genitalium has no known
proteins, other than the Ohr homologue, involved in
peroxide detoxification {Fraser et al., 1995). This
suggests that in some bacteria Ohr might have a crucial
role {or roles} in protecting against peroxide toxiciry.
Neither Ohr nor OsmC homologues were found in the
genomes of several bacteria such as Helicobacter pylori,
Mycobacterium tuberculosis, Neisseria meningitidis
and Rickettsia prowazekii. Overall, members of the Ohr
family appear to be more widely distribured among
diverse bacteria than members of the OsmC family.

Unexpectedly, several bacteria have homologues from
both subfamilies. Several Gram-negative bacteria (P.
aeruginosa, Psendomonas putida) and a Gram-positive
bacterium (D, radiodurans) have one member each from
the OsmC and Ohr subfamilies. Ocher Gram-posirtive
bacteria, such as B. subtilis and Streptomyces coelicolor,
have one member of the OsmC family and two or more
members of the Ohr family. Multiple Ohr homologues
have not been identified in genomes from Gram-negative
bacteria. At present, the functions of the multiple Ohr
homologues are unknown but are the subject of further
investigation.

Ohr and OsmC homologues have different
physiological roles

The separation of Ohr and OsmC homologues into two
subfamilies raises an important question: do these two
subfamilies have distinct or overlapping functions?
Bacteria such as P. aeruginosa, having one member each
from the obr and osmC subfamilies, offer an arrractive
model system for investigating this question. Using
insertional inactivation, we generated mutants of the P.
aeruginosa obr and osmC genes. The P. aeruginosa obr
mutant, but not the o5 C mutant, has a much reduced
{more than 100 times lower) plating efficiency on agar
containing 500 pM (BOOH when compared with the

1777



S.ATICHARTPONGKUL and OTHERS

1778

v
thxp B 3 BranaTaTobl- efuays i INARE L e L : N Y NP 1Y
ohsp L e A - 12 o ] . , o k T eBAE - 68
DRYE  t s iceeeccamans 66
Ohip P11
[ 71 or' S VRV oe
QhEf 11
2418 2 S L 4
ORAC 69
OhAL 71
OHECY @ -emem-accan s 13
BHOT 1 s e m s &7
oheEr @ oo e- - + &7
OhBy . - - &8
Chicl 54
YkiABD 69
YKZABY &5
Obagy a0
Ttemp ! ‘ F : 20 i 65
OBEE - o~ -RKEIHRTTI INTGEE - Afje : VAR - - K% by T8 B . Ga
caPa HPY 17
GaBb 0Py r €7
OnEC T RY 1 6P
asbr BEOATY 70
Oartk GLGRYRY ; 10
onge TIGRQPVERPSH- 7¢
YmubHe izt ARERER 8 -an &7
OnXp  : OD-ELKLPGEVSIDS T Y
Shap . IA-KVHIT- EAPVSA ;541
anve 1 EA~MVALK- BAFVTA Y]
OnLp : ¥0-MISLE -DVAMTS 13%
ehic TG KTALA - GETVTSOR: 138
OhXE : KE-KYDLPAERRVECR 143
ohPa . OR-RCTLPADASITG v 142
OnAC : RO-EFRLPKDAYVEGE 143
ChBCL  : (E-GARIS-OSTVTA 119
ansed 0 AA-¥YDVS  DAAVTA 137
ohbr @ R RIDVPADSTITAR AL : 139
onsm  : KH-RLTLPAZTAVUARGOLAKE - - DGR PH- - - TOEM 1 - ¢ 138
ohay . FR-KITLPREGAIDABIBLLLIY- - EGAYSLAAN 7 BB ol i ' A : 133
ohSel  : QE-ALD-PRAAISYVA E B A LI ot ; 137
Yk1ABE : TE-RVRVE-.TEVT 141
YhzAHs : EQ-NIEID- SEIE ’ i 116
ohMy : QH-GPSFEERPVVSY H'KAGVELTma 3 I BV ok : 185
ahMp : OH-OLGLATORIVG - HIKAS UELAS"E . : 140
onEt : TD-OEKWEGKSTYT svoasBeviin ;115
osba . - axrsBoasLos--- ;o161
osBb : P - ARUSMOATLRG--~ : 1lai
oagz o -ARITRD- v vee 2 138
L7123+ AR VEVTHEATILEG-- - : 144
OATL rorefrvv. - ... ;o143
agngc R TTIT KLA---- ¢ 141
¥maDRs B ELoBERSVRLGeRE ¢ 156

Fig. 1. Multiple amino acid sequence ahgnment of Ohr and OsmC homologues Various homologues of Ohr and OsmC
were aligned by using the CLUSTAL w program (Thompson er al., 1994). The origins of these protelns are as follows: OhXp
is from Xanthamonas campestris pv. phaseol! (AF036166); OhSp is from Shewanella putrefaciens (TIGR24 sputre6401)*;
Ohve is from Vibrio cholerae (AE003853); OhLp is from Legionelfa pneumophiia (CUCGC446 lpneumo WG.011079-R)*;
OhCc is from Caulobacter crescentus {TIGR C.crescentus12574)*; OhXf is from Xylella fastidiosa {AE003849). OhPs is from
Pseudomonas aeruginosa {PAGP 287 contig1)*: ChAc is from Acinetabacter {Y09102); OhSc1, OhSc2, OhSc3 and Os5¢ are
from Streptomyces coelicolor (AL133423.1, AL163672.1, ALO31515.1 and AL031515.1, respectively}; OhDr and OsDr are
from Deinococcus radiodurans (AEQD2025 and AED00513); OhSm is from Sinorhizobium meliloti (Stanford 382 smaelil
423032c12)*; OhBj is from Bradyrhizobium fagonicurm (AAF78793.1); YkIABs, YkzABs and YmaDBs are from Bacillus
subtilis (AJO02571 and Z299113); OhMg is from Mycoplasma genitalium (U39732); OhMp is from Mycoplasma pneumaniae
(MPAEOQODD18); OhEf is from Enterococcus faecalis (TIGR1351 gef6391)*; OsPs is from P. aeruginosa (PAGP287 contig1)*;




Ohr and OsmC paralogues define two protein families

OsBb

Ohr and OsmC homologues. The tree was
obtained by a neighbour-Joining method by
TREE phylogenetic analysis and was displayed
using the PHYLODENDRON program {see
Methods). Bar, 0-1 changes per site. Protein
designations are the same as those in Fig. 1.
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mutants in the presence of oxidants. P. aeruginosa PACT (Q),
an ohr mutant (@), an esmC mutant ({1}, an ohr mutant
harbouring pBBRohrP (4) and an ohr mutant harbouring
pBBRosmCP (W) were grown to exponential phase, serially
diluted and plated on plates containing various concentrations
of tBOOH. The experiments were performed independently
four times, and the error bars represent standard error of the
mean.

parent strain {Fig. 3}. No changes in the plating efficiency
in the presence of H,0, or menadione for either mutant
were observed (data not shown). Mutations in oxidative
stress genes can lead ro decreased aerobic growth rate
and plating efficiency (Mongkolsuk et al., 1998b;
Hasserr et al., 2000). However, both mutants had the
same growth cate as the parent strain in rich medium,
and no deficiency in aerobic plating was detected (data
not shown).

The ohr phenotype can be complemented by a plasmid
containing the ohbr gene {(pBBRohrP), but not by a
plasmid carrying the 0smC gene (pPBBRosmCP) (Fig. 3).
The okr mutant carrying pBBRohrP showed a 60-fold
increase in plating efficiency in the presence of tBOOH
when compared with the mucant harbouring the vector
alone (Fig. 3), though this level was slightly lower than
the tBOOH-resistance level attained by the parent
strain. In the parental strain, ofr is expressed at high
levels after exposure to tBOOH (Fig. 4); however, obr
expression in a moderate-copy-number expression vec-
tor (pBBR1MCS-4} might not be high enough to confer
full protection against tBOOH toxicity in the obr
mutant. pBBRohrP did not raise tBOOH resistance in
cither the parental strain or the osmC mutant, These
findings are similar to those presented in a previous

OsBb is from Bordetella bronchiseptica (Sanger518 bbronchl contig2522)*; OsEc is from Escherichia coli (X57433); OsTf is
from Thiobacillus ferrooxidans (TIGR tferroxidans4156)*. Asterisks indicate data from unfinished genome sequences. The
conserved regions found in either Chr homologues (Oh regions} or OsmC hemelogues (Os regions) are shown by regions
of black shading with white lettering. Grey shading with black lettering Indicates identical amino acid residues found In
both Ohr and OsmC (15 cut of 26 sequances). ¥, Highly conserved C residues. The numbers at the ends of each line on
the right-hand side refer to the numbers of amino acid residues.
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stresses in D. radiodurans and P. aeruginosa, P. aeruginosa
and D radiodurans cuitures were grown and were either
left untreated (1)) or treated with oxldants (C, cumene
hydroperoxide; H, H,O,; M, menadione; T, tBOOH) or subjected
to osmotic stress {5, salt) and ethanol stress {Et) as described in
Methods. RNA isolation, gel electrophoresis, blotting and
hybridization were as described in Methods. Northern blots
were probed with radicactively labelled P. aeruginosa ohr or
osmC or D. radicdurans ohr or gsmC probes.

report on X. campestris pv. phaseoli, in which che wild-
type strain harbouring an ofr expression vector did not
display increased resistance to tBOOH (Mongkolsuk et
af., 1998a).

We have tested several parameters, including aerobic
gtowth, response to osmotic stress, and ethanol re-
sistance, in the . seruginosa osmC mutant and found
no signhificant changes in these parameters in comparisan
with the parent strain {data not shown}. A similar
analysis of E. coli osmC emutants failed to detect any
physiological alterations (Gutierrez & Devedjian, 1991).
The distince phenotypes of the okbr and osmC mutants,
and the inability of the osmC gene to complement the
obr mutant, support the idea that these genes play
different roles in the cell.

ohr and osmC homologues have different expression
patterns

X. campestris pv. phaseoli obr has a unique expression
pattern in that its expression is induced only by organic
peroxide, and not by menadione or H,O, (Mongkolsuk
et al., 1998a). In contrast, E. coli osmC is under both
growth-phase (RpoS) and osmoric-stress regulation
(Bouvier ¢ al., 1998; Gordia & Gutierrez, 1996). This
suggesrs that members of the obr and osmC subfamilies
may have different patterns of stress-inducible ex-
pression.

We used Northern blotting experiments to determine
the expression patterns of obr and osmC homologues in

response to osmotic and oxidative stresses in P.
aeruginosa and D. radiodurans bacteria, each of which
has one gene from each subfamily. In both organisms,
obr was strongly induced by low concentrations of
organic peroxides (cumene hydroperoxide and tBOOH)
{Fig. 4} but not by other oxidants such as menadione
{not shown for D. radiodurans} or H,O, WNeither
osmotic stress (a high salt concentration) nor ethanol
induced expression of the ohr homologues, In contrast,
expression of osmC homologues in both bacteria was
induced by ethanol, while salt stress induced osmC
expression only in P. geruginosa; none of the oxidants
tested induced the gene expression (Fig. 4). Thus, the
patterns of obr and osmC expression in P. geruginosa
and D. radiodurans are consistent with the known
regulation of X. campestris pv. phaseoli obr (Mong-
kolsuk et al., 1998a) and E. coli osmC (Gutierrez
& Devedjian, 1991). The obr and osmC mRNAs in both
bacterial species were each approximately 07 kb in
length, indicating that these genes are transcribed as
monocistronic mRNAs. Expression of both genes is
different: ohr and osmC are induced by arganic per-
oxide and osmotic stress, respectively. At present,
well-characterized regulators of stress-induced gene
expression such as OxyR, 50xRS and Rpo5 cannot
account for the obr and osmC patterns of expression,
implying that these genes are regulated by novel
regulators.

It was noticeable that basal levels of obr and 0smC from
P. aeruginosa and D. radiodurans varied greatly, ranging
from barely detectable amounts in the former to
moderately high levels in the latter. In addition, the
degree of induction varied significantly between these
bacteria: D. radiodurans showed a lower magnitude of
induction than P. aeruginosa. It remains to be seen if
these differences in basal level expression and degree of
induction are related co the ability of each bacterium o
cope with organic peroxide stress or are simply in-
dicative of the differences between Gram-negative and
Gram-positive bacteria. It is remarkable that the
patterns of stress-induced expression of obr and osmC
homologues are highly conserved in a diverse range of
bacteria. This suggests that both genes might have
important functions.

Conduding remarks

Members of the Ohr family are widely distributed in
both Gram-negative and Gram-positive bacteria. Analy-
sis of primary structure, the physiological charac-
terization of mutants and expression patterns show that
Ohr and OsmC proteins belong to different, but related,
subfamilies. We have shown, in P. geruginosa and X.
campestris pv. phaseoli (Mongkolsuk et ql., 1998a), that
mutations in obr increase susceptibility to organic
peroxides. This phenotype, coupled with the specific
induction of obr by organic peroxides, suggests that obr
represents a novel organic peroxide protection system.
Recent results from Ochsner ef @f. (2001) confirm our
finding that mutation in P. aeruginosa obr results in
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increased organic-peroxide sensitivity. More studies are
needed to discover the physiological function of OsmC.
The osmorically inducible expression of the gene
suggests that it could have some kind of role in the
bacterial osmotic-stress response. Recently, Conter ef al.
{2001) reported contradictory resules that E. coli osmC
mutarnts showed increase sensitivity to tBOOH but not
to cumene hydroperoxide.
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Bacillus subtilis displays a compiex adaptive response to the presence of reactive oxygen species, To date,
most proteins that protect against reactive oxygen species are members of the peraxide-inducible PerR and o®
regulons. We investigated the function of two B. subtilis homologs of the Xanthomonas campestris organic
hydroperoxide resistance (ohr) gene. Mutational analyses indicate that both ofird and ohrB contribute to
organic peroxide resistance in B, subtilis, with the OhrA protein playing the more important rele in growing
cells. Expression of ofrd, but not okrE, is strongly and specifically induced by organic peroxides. Regulation
of ohrA requires the convergently transcribed gene, ¢hrR, which encodes a member of the MarR family of
transcriptional repressors. In an oArR mutant, okr4 expression is constitutive, whereas expression of the
neighboring ofrB gene is unaffected. Selection for mutant strains that are derepressed for ehrd transcription
identifies a perfect inverted repeat sequence that is required for OhrR-mediated regulation and likely defines
an OhrR binding site. Thus, B. subtilis cantains at least three regulons (o, PerR, and OhrR) that contribute

to peroxide stress responses.

Elevated levels of reactive oxygen species (ROS) can dam-
age proteins, DNA, and lipids and eventually lead to cell death.
These ROS include hydrogen peroxide, superoxide anion, hy-
droxyl radical, and erganic hydroperoxides. Bacteria have nu-
merous enzymes {o detoxify ROS (36), including cartalases,
superoxide dismutases, alkyl hydroperoxide reductase, and re-
lated peroxidases of the AhpC/thiol-specific antioxidant (TSA)
family.

In Bacillus subdilis, there are several well-characterized sys-
tems that defend the cell against oxidants. Oxidatively stressed
cells induce the synthesis of KatA, the major vegetative cata-
lase (5, 15). A second catalase, KatB, is induced upon starva-
tion or as part of the oP-dependent general stress response
(17). A third catalase, KatX, is found in endospores (4, 30). B.
subtilis also encodes a peroxide-inducible alky! hydroperoxide
reductase, encoded by the ahpCF opercn (1, 7). Superoxide
dismutase is encoded by the sod4 gene (22, 23), which affects
resistance to superoxide generating compounds and also par-
ticipates in the maturation of the spore coat (21).

Alkyl hydroperoxide reductase (AhpCF) is the best-studied
enzyme that can detoxify organic hydroperoxides (24) and is
the founding member of the large AhpC/TSA family of per-
oxidases (11). The AhpC subunit reduces peroxides 1o the
corresponding alcohols and it, in turn, is reduced by the AhpF
favoprotein (16, 25, 31, 32). Other members of the AhpC/TSA
protein family can be reduced by thioredoxin and are referred
1o as thioredoxin-dependent peroxidases (TPx) (5, 10, 33).
While most members of the AhpC/TSA family have two active
site cysteine residues that are oxidized to a disulfide during
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each catalytic cycle, some related proteins have a single redox
active cysteine (1 Cys peroxiredoxin proteins) and are reduced
by an unknown electran donor. In addition to ahpC, B. subtilis
contains three additional genes (yigf, ygaF, and ykul/} that
encode members of the AhpC/TSA family, but the functions of
these genes have not yet been studied. A similar set of paralogs
is found in yeast, which expresses five distinct members of the
AhpC/TSA protein family which vary in subcellular localiza-
tion {29).

Recently, a new type of organic hydroperoxide resistance
{ohr) gene has been isolated from Xanthomonas campestris
{(27). The ohr mutant is more sensitive to organic hydroperox-
ides than ts the wild type; however, it does not display sensi-
tivity to hydrogen percxide and superoxide generators (27).
The Ohr protein is a member of a conserved family of proteins
of largely uncharacterized function (OsmC/Ohr family [3]).
Consistent with a role in organic peroxide detoxification, Chr
proteins have two conserved cysteine residues that are catalyt-
ically important, but Ohr proteins are not ebviously homolo-
gous to the AhpC/TSA family of enzymes (3). There are two
homologs of Ohr in B. subtilis; these homologs are encoded by
the yki4 and ykzA genes, but mutations in these genes have not
been reported to have an effect on resistance to ROS (38).

In general, most enzymes that function in resistance to ROS
are either inducible by oxidative stress or synthesized as part of
a stationary-phase adaptative response. For example, Esche-
richia coli OxyR is a global peroxide regulator that can activate
the expression of hydroperoxidase I (KatG), alkyl hydroperox-
ide reductase {AhpCF), a DNA-binding protein (Dps)}, and
other resistance proteins (36). In B. subtilis, a similar peroxide
stress response is regulated by PerR, a hydrogen peroxde- and
metal ion-sensing tepressor of the genes encoding KatA,
AhpCF, MrgA (a Dps homolog), and heme biogynthesis en-
zymes (8). Interestingly, in both organisms, resistance to ROS
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is upregulated upon starvation. This stationary-phase induc-
tion of oxidant defenses is regulated by o° in Escherichia coli
and by the general stress response regulator, o, in B. subsilis.

We demonstrate here that the two B. subtilis ohr homologs,
yiki4 and ykzA4, are both involved in organic hydraperoxide
resistance, and we therefore rename these genes ohrd and
chrB, respectively. In addition, we show that the intervening
gene, ofrR (formerly ykmA), encodes an organic peroxide-
sensing repressor (OhrR) for ohr4. In contrast, expression of
chrB is part of the o®-dependent general stress regulon (38).

MATERJIALS AND METHODS

Bacterlal strains and growth conditions. The bacterial strains uscd in this
study ar¢ listed in Table 1. Al E. coli and B. subtifis strains were grown in
Luria-Bertani {LB) medium with appropriate antibiotics (100 wg of ampidillin,
100 wg of spectinomycin, 10 pg of chloramphenicol, 8 pg of neomycin, and 1 pg
of crythromycin per ml and 25 pg of lincomycin per mi for macrolide-linco-
samine-streptogramin B [MLS] resistance) at 37°C with vigorous shaking.

Construction of ohrA and ghrB mutant strains. Previously, yild:: pMUTIMN and
yhzA:pMUTIN strains (BF51816 and BFS51818) were described that contain
Insertional disruptions in cach genc that result in transcriptional fusions to lacZ
(38). Chromesomal DNA fram BFS1816 (ohrd-lacZ) or BFS1818 (ohrB-lacZ)
was transformed into CU1D85 with sclection for MLS resistance to generate
strains HBS574 and HB575, respectively. The presence of lecZ at the desired sile
was confirmed by PCR.

The ofir8 gene was cloned into BamHI and EcoRV-digested pBCSK (Strat-
agenc) as 4 593-bp PCR product extending 162 bp upsircam and 21 bp down-
stceam of the ohArB rcading frame, generating plasmid pBC-zA. To create an
ohrA ohrB double mutant, plagmid pMFZ was constructed by subcloning a 18%-bp
Sphl-EcoRl fragment of ohr8 from pBC-zA into pOEM-cat at the Sphl-EcoRI
sites. pMF2 was transformed into HBS574 with selection for chloramphenicol
resistance to gencrate HB2003. The presence of the ohrli:pMF2 disruption was
confirmed by PCR of chromosomal DNA.

To introduce an ahpC mutation into the ohrA (HB574), ohrB (HB575), and
ohrd ohr8 (HB2003) mutant backgrounds, chromosomal DNA containing
ahpCTnl0 (ahpC 1603} {from strain HB6506 [7]) was transfermed inte HBS74,
HBS575, and HB203 1o creatc HB2008, HB2009, and HB2010, respectively.

Construction of an ohrR (ykmeA) mutaat. The region of the B. subdills chro-
mosome containing the ohArd, ohrR, and ohrf genes was amplificd by PCR 1o
generate plasmid pYK1S. A region extending from the Pl site internal to ohrd
to the Sphl sitc internal to oArB, and therefore containing the cntire ohrR gene,
into pGEM-3zf to generate pGEM-maA. To construct an ¢hril mutant, a kana-
mycin ¢assette from pDG7?92 (19) was subcloned into the Bell site intcrnal to
ohrR in pGEM-mA, gencrating pMF1. An ohrR mutant, HB2000, was con-
structed by transformation of lincarized-pMFEL into CUI065 with selection for
kanamycin resistance. HB2001 and HB2002 were gencrated by transforming
ohrR:kan into HB574 and HBS5T75, respectively. All strains were chocked by
PCR.

Constraction of ohrd-cat-lacZ and ohrR-cot-locZ fuslons In SPP. To construct
an phrA-cai-lacZ fusion, the ohir4 promoler was amplified by PCR with primers
495 and 529. A BomHI site was introduced into primer 529, and this PCR
fragment contains internal HindIIl sites. Aftee BamHI-HindIII digestion, this
fragment was cloncd into pJPM122 after digestion with SBamHI-HindII1 to gen-
erate pMF3. To generate pMF4 containing an ohrR-cal-lacZ operen fusion, the
ohrR promoler was amplificd by PCR with primers 497 and 530 and cloned into
pIPM122 as described above. pMF3 and pMF4 were transformed into strain
ZB30TA (o transfer the promoter-cat-lacZ fusions into the SPRc2AZ:
Tn9 7:pBSK10A6 prophage by double cross over recombioation. Using phage
transduction, the opcron fusions were transferred to CU1065 to gencrate
HB2012 (SPB ohrA-cat-lacZ) and HB2011 (SPR ohrR-cat-lacZ) and mto the ofrR
mutant strain to generate HB2014 and HB2013,

RNA isalation and Northermn hybridizatlon. Cells were grown to mid log phase
(optical density at 600 nm of [ODyy,] = 0.4). Oxidants and chemicals used for
induction were 100 pM cumene hydroperoxide (CHP), 100 pM ser-butyl hy-
droperaxide, 100 pM H,0,, 4% cthanol, or 4% NaCl. After 15 min of treatment,
the cells were placed immediately on ice and ceatrifuged at 10,000 ypm at 4°C.
Total RNA was isolated using RNAwiz RNA isolation kit {Ambicn). Then, 10 ug
of total RNA was loaded onto a 1% formaldehyde gel. The scparated RNA was
then transferted to a nylon membrane and hybridized with radiolabeled probe at
42°C overnight in ULTRAyb solution (Ambion). The ofirA probe was prepared
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by Hinfl digestion of the PCR product geoerated from primers 531 and 496. A
314-bp Hinfl fragment contajning the ohrA coding region was purified from an
agarose gel and Jabeled with {a-*?PJdATP end the Klenow fragment of DNA
polymerase. The ohrB probe was psepared from &r internal 200-bp Sphl-to-
EcoRI fragment isolated from pBC-2A. The ohrR probe was prepared from Hinfl
digestion products of the PCR fragment gencrated from primers 527 and 536.
This PCR product contains the coding region of chrR, which has two internal
Hinfl restriction sites. Minfl fragments were labeled by the fill-in method with
[o-?*PIAATP. Membranes were washed twice with 2X SSC (1X S5Cis 0.15 M
NaCl plus 0.015 sodium citrate) plus 0.1% sodium dodacyl sulfate (SDS) for 5
min at 42°C, followed by two washes with 0.1 S8C-0,1% SDS for 15 min at
42°C.

Primer extension. RNA was prepared using a hot phenot extraction protocol.
A total of 10 pg of RNA wes annealed with the *2P-labeled oligonucleotide PE
(Table 1). Primer cxtension reactions were performed vsiog the Ready-To-Go
You-Prime First-Strand Beads Kit {Amersham Pharmacia Biotech) according to
the manufacturer's instructions.

PB-Galactosidase assays. Cclls were grown overnight in LB medium containing
appropriate antibiotic{s) and then diluted 1:100 in the same medium. Samples of
1 m) were harvested at an ODgy, of ca. 0.4 and assayed for B-galactosidase
essentially as described carlier (26).

Disk diffusion assay. Ccll were grown overnight in LB medium containing
appropriate antibiotic(s) and then diluted 1:100 In the same medium. Then, 100
! of cells at an OD gy, of ca. 0.4 were mixed with 3 ml of LB containing 0.75%
agar and poured onto plates containing 15 ml of LB agar with appropriate
antibiotic{s). Next, 6-mm paper disks containing 10 pl of the indicated chemical
were placed oo top, Plates were incubated overnight at 37°C, and the clear zones
were measured. The chemicals used included 0.4 M CHP, 0.2 M tert-butyl
hydroperoxide, 1.6 M hydrogen peroxide, or 0.5 M paraquat.

Setection and characterization ef mutants derepressed for ohrA-cat-iacZ, Ap-
praximately 10* cells of tog-phase HB2012 were plaied on LB agar containing 8
g of neomycin, 40 pg of X-Gal (5-bromo-4-chlaro-3-indolyl-A-p-galactopyrano-
side) and between 2 and 5 g of choramphenicol per ml. Blue colonies were
recovered, and elevated cxpression of B-galactosidase activity was confirmed
after growth in liquid medium. For each resulting strain, a transducing fysate was
preparcd and the SPR ohrd+-cat-lacZ fusions were transferred to CUI065.
Transductants that rctained clevated B-gelaciosidase activity (4 of 12) were
judged to contain cis-acting mutations. The ohsd promoter region was amplified
from coach transductant using a primer specific to the 57 region of the cat genc
(primer 366) and a primer annealing upstream of the inscrt {primer 535). The
resulting PCR products were used direetly as templates for sequencing, One
strain chosen for further characterization was designated HB2031, HB2031 chro-
mosomal DNA was wransformed into the ofirR mutansr HB200D 1o generate
HB2044.

RESULTS

The B. subtilis OhrA (formerly YkIA) and OhrB (formerly
YkzA) proteins are homologs of E. coli OsmC (38), an asmot-
ically inducible envelope protein of unknown function (6, 18,
20). However, they are much maore similar to X. campestris
Ohr, a protein that protects cells against organic hydroperox-
ides (27). Previously, okrB was shown to be under o® control
and respond to general stresses, whereas oArd (ranscription
was found to be elevated in minimal medium (38).

Overlapping roles of ohr4 and ohrB in organic hydroperox-
ide resistance. Alkyl hydroperoxide reductase (AhpCF) re-
duces organic hydroperoxides to their corresponding alcohols.
However, in previous studies we were unable to demonstrate
an organic hydroperoxide-sensitive phenotype for an ahpC::
Tni0 mutant strain (7). Indeed, the most striking phenotype of
this disruption mutant was an elevated resistance to H,O, due
to derepression of the PerR regulated katA gene. These results
suggest that other gene products may also contribute to or-
ganic peroxide resistance.

Disk diffusion assays were used to determine if OhrA and
OhrB protect cells against ROS and to determine if these
functions are redundant with AhpCF. Mutation of ohr4, but
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TABLE 1. Strains, plasmids, and primers used in this study

J. BACTERIOL.

Strain, plasmid,

Relevant

Reference, source,

or primer Relevant characteristics mutation{s) Reparter or derivation
Strains
B. subtilis
CuU1t06s WI168 atSPR orpC2 KY)
ZB307A W168 SPR2A2:’Tn217::pBSK 1046 40
BFS1816 168 wild-type ohrd-lacZ chrA chrA 38
BFS1818 168 wild-type ohrB-lacZ ohrB chrB 38
HB574 CU1065 ohrA-lacZ ohrd ohrA This work
HB575 CU 1065 chrB-lacZ ohrB ohrB This work
HBI1703 CU1063 ahpC::Tni0 (1603) ahpC 7
HB200{) CU1065 ohrR:kan ohrR This work
HB2001 HBS374 oArR::kan ohrR, ohrA ohrA This work
HB2002 HBS575 ohrRikan ohrR, ohrB ohrB This work
HB2003 HB574 ohrB::pGEMCAT ohrA, ohrB ohrA This work
HB2006 ZB307A SPBRc2A2: T 7 :d(ohrR' -cat-lacZ) ohrR This work
HB2007? ZB307A SPBc2A2::Tn?! 7::d(ohrd -cat-lac) ohrA This work
HB2008 HB574 ahpC::Tni 0 ohurA, ahpC ohrA This work
HB200% HB575 ahpC::Tnid chrB, ahpC ohrB This work
HB2010 HB2003 ahpC::Tni0 ohrd, ohrB, ahpC ohrA This work
HB2011 CU1065 SPRc2A2::Tn917:d(ohrR' cat-lacZ) chrR This work
HB2012 CUL065 SPRc2A2:: Tn?17::$lohrd’-cat-lacZ) ohrA This work
HB2013 HB200(3 SPRc2A2: Tn917:dlohrR -cat-lacZ} ohrR ohrR This work
HB2014 HB2000 SPAc2A2:Tndi 7::d(ohrd -cat-lacZ) chrR ohrd This work
HB2031 CU1065 SPRc282:"Tnd1 7 d(ohrA*-cat-lacZ) ohrA This work
HB2(44 HB2000 SPRc2A2: T2 7::d(ohrA«-cat-lacZ) ohrR ohr4d This work
HB6506 HB1000 ahApC::Tni0{1603) ahpC 7
E. coli
DHS5a $80acZAMLS recAl endAl gyrA96 thi-I hsdRI17 (re”, my ") Lab stock
supEdd relAI deoR AflacZYA-argF)U169
GM 2163 F ara-14 leuB6 thi-1 fhuA3! lacYT 15078 galK2 galT22 supEd4 NEB
hisG4 rpsL! (Str7) xpl-3 mul-1 dam13:Tn® (Cm*) dem-6
merB1 hsdR2 (v ™, my ') merd
Plasmids
pGEM-cat PGEM-3zf{+ )-cat-1 {carrying Cm' geue) 39
pGEM-mA pGEM-3zf(+) with Ps¢el-Sphl containing ohrd’-ohrR-ohrB This work
pBC-zA pBCSK (Stratagene) containing ohrB This work
pJPM122 cat-lacZ operon fusion vector for SPB 34
pDG792 pMTL23 containing Kan' cassette 19
pMFI pGEM-mA containing the BamHI-Bglll Kan® cassette (1.6 kb) ohrR This work
from pDG792 at Bell site in ofrR
pMF2 pGEM-cat containing intergenic Sphl-EcoR] fragment of ohrB This work
FMF3 pIPM122 with ohird promoter This work
pMF4 piPM122 with oh7R promoter This work
Primers
366 5 -ACTCTCCGTCGCTATTGTAACCAG-3' Lab stock
495 (forward) 5'-COGGATCCTAGCGGGGTAATCTTCAATG-]' This work
496 (reverse) 5'-CCGARTTCARRAGCGGTTGACATTCCAG-3' This work
497 (forward} 5'-CEGGATCCTGTATTGCTTTGTCATCTCC-3' This work
519 {reverse) 5'-CGGGATCCAARTCARGAACACCATCATC-3 This work
527 (forward) 5'-GGTGAACACCATGGAARATAAATT-3' This work
528 (reverse} 5'-CCGGATCCGTTGCTGARTAARTARA-3 This work
529 (reverse) 5'-CGGGATCCAATGACCTTTCCTTCTCTTC-3" This work
530 (reverse) 5'-CCCAAGCTTAARTCARGAACACCGTCATC-3' This work
531 (forward) 5'-CGGGRTCCTATATTGGGGAAATGARRLA-S' This work
535 53"-GTACRTATTGTCGTTAGAAC-3’ This work
536 (reverse) 5'-AATGTCAACCGCTTTTTCT-3' This work
PE 5'-ARCGCGGTCTGATCARATGA 3 This work

not chrB or ahpC, leads to significantly increased sensitivity to
CHP (Fig. 1A) and tert-butyl hydroperoxide (data not shown).
The ohrA ohrB double mutant displays much greater sensitivity
to CHP than either single mutant, suggesting that both pro-

teins are involved in CHP detoxification and that Jack of one
can be partially compensated for by the presence of the other.
In contrast, AbpCF does not appear to play a significant role in
CHP resistance, a finding consistent with our previous studies,
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FIG. 1. Roles of OhrA, OhrB, and AhpCF in protection against ROS, The sensitivity of each indicated strain was measured as a zone of growth
inhibition in a disk diffusion assay. Filters contained ¢ither 0.4 M CHP (A}, 1.6 M H,0, (B), or 0.5 M paraquat {C). The data shown are
representative of three experiments. The error bars indicate the standard deviations from duplicate samples, PQ, paraquat.

In all four strains containing an ahpC mutation, resistance to
CHP is not significantly altered relative to the control strain
(Fig. 1A). Thus, even in the absence of both OhrA and OhrB,
AhpCeF still does not play a measurable rele in CHF resistance.
These strains all lack AhpCF function since, as reported pre-
viously (7), mutation of ahpC leads to derepression of catalase
and a consequent increase in H,O, resistance (Fig. 1B}. In
addition to greatly increased sensitivity to CHP, the ohr A ohrB
double mutant also displays a striking sensitivity to both H,O,
(Fig. 1B) and the superoxide-generating compound, paraquat
(Fig. 1C).

Transcriptional regulation of ohr4 and ohrB. Northern blot
analysis of CU1065 RNA isolated after exposure to various
stresses demonstrates that ohred is strongly induced by ter-
butyl hydroperoxide and CHP, but not by H,0,, ethanol, or
salt {(Fig. 2ZA). In contrast, oArB is strongly induced by ethanol
ar sait (Fig. 2B), a result consistent with the data of Volker e1
al. (38). It is also weakly inducible by rer-butyl hydroperoxide
and CHP (Fig. 2B).

The regulation of ohr4 by organic peroxides was also con-
firmed in primer extension experiments. A major ohrd tran-
script was found in cells induced with rerz-butyl hydroperoxide
and corresponds to a candidate o*-dependent promoter {Fig.
3). This inducible transcript corresponds to the transcript pre-
viously described for the ohr4 gene (38). The constitutive sig-
nal corresponding to an apparent start site further upstream
may be due to readthrough transcripts from the upstream
proBA operon: this signal may result from reverse transcriptase
pausing or termination at the base of the proBA terminator
stem-loop. Readthrough from this upstream operon is consis-
tent with the observation that okrd expression is enhanced in
minimal medium (38).

The induction of okrd by organic peroxides was also con-
firmed using transcriptional reporter fusions (Table 2 and Fig.

4). With the pMUTIN derived transcriptional fusion, ohrd-
facZ expression can be induced ~~100-fold by either CHP or
frert-butyl hydroperoxide (Fig, 4). Simnilar regulation is also seen
when a 219-bp region containing the oArA promoter is used to
generate a lacZ fusion inserted ectopically in SPB (Table 2).
This suggests that all necessary cis-regulatory elements are
present within this DNA fragment.

Although AhpCF, at the levels present under these growth
conditions, does not contribute significantly to protection
against the killing action of CHP (Fig. 1A) or fert-butyl hy-
droperoxide (data not shown), AhpCF can reduce these com-
pounds in vivo. This is apparent since the ofr4 promoter can
be induced by CHP and terr-butyl hydroperoxide at fower con-
centrations in strains carrying an ahpC mutation (Fig. 4). Note
that these experiments were performed using the pMUTIN
derived ohrAd-lacZ fusion, so all strains are also mutant for
ohrd.,

OhrR is a repressor of ohrd. The ohrA and ohrB genes are
transcribed in the same direction and are separated by ohrR
{formeriy ykmA), which is transcribed in the opposite direction
and encodes a member of the MarR family of transcriptional
repressors (Fig. 5). This proximity makes OhrR a good candi-
date for a regulator of ohrAd and/or ohrB. In addition, an OhrR
family member is known to repress chr expression in X
campestris (S.M., unpublished data).

To determine if OhrR is a transcriptional regulator of ohrd
and/or ohrB, B-galactosidase activity was measured in wild-type
(HB2012) and oArR mutant (HB2014) cells harboring an ohzA-
car-lacZ transcriptional fusion carried at SPR (Table 2). The
>100-fold upregulation of ohrA4 in the oArR mutant was also
confirmed in strains constructed using the pMUTIN integra-
tional vector (which are additionally mutant for oAr4). The
P-galactosidase activity in cells harboring ohrd-lacZ and an
ohrR mutation {HB2001) was very high (~2,500 U) compared
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F1G. 2. Northern analysis ohr region genes. Expression of ohrAd
(A), ohrB (B), and ofirR (C} was measured using 10 pg of tolzl RNA
from cach 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 WM CHP, 180 M tert-butyl hydroper-
axde (1-BuOOH), 100 pM H,0,, 4% ethanol, or 4% NaCl for 15 min
a5 indicated.

to cells harboring ohrd-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 chrR
is sufficient for derepression of chrA, but not ohrB.

There is no significant increase in ghrR-cat-facZ 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).

Puatative binding site of OhrR. Inspection of the ohrA pro-
moter region reveals possible binding motifs for OhrR. The
ohr4 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 s¢lected for mutant strains that

J. BACTERIOL.
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FIG. 3. Primer extension analysis of the ohrd promoter. Cells were
grown and treated as described for Fig. 2 prior 1o RNA isolation. The
major alkyl peroxide responsive transcriptional start point for the ofird
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 predB operon.

were derepressed for ohrd-car-lacZ expression and character-
ized the resulting cis-acting mutants, Two independent mu-
tants {ohr4*) 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 oArd*-car-facZ fusion from one representative
strain (HB2031) was transduced into the okrR mutant to gen-

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

Mean B-Galactosidase activity = 5D

Strain Genotype (Miller unity”
Mutation Reporter Uninduced 100 uM CHP

HB2012 None ohrA4 344 x0.09 90.47 % 1.35
HB2014 ohrR ohrA 513.04 + 1958 52031 = 16.43
HB2011 None ohrR 3.65 x 0.19 313 =x012
HB2013 ohrR ohrfl 427 * 0.14 4.46 = 0.24
HB2031 None ohrA* 128.55 + 4.12 ND
HB2044 ohrR ohrA* 23037 £31.22 ND

“ ND, not done.
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FIG. 4. Effect of an akpC mutation on induction of ofirA by organic hydroperoxides. f-Galacrtosidase activities were assayed in various mutants
(bars: gray, ohr4, HB574; black, ohrd ohr8, HB2003, white, ohrd ahpC, HB200B; cross-hatched, chrd ohrB ahpC, HB2010). Cells were grown to
mid-log phase, and various concentrations of CHP or fert-butyl hydroperoxide (tBOOH) were added to the cultures for 15 min at 37°C with
shaking. The data shown arc representative of triplicate determinations.

erate strain HB2044. Comparison of B-galactosidase activity in OhrR binds to the inverted repeat sequences noted above and
the wild-type and ohrR mutant cells indicates that OhrR still suggests that the imperfect inverted repeat, which is retained in
exerts a small, but reproducible, repressive effect on this pro- the mutant promoter region, may be sufficient for mediating
moter (Table 2). This result is consistent with models in which some repression by OhrR.

Py Py

ohrA ohrR ohrfd
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FIG. 5. ohrR encodes a MarR-like repressor of ohrAd. (A} Schematic of the ohrd ohrR ohrB region. P, indicates a o®-dependent promoter
element; Py indicates a o™-dependent pramoter. (B) alignment of OhrR with other closely related MarR family members. The abbreviations used
are as follows (strain; GenBank accession number): OhrR Bs (8. subtilis; E69857), OhrRa Pa (P. aeruginosa PAO1; D83290), OhrRb Pa (P.
aeruginosa PAQL; (383292), OhrR Ac (Acinefobacter sp. strain ADP1; CAAT(0318), OhrR Sc (Streptomyces coelicolor; CAB87337); OhrR Ve (Vibrio
cholerae group O1 strain N16961; B82389), and OhrR Stc (Staphylocaccus sciwri strain ATCC 29062). The amino acid sequences were aligned
(using CLUSTALW) and conserved residues highlighted using the BoxShade utility.
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F1G. 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 ohrd 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 (ohrdx) is shown with a dashed line to indicate the 13-bp deletion. A new
—10 element is created by the deletion. (C) A related, imperfect inverted repeat is found overlapping the okrR promoter region.

DISCUSSION

Cells have evolved numerous overlapping mechanisms lo
protect against the ravages of ROS (35, 36). In the case of
organic hydroperaxides, 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, campesiris pv. phaseoli (27), and recent
results indicate a similar function in Psendomonas 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 cither 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 oP-dependent general stress
response (Fig. 2A) (38). However, OhtB also has a role in
organic hydroperoxide resistance, as shown by the increased
CHP sensitivity of the chr4 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 ¢hpC mutation into
the ohrAd, 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 pratec-
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 {o peroxides
(7, 8, 14). In stationary-phase cells or under conditions in
which both H,0, 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 ahpC 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 kat4 gene is induced by ROS by virtue of its
regulation by PerR, while the kasB and katX genes are part of
the o® regulon (4, 5, 8 17, 30). Similarly, PerR represses
expression of the Dps homolog encoded by mrg4 (12}, while a
second Dps homoleg encoded by the dps gene is regulated by
o? (2).

Our genetic analysis defines a 15-bp region required for
OhrR-mediated repression of the ohrA4 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
ohr4 and the ofirR promoter regions. Analysis of the ohrd*
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 okrR pro-
maoter does not appear to mediate repression, since we found
no evidence for chrR 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 supgestion that these
proteins function in protecting cells against organic peroxides.
Moreover, since ofr homologs are often found closely associ-
ated with an eArR-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.

ACKNOWLEDGMENTS

This study is based upon work supported by the National Science
Foundation under grant MCB-9630411 (to J.D.H.), a grant from the
Chulabhorn Research Institute to the Laboratory of Biotechnology,
grants to S.M. from the Thai Research Fund (BRG/10/2543), and 2
career development award (RCF 1-40-0005) from NSTDA.

REFERENCES

1. Antelmann, H., $. Engelmann, R. Scbmid, and M. Hecker. 199%. General
and oxidative stress responses in Bucillus subtilis: claning, expression, and
mutation of the alkyl hydroperoxide reductase operon. J. Bacteriol, 178:
6571-6578,

2. Antelmano, H., S. Engelmarnn, R. Schmid, A. Sorokin, A. Lapidus, and M.
Hecker. 1997. Expression of & stress- and starvation-induced dpsfpex-ho-
mologous gene is controfled by the alternative sigma factor sigmaB in Ba-
ciltus subtilis, J. Bacieriol, 179:7251-7256.

3. Atichartpongiul, S., 5. Lopraset, P. Vatlanaviboon, W, Whangsuk, J. D.
Helmenn, and S. Mongkolsuk. Bacterial Obr and OsmC paralogs define two
protein families with distinct functions and patterns of cxpression, Microbi-
ology, in press.

4, Bagyan, L, L. Casillas-Martinez, and P. Setlow. 1998. The katX gene, which
codes for the catalasc in spoarcs of Baciflus subeliis, is a forespore-specific
gene controlled by sigmaF, and KotX is essental for hydrogen peroxide
resistance of the germinating sporc. J. Bacteriol. 188:2057-2062.

3. Bol, D. K, and R. E. Yasbin. 1994, Analysis of the dual regulsiory mecha-
nisms controlling expression of the vegetative catalase gene of Bacillus sub-
tifis. J. Bacteriol, 176:6744~6748,

6. Bouvier, 1., S. Gordia, G. Kampmann, R. Lange, R. Hengge-Aronis, and C.
Gutierrez. 1998. Interplay between global regulators of Escherichia coli:
cffcat of RpoS, Lrp and H-NS on transcription of the gene esmC. Mol
Microbiol, 28:971-980.

7. Bsat, N,, L. Chen, and . D. Helmann, 1996. Mutation of the Bacillus subttlis
alkyl hydropcroxide reductase (ahpCF) operon reveals compensatory inter-
actions among hydrogen peroxide stress gencs. J. Bacteriol, 178:6579-6586.

8. Bsat, N., A. Herblg, L. Casillas-Martinez, P. Setlow, and J. D. Helmann.
1998, Bacillus subtilis contains multiple Fur homologues: identification of the
iron uptake (Fur} and peroxide regulon (PerR) repressors. Mol. Micrabiol.
29:189-198.

9. Carmmel-Harel, O., and G. Storz. 2000. Roles of the glutathionc- and thiore-
doxin-dependent reduction systems in the Esclerichia coli and Saccharomy-
ces cerevisige vesponscs (o oxidalive stress. Annu. Rev. Microbiol. 54:439-
461,

10. Cha, M. K., H. K. Kim, and 1. H, Kim, 1996. Mutation and mutagenesis of
thiol peroxidase of Escherichia coli and a new type of thiol peroxidase family.
1. Bacteriol. 178:5610-5614,

11. Chae, H. Z., K, Robison, L. B. Poole, G. Church, G. Sterz, and 5. G. Rhee.
1994, Cloning and sequencing of thiol-specific antioxidant from mammalian
brain: atky! hydroperoside reductase and thiol-specific antioxidant define a
large family of antioxidant enzymes. Prac. Natl. Acad, Sci, USA 91:7017-
021,

12. Chen, L., and J. D. Helmann. 1995. Bacillus subiilis MrgA is 8 Dps(PexB)
homologue: evidence for metalloregulation of an oxidative-stress gene. Mal,
Microbiol. 18:295-300.

13. Chen, L., L. Keramatl, and J. D, Helmaan. 1995. Coordinate regulation of
Bacillus subrilis peroxide stress genes by hydrogen peroxide and metal ions.
Proc. Nanl. Acad. Sci. USA 92:8190-8194.

14, Chen, L., Q. W. Xie, and C. Nathan. 1998. Alkyl hydroperoxide reductase
subunit C (AhpC) protects bactesial and human cells against reactive nitro-
gen intermediates. Mol. Cell 1:795-805.

15. Dowds, B. C. 1994, The oxidative stress response in Baciflus subtilis. FEMS
Microbiol. Leut, 124:255-263.

16. Ellis, H. R., and L. B. Poole. 1997. Roles for the two cysteine residucs of
AhpC in catelysis of peroxide reduction by alkyl hydroperaxide reductase
fram Salmonella &phimurium. Biochemistry 36:13349-13356.

I7. Engeimann, §,, C. Lindner, and M. Hecker. 1995, Cloning, nucleatide se-

23.

24,

26.

27,

28.

30.

31

32

33.

3s.

36.

37.

38.

39,

OhrR IS A REPRESSOR OF ohrd 4141

quence, and reguiation of katE encoding a sigma B-dependent catalase in
Bacitlus subtilis, ). Bacreriol. 177:5598-5605.

. Gordla, 8., and C. Gutierrex. 1996. Growth-phase-dependent expression of

the osmotically inducible gene osmC of Escherichia coli K-12. Mol. Micro-
blol. 19:729-736.

. Guerout-Flemry, A. M., K. Shazand, N. Frandsen, and P. Stragier. 1995.

Antibjotic-resistance cassettes for Bacillus subtilis. Gene 167:335-336.

. Gutlerrez, C., and J. C. Devedjian. 1991. Osmaotic induction of gene csmC

expression in Escherichia coli K12, J, Mol. Biol. 220:959-973.

. Hearigues, A. O,, L. R, Melsen, and C. P. Motuag, Jr. 1998, Involvement of

supcroxide dismutase in spore coat assembly in Bacillius subtitis. 1. Bacteriol,
186:2285-2291.

inacka, T, Y. Matsomura, and T. Tsuchido. 1998. Molecular ¢loning and
nucleatide sequence of the superoxide dismutase gene and charecterization
of {15 product from Bacillus subtilis. J. Bacteriol. 180:3697-3703,

Inaocka, T., Y. Matsomura, and T. Teuchide. 1999. SodA and manganese are
essential for resistance to oxidative stress in growing and sporulating cells of
Bacillus subtilis. J. Bacteriol. 181:1939-1943.

Jacobson, F. 5., B. W, Morgan, M. F. Cheistman, and B. N. Ames. 1989. An
alkyl hydroperoxide reductase from Salmonella typhimurium involved in the
defense of DNA against oxidative damage, Purification and properties.
I. Biol. Chem, 264:1488-1496,

. Ll Calzi, M., and L. B, Foole. 1997. Requircment for the two AhpF cystine

disulfide centers in catalysis of peroxdde reduction by alkyl hydreperoxide
reductase. Biochemistry 36:13357-13364.

Miller, J. H, 1972, Experiments in molccular genetics. Cald Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

Mongkolsuk, 5., W, Praitosm, 5. Loprasert, M. Fuangthong, snd 8. Cham-
nongpol. 1998, Identification and characterization of a new organic hy-
droperoxide resistance {pfr) gene with a novel pattern of oxidative stress
regulation from Xanthomonas campestris pv. phascoll. . Bacteriol. 180:2636—
2643,

Ochsner, U, D. J. Hassett, and M. L. Vasil, 2001. Genetic and physiological
characterization of ohr, encoding a protein involved in organic hydroperox-
ide yesistance in Prewdomonas asruginosa. ). Bacteriol. 183773778,

. Park, 8. G.,, M. K. Cha, W. Jeong, and 1, H. Kim. 2000. Distinct physiologicat

functions of thiol peroxidase isoenzymes in Saccharomyres cerevisiae. J, Blol,
Chem. 275:5723-5732.

Petersohn, A, 8. Engelmann, P. Setlow, and M. Hecker, 1999, The kack’ gene
of Bacitlus subtilis is under dual control of sigmaB and sigmaF. Mol. Gen.
Genet. 262:173-179,

Poale, L. B, 1996, Flavin-dependent alky! hydroperoxide veductase from
Salmonefla typhimurium. 2. Cystine disulfides involved in catalysis of perox-
ide reduction. Biochemistry 35:65~75.

Poole, L. B., and H. R. Ellis. 1996. Flavin-dependent alkyl hydroperoxide
reductase from Salmonelia typhirmurum. 1, Purification and cnzymatic activ-
ities of overexpressed AhpF and AhpC proteins. Biochemistry 35:56-64.
Rhee, 5. G., 5. W. Kang, L. E. Netto, M, §, Seo, and E. R. Stadtmap. 1999,
A family of nove) peroxidases, peroxiredoxins. Biofactors 10:207-209,

. Slack, F. J., J. P. Mueller, and A. L. Sonenshein. 1993, Mutations that relieve

nutritional repression of the Baciflus subtilis dipeptide permeasc operon. J.
Bacteriol. 175:46054614.

Storz, G., and J. A, Imlay. 9992, Oxidative stress, Curr. Opin. Micrabiol.
2:188-194.

Storz, G., and M., Zheng 2000. Oxidative stress, p. 47-5%. In G. Storz and R.
Hengge-Aronis (ed.), Bacterial stress responses. ASM Press, Washingion,
D.C.

Vander Homn, P, B., and 8. A. Zahier. 1992. Cloning and nucleotide scquence
of the Jeucyl-tRINA synthetase geoe of Bacithes subtilis. J. Bacteriol, 1743928~
3935.

Yolker, U, K. K Andersen, H. Antelmann, K. M. Devine, and M. Hecker.
1998. One of two asmC homologs in Bacilitss subtilis is part of the sigmaB-
dependent general stress regulon. 1. Bacteriol. 180:4212-4218.

Youngman, P. 1990, Usc of transposons and integrational vectors for mu-
tagenesis and construction of gence fusions in Bacilfus species, p. 221-266. In
C. R. A, C. Harwood (ed.), Molccular biological methods for Bacitius, John
Wiley & Sons, Chichester, England.

. Zuber, P., and R. Losick. 1987. Role of AbrB in Spo0A- and Spo0B-depen-

dent utitization of a sporulation promoter in Bacillus subtilis. I, Bacteriol.
169:2223-2230.



JOURNAL OF BACTERIOLOGY, Aug. 2001, p. 44054412
(021-9193/01/$04.00+0 DOTY: 10.1128/TB.183.15.4405-4412.2001

Vol. 183, No, 15

Copyright @ 2001, American Society for Microbiology. All Rights Reserved.

Complex Regulation of the Organic Hydroperoxide Resistance

Gene (ohr) from Xanthomonas Involves OhrR, a Novel
Organic Peroxide-Inducible Negative Regulator,
and Posttranscriptional Modifications

ROJANA SUKCHAWALIT,'t SUVIT LOPRASERT,' SOPAPAN ATICHARTPONGKUL,'
AaND SKORN MONGKOLSUK!'2*

Laboratory of Biotechnology, Chulabhorn Research nstitute, Lak Si, Bangkok 10210,' and Department of
Biotechnology, Faculty of Science, Mahidol University, Bangkok 10400,% Thailand

Received 14 February 2001/Accepted 1 May 2001

Analysis of the sequence immediate upstream of okr revealed an open reading frame, designated ofirR, with
the potential to encode a 17-kDa peptide with moderate amino acid sequence homology te the MarR famiiy of
negative regulators of gene expression. ohrR was transcribed as bicistronic mRNA with ohr, while oir mRNA
was found to be 95% monocistronic and 5% bicistronic with o/irR. Expression of both genes was induced by
tert-butyl hydroperoxide (¢tBOOH) treatment. High-level expression of okrR negatively regnlated ohr expres-
sion. This repression could be overcome by tBOOH treatment. In vivo promoter analysis showed that the ohrR
promoter (P1) has organic pecoxide-inducible, strong activity, while the ofir promoter (P2) has constitutive,
weak activity. Only P1 is autoregulated by OhrR. ohr primer extension results revealed three major primer
extension preducts corresponding to the 5' ends of ohr mRNA, and their levels were strongly induced by
tBOOH treatment. Sequence analysis of regions upstream of these sites showed no typicel Xanthomonas
promoter. Instead, the regions can form a stem-loop secondary structure with the 5' ends of ohr mRNA located
in the loop section. The secondary structure resembles the structure recognized and processed by RNase III
enzyme, These findings suggest that the P1 promoter is responsible for tBOOH-Induced expression of the
ohrR-ohr operon. The bicistronic mRNA is then processed by RNase III-like enzymes to give kigh levels of ohr

mRNA, while ofirR mRNA is rapidly degraded.

During bacterial interactions with hosts, bacteria are ex-
posed to host defense responses, including increased concen-
trations of reactive oxygen species (ROS), such as H,O,, or-
ganic peroxide, and superoxide anion (5, 14). In addition,
normal aerobic respiration produces significant levels of ROS
(10, 11). ROS are toxic 1o biological systems and must be
removed rapidly. Among different ROS, organic peroxides are
highly toxic, partly due to the abilities of these compounds to
participate in free radical reactions which generate reactive
organic radicals by reacting with membranes and other mac-
romolecules {11}.

Bacteria have evolved complex systems for sensing, protec-
tion, and regulation against organic peroxide toxicity. Alkyl
hydroperoxide reductase is the best-characterized enzyme sys-
tem involved in metabolizing toxic organic peroxides to the less
toxic organic alcohols (7, 24, 25). In Escherichia ¢ofi, the gene
for the catalytic subunit, ak#pC, has an interesting pattern of
expression. Its expression is regulated by OxyR, a glabal per-
oxide sensor and transcriptional regulator (30, 32), and is
highly inducible by various oxidants (16, 19, 27). In Xanthomo-
nas campestris pv. phaseoli, ahpC is differentially regulated by
OxyR. Reduced OxyR represses while oxidized OxyR activates
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ahpC expression (15, 16, 19). The mechanism for protection
against organic peroxides in X. campestris pv. phaseoli is com-
plex. In addition to the ehpC and catalase peroxidase systems,
an organic hydroperoxide resistance (ofr) gene also provides
protection against organic peroxide toxicity (20). Inactivation
of ohr in Xanthomonas and several other bacteria results in
increased susceptibility to organic peroxide toxicity (4, 9, 20,
22, 26).

ohr has unique patterns of oxidative stress-induced expres-
sion, unlike other genes involved in protection against oxida-
tive stress. In several bacteria, ohr expression is highly induced
by treatment with low concentrations of organic peroxides (4,
9, 20, 22). In contrast, exposure to other oxidants or stresses
does not induce ohr expression (2, 9, 20, 22). The regulator of
ohr expression has not been identified, but atypical patterns of
gene expression suggest that a nove! regulator may be involved
in the process. Since ohr is widely distributed among diverse
groups of gram-positive and gram-negative bacteria (4), un-
derstanding the regulatory mechanisms is important. Analyses
of primary structures of Ohr homologues, alterations in the
physiologica! properties of their mutants, and patterns of ex-
pression of the genes together sugpest that Ohr probably be-
longs to a novel family of proteins invoived in organic peroxide
pratection (4). At present, the biochemical mechanism of Ohr-
mediated protection is not known.

In this communication, we identify a negative regulator of X
campestris pv. phaseoli ofr, OhrR. ohrR is [ocated upstream of
and forms an operon with ohr. The gene product, OhrR, func-
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tions as a negative regulator of ohr expression. Transcriptional
analysis of both genes suggests that expression of ohr is regu-
lated from a distant ofirR promoter and also involves an RNA
processing step.

MATERIALS AND METHODS

Culture conditions and oxidant treatments. Xanthomenas sirains were grown
serobically in Silva-Buddenhagen medivm (0.5% sucrose, (.5% yeast extract,
0.5% peptone, 0.1% glutamic acid [pH 7.0}) at 28°C. rert-Buryl hydroperoxide
(1IBOOH}-induced ofr expression was achieved by the addition of 200 pM
tBOOH to Xanthomonas log-phase cutures (19). The induction times for West-
crn and primer extension experiments were 30 and 15 min, respectively.

Phylogenetic analysis. A phylogenetic trée was coustructed by the acighbor-
joining method using the Tree program [rom the phylogenctic analysis page al
htepfigs-server.cnrss-mrs.(r/anm/phylogenetics. The results were drawn using
the program PHYLODENDRON (version 0.8d 1999; Department of Biology,
University of Indiana [hitp:/fiubio.bio.indiana.cdu]).

Northern analysis of ohr, ohrR, and akpC. Total RNAs from unindueced and
tBOOH-induced culturcs of X campestris pv. phascoli were purified using the
hot phenol method (16, 17). Ten micrograms of purified RNA was loaded into
cach lane of formaldchyde agarosc gels, and RNA samples were clectrophoreti-
cally scparated, Scparated RNA samples were transferred 10 nylon membranes.
The membranes were exposed to various probes using prehybridization, hybrid-
ization, and high-stringency washing conditions as previously described (16, 19).
ohrR-specific probes were prepared from plasmid pohrR digested with Sacl and
Kpnl. The 250-bp fragment was purified from an agarose gel, ehr- and ahpC-
specific probes were prepared from plasmids pohr and pahpC, respectively, as
previously described (19, 20). The gene-specific DNA fragments were radioac-
tively labeled using a random primer kit and [o-*?*P]dCTP.

RT-PCR of shirR-ohr mRNA. Reverse transeription (RT) of ohrR-ohr mRNA
was performed to confinn the bicistronic transcriptional arganization of these
genes. Briefly, RNA was isolated from tBOOH-induced X. campestris pv,
phaseoli culteres using the hot acid-phenol method (19). Purificd RNA was
treated with 10 U of RNase-frce DNasc for 30 min to remove contaminating
DNA. Primer ohr5' (§'GCATCGGCCTCTTOGTTGGAC3') was mixed with 10
pg of RNA, and 200 U of cloned Moloney murine leukemia virus reverse
transcriptase was added. The mixture was incubated a1 42°C for 60 min. Then, 5
ui of the reaction mixture was added to a PCR containing primers ohr3” and
ohrR3" (5'GTCGAGCGCCTIGTCCGAGGA3™). PCR was performed using
previonsly described conditions for 35 cycles, and PCR products were analyzed
In an agarose gel (19).

Western analysis of Ohr and Cat. Cell lysates were prepared from X. campes-
tris pv. phaseoli cultures as previously described (20). Twenty micrograms of
prolein was loaded into cach lane and scparated by sodium dodecyl sulfatc-
polyacrylamide gel electrophoresis. Separated protein samples were transferred
o nitrocellulose membranes by clectroblotting (20). Immunological reactions
with an antj-Ohr or an anti-Cat antibody were done as described by Mongkolsuk
et al. {19, 20). The antibody reactions were detected using an alkaline phos-
phatase-conjugated goat snti-rabbit antibody. Subsequent detection of alkaline
phosphatase activity was done using a kit from Promega in accordance with the
instructions of the manufacturer.

Construction of pBBRohrR and pBBRobrRBs. pohr (20) was digested with
Sl The ends of the fragment were filled in with DNA polymerase 1, and the
fragmen: was redigested with Sacl. The 550-bp fragment containing ohrR was
purified from an agarose gel and ligated into pBBRIMCS-5 (13) digested with
Smal and Sac] 1o give pBBRobrR. A frameshift mutation in oArR was created by
digesting pBBRohrR with BstETT located in the coding regios, the ends of the
frapment were filled m with DNA polymerase I, and the ends were religated. This
pracedure gave pBPBRohrRBs.

Construction of X. campestris pv. phaseoll oAirR), ohrR2, and ohrR3 mulants.
The 65-bp Psil-Sacll and 211-bp Psrl fragments from restriction enzyme-digested
pohr were clectrophoretically separated from other DNA [rapments using a
1.5% agarose gel, The purified DNA fragments were recovered from the gel and
cloned into similzrly digested vector pUC18tet. This procedure gave pUCchrR1
and pUCohrR2. pohr was digested with Pul-Hincll, and the 615-bp fragment
was purified by ¢lectrophoresis and recovered from an agarase gel. The purified
fragment was cloned into similarly digested pUC18Km to give pUCohrR3 (see
Fig. 3). pUCshrR1, pUCohrR2, and pUCohrR3 were clectroporated into X
campesiris pv. phaseoli using previously described conditions (21), resulting in
XpohrR1, XpohrR2, and XpohrR3, respeclively. Transfarmants with pUCohrR1
and pUCohrR2 were selected for Tet® (15 ppfml), while transformants with
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pUCohtrR3 were selected for Km® (15 pg/ml). Genomic DNA was isolated from
these transformants and digested with appropriate restriction enzymes, After
electrophorelic separatian, the DNA fragmeats were hybridized with oArR and
pUC18 as probes {dats not shown} to confirm proper integration of the plasmid
into the X campesiris pv. phascoli chromosome. :

Construction of pP1 and pP2. pohr (20) was digested with Acc65], the ends of
the fragment were filled in with DNA polymerase 1, and the blunt-ended DNA
was redigested with BamHI. The 615-bp fragment containing P1 was scparated
by clectrophoresis, purificd from the agarose gel, and cloned inta Bpfl-Smal-
digested promater probe vector pUFR027cat-km (28). This procedure generated
pFi and placed the ofrR promoter in front of a promoterless caz gene. pP2 was
constructed by digesting pahr (20) with Notl, filling in the ends of the fragment
with DNA polymerase 1, and redigesting the blum-cnded DNA with Szcl, The
(45.bp fragment containing P2 was recovered from the agarose gel afier elec-
trophoretic scparation and cloncd into Sucl-Smal-digested piJFR027catKm 1o
give pP2.

okr primer extension. RNA was extracted as described above for Notthern
analysis (16, 17). In addition, purifiecd RNA samples were treated with 10 U of
RNase-frec DNase for 30 min. Primer ohrPt {5 GTCOAGCGCCTTGTCCGA
GGA3’), located 70 bp from the translation initiation codon of ohr, was radio-
actively labeled using T4 polynucleotide kinase end [**PJATP. Briefty, 10 xg of
DNasc I-treated RNA was added to a reverse transcriptase reaction mixture. The
reaction was started by the addition of 200 U of Moloney murine leukemia virus
reverse transcriplase. Products of the reactlon were analyzed on sequencing gele.
The sequence ladders were made using an fmol scquencing kit, oArRI-labeled
primer, and pohr (20) as the template.

Nucleotide sequence accession number, The nucleotide sequence of ofirR has
been deposited in GenBank under accession number AF036166,

RESULTS

ohr is not regulated by OxyR. In Xanthomonas spp., Pseudo-
monas aeruginosa, Deinococcus radiodurans, and Bacillus sub-
tilis, ohr expression is strongly induced by exposure to organic
peroxides (tBOOH and cumene hydroperoxide [CuOOH]) but
not by exposure to other oxidants and stresses (4, 9, 20, 22).
This pattern of induced expression appears to be conserved in
various bacteria and is unique to members of the ohr family
{4). Understanding the regulatory mechanisms of ohr is likely
to be generally important due to the wide distribution of ohr
homologues among gram-negative and gram-positive bacteria
(4,9, 20, 22, 26). OxyR, a peroxide sensor and transcriptional
regulator, is a potential regulator for organic peroxide-induc-
ible expression of ohr. For Xanthomonas spp., it has been
shown that OxyR-regulated genes are highly induced by
tBOOH, suggesting that it may also be jnvolved in sensing
organic peroxides (16, 19). First, we tested whether OxyR is
involved in the regulation of oAr. Total RNAs isolated from
uninduced and tBOOH-induced cultures of X. campestris pv.
phaseoli and an axyR mutant (21) were probed with radioac-
tively labeled ohr or ahpC gene-specific probes. akpC expres-
sion was used as a positive contro] for an OxyR-regulated gene
(19). The results of Northern analysis showed that ohr expres-
sion was highly induced by tBOOH to similar levels in both the
oxyR mutant and the parent strain (Fig. 1). As expected, ahpC
expression was highly induced by tBOOH only in the parent
strain (Fig. 1). The data prove that OxyR is not the regulator
of ohr.

Identification of a putative okir regulator, ohrR. A search for
a tBOOH-responsive regulator of ohr was initiated. During the
analysis of chr homologues in bacteria for which genome se-
quences have been completed, such as B. subtilis, F. aeruginosa,
and D. radiedurans, we noticed that adjacent to the ohir homo-
logues, there were open reading frames (ORFs) encoding pro-
teins with moderate amino acid sequence identities to mem-
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FIG. 1. OxyR-independent (BOOH induction of okr. Notthern
analysis of ohr and aApC expression in uninduced (U) or tBOOH-
induced (T) culiures of X. campestris pv. phaseoli (Xp) and an axyR
mutant {Xp oxyR) is shown. The arrowheads to the left and right
indicate the positions of ofir and ahpC mRNAs, respectively.

bers of a family of negative regulators of gene expression
including £. coli MarR (1, 2). These ORFs were candidates for
regulators of ohr. Thus, additional sequencing upstream and
downstream of X. campestris pv. phaseoli ohr was undertaken,
Analysis of the nucleotide sequence immediately upstream of
X. campestris pv, phaseoli ohr revealed an ORF encoding a
17-kDa peptide with 18% identity to E. colf MarR. We desig-
nated this ORF ohrR. The amino acid sequence of OhrR was
used to search databases. These searches revealed two groups
of related proteins. One group contains closely related proteins
of unknown functions with amino acid identities ranging from
32 to 54% in both gram-positive and gram-negative bacteria.
The genes for most members of this group are located adjacent
to ofr homologues, We have designated these unknown pro-
teins OhrR homologues. The second group has less identity to
OhrR (18 to 229%). Members of this group include E. coli
MarR and other known negative regulators of gene expression
(1, 2, 8).

The amino acid sequences of both groups of homologues
were used to construct a phylogenetic tree (Fig. 2). Analysis of
the tree supported the idea that OhrR homologues belong to
a larger and more diverse MarR family of transcriptional re-
pressors. The highly conserved MarR amino acid sequence
motif D-X-R-X.-L/I-T-X,-G, where X represents any amino
acid (2), was found in all OhrR homologues. In addition, it was
possible to extend the highly conserved MarR motif to L/M-
X3-G-X;3-R-X-D-X-R-X;-L-T-X,-G by comparing members
of the OhrR and MarR families. At present, the function of the
conserved motif has not been clearly established.

The ohrR-ohr gene order in various Xanthomonras strains
was determined by PCRs using a primer set located in the 3°
region of oArR and the 5' region of ehr and genomic DNASs
from various Xenthomonas strains. Analysis of DNA fragments
generated by the PCRs showed that the ohrR-ohr gene orga-
nization was conserved among all the Xanthomonas strains
tested (data not shown}. The availability of bacterial genome
and gene sequences in various databases allowed us to deter-
mine whether the ohrR-ohr gene organization was also con-
served in other bacteria. The analysis revealed that in Acineto-
bacter calcoaceticus, D. radiodurans, P. aeruginosa, Vibrio cholerae,
Streptomyces coelicolor, and X. campestris pv. phaseoli, ofrR is
located immediately upstream of ok (Fig. 3A). The organiza-
tion in B. subtilis is slightly different, in that ohArR (ykmA) is
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FIG. 2. Phylogenetic tree for OhrR and other members of the
MarR family. Analysis and construction of the tree were performed as
described in Materials and Methods. Proteins, GenBank accession
numbers {(in parentheses), and organisms are as follows: BadR
(U75363), Rhodopsendomonas palustris; HpcR (856952), E. colf; MarR
(P27245), E. coli; MexR (U23763), P. aeruginosa; Moal (D63524),
Kiebsiella aerogenes; OrR (AF036166), X. campestris pv. phaseoll (this
study), OhrR-Ac (Y09102), Acinetobacter sp.; OhrR1-Pa (D83290) and
OhrR2-Pa (GB3292), P. aeruginosa; ORF145 (Y13052), Staphylococcus
sciuri; OhrR-Ve (B82389), V. cholerae, OhrR-8Sc (AL163672), S. coeli-
color; PecS (P42195), Erwinia chrysanthemi; Sty A (P40676), Saimonetln
enterica serovar Typhimurium,; Ydgl (ID69783), Yhbl (Z99108), and
YikmA (E69857), B. subitilis. The bar indicates genetic distance,

located between two ohr homologues, ykiA and ykzA (9, 31). P.
geruginosa is an exception; it has two different copies of ohsR,
one copy {ohrR1-Pa) located upstream of oAr and another copy
(chrR2-Pa) located downstream of a glutathione peroxidase
gene (gpx).

Transcriptional organization of ohrR-okr. Next, we exam-
ined the transcriptional organization of X. cumpestris pv.
phaseoli oArR and ohr. Northern analysis showed that ohr is
transcribed as a (.5-kb monocistronic mRNA (Fig. 1). ofrR
was used to probe RNA isolated from tBOOH-induced cul-
tures. The results showed that the ofrR probe hybridized to a
1.0-kb mRNA (Fig. 3B). This mRNA is much longer than the
coding region of ohrR but is similar in size to the expected
bicistronic ohrR-ohr mRNA. However, this explanation contra-
dicted the results of the chr Northern analysis (Fig. 1). To
clarify the issue, Northern experiments using the ohr probe
were repeated. Longer exposure for the ohr Northern hybrid-
ization revealed an additional positive reaction of ohr mRNA
with 1.0-kb as well as 0.5-kb mRNA species (Fig. 3B). The
former corresponded to the length of the expected bicistronic
ohrR-ohr mRNA. More than 90% of ohr mRNA was mono-
cistronic, while the remainder corresponded to the chrR-ohr
bicistronic form (20).

To confirm the identity of the putative operonic ohrR-ohr
mRNA, it was analyzed by RT-PCR. A PCR primer set Iocated
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FIG. 3. Gene order and transcriptional organization of ohrR-ohr, {A) The bars above the map of oArR-okr indicate the locations and sizes of
the fragments used in the construction of ¢hrR mutants (Xp designations). The sizes and directions of the arrows represent the amounts and
directions of transcription, respectively. He, Hincll; K, Kpnl; N, NotT; P, Psel; Sel, Sael; ScIl, Sacll. (B) Northemn analysis of oArR and ohr. Ten
micrograms of RNA samples from tBOOH-induced cultures were separated in formaldehyde-agarose gels, and the RNA was transferred to nylon
membranes. The membranes were hybridized separately to radioactively labeled oirR or ohr probes. The arrowheads indicate monocistronic ohr
mRNA and bicistronic ohrR-ohr mRNA., (C) RT-PCR of RNA samples from tBOOH-induced X. campestris pv. phaseoli cultures. RNA extraction
and DNase [ treatment were done as described in Materials and Methods. The conditions for PCR and the primers used are described in Materials
and Methods. Lane M, molecular weight markers; lane 1, PCR of a positive contral DNA sampie; lane 2, RT-PCR of an RNA sampie from
tBOOH-induced X. campesiris pv. phaseoli cultures; lane 3, the same RNA sample and PCR conditions as in lane 2 except that the RT step was

omitted; lane 4, PCR of reagents (negative control).

3’ of the oh#R and 5' of the okr coding regions was added to
¢DNA obtained by RT of total RNA from a tBOOH-induced
culture. Analysis of DNA fragments from the PCRs showed
the expected 270-bp fragment when the ¢cDNA and a control
Xanthomonas genomic DNA were used as templates (Fig. 3C).
The 270-bp fragment was not detected in PCRs with the same
RNA sample but with the RT step omitted (Fig. 3C).

Effect of OhrR on ohr expression. OhrR belongs to a family
of negative regulators of gene expression (Fig. 2); thus, we
investigated its effect on oAr expression. pBBRohrR was ¢lec-
troporated into X, campestris pv. phaseoli, and the levels of ofr
expression in the transformants were determined. Northern
analysis clearly showed that high-level expression of oArR re-
sulted in more than a 10-fold reduction in uninduced ohr

FI1G. 4. Northern analysis of the effects of oftrR on ohr expression. Northern blotting of varfous X. campestris pv. phaseoli cells (Xp designations)
was performed as deseribed in Materials and Methods. The Northem blot was probed with radioactively labeled ofr. U, uninduced; T, tBOOH

induced; C, CuOOH induced.
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FIG. 5. In vivo ohrR and okr promoter analysis. Cat levels were deiermined by Western immunoblotting performed as described in Materjals
and Methods. Forty micrograms of total protein was loaded in each lane. U and I, lysates prepared from uninduced and tBOOH-induced cultures,
respectively. (A) Analysis of in vivo promoter activities of ohrR (pP1) and ohr (pP2). (B) Effects of OhrR on pP1 and pP2. Western analysis of
Cat levels in various strains (X. campestris pv. phaseoli [Xp] and ohrR mutant [Xp ohrR1] harboring pP1 or pP2 and with or without pBBRohrR}

is shown.

mRNA levels (Fig. 4), while ohr expression was fully induced
by exposure to tBOOH or CuOOH in both nontransformed X
campestris pv. phaseoli and the strain harboring pBBRohrR
(Fig. 4). In contrast, Northern analysis of X. campestris pv.
phaseoli cartying pBBRohrRBs, an ohrR frameshift mutant of
pBBR1IMCS-5, showed no repression of oAr expression (Fig.
4). The data provide strong evidence for the role of OhrR as a
negative regulator of ohr expression.

Expression from ¢ArR and chr promoter fusions. Northern
analysis of oArR and ofr expression suggested that oArR and
ohr should have weak and strong inducible promoters, respec-
tively. Thus, the promoter activities of both genes were exam-
ined in vivo, Plasmids pP1 and pP2, containing the ¢ArR and
ohr promoters, respectively, in front of the reporter gene, cat,
in a promoter probe vector were transformed into X. campes-
trés pv. phaseoli. Western analysis of Cat levels in the pPI- and
pP2-containing strains gave unexpected results: pP1 directed
tBOOH-inducible high Cat levels, whereas pP2? directed con-
stitutive low Cat levels (Fig. 5A). These results suggest that P1
is responsible for the tBOOH-inducible expression of both
ohrR and ohr, whereas okr has a weak promoter, conclusions
that contradict those drawn from the Northern analysis.

OhrR is involved in autoreguletion and tBOOH-induced
expression from the okrR promoter. The effects of OhrR on
ohr expression (Fig. 4) and the results of in vivo analysis of
ohrR and ohr promoter activities (Fig. 5A) raised several ques-
tions regarding ohr repression and derepression mechanisms.
Accordingly, experimnents were undertaken to determine the
consequence of high-level expression of orR on the P1 and P2
promoters. X. campestris pv. phaseoli hatboring pPi or pP2
was transformed with pPBBRohrR, and Cat levels in the trans-
formants were determined. The results showed that uninduced
Cat levels in cells harboring pP1 and pBERohIR were sever-
alfold lower than those in cells harboring pP1 alone (Fig. 5B).

In contrast, the repression of car expression by pBBRohrR was
relieved by tBOOH treatment; similar Cat levels were detected
in tBOOH-induced cultures of X. campestris pv. phaseoli cells
harboring pP1 and pBBRohrR or the vector alone (Fig. 5A
and B). As expected from these results, the frameshift muta-
tion in ohrR (pPBBRohrRBs) climinated the repression of P1
(data not shown}. pBBRohrR had no effect on pPZ (data not
shown).

We extended these observations by examining the promoter
activities specified by pP1 and pP2 in an ofrR mutant. Densi-
tometer analysis of Cat levels specified by pP1 in an uninduced
ohArR mutant were similar to tBOOH-induced levels in the
parent strain harboring the plasmid. The Cat levels in the
mutant were at least fourfold higher than the levels in the
uninduced parent strain, Moreover, the expressicn of cat from
the promoter was not inducible by tBOOTI in the oA»R mutant
(Fig. 5B). These findings were the first indication that oh7R was
required for organic peroxide-induced expression of the chrR-
ohr system. P2 promoter activity was not affected by mutations
in ohrR (data not shown).

Inducible expression of ohr might invelve RNA processing of
ohrR-chr transcripts. Northern analysis identified a stable
0.5-kb okr transcript that is presumably processed from a
longer, 1-kb bicistronic oArR-ohr iranscript. Primer extension
experiments were done to locate the 5’ end of abundant ohr
mRNA and also to determine if tBOOH exposure influenced
the amounts of primer extension products. Three primer ex-
tension preducts were recovered (Fig. 6). The amounts of
these products increased 10-fold when RNA from tBOOH-
induced cultures were used (Fig. 6). The locations of primer
extension products are shown in Fig. 6. Analysis of nucteotide
sequences in the region showed that a stem-loop secondary
structure could form upstream of oftir with the 5 ends of ohr
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locations of primer extension products in panel A and the locations of
putative RINA processing sites in panel B.
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mRINA located in the loop section. This structure could be
involved in the processing of bicistronic chrR-ohr mRNA (Fig. 6).

Mutations in ¢hrR are polar. In initial studies to determine
the physiclogical roles of oArK in organic percxide resistance,
insertional inactivation of the gene was generated using
pUCohrR1 (Fig. 3A). In theory, inactivation of a putative nega-
tive regulator of ohr should result in a higher level of expression
of chr and thus a higher level of resistance to tBOOH. Ac-
cordingly, using the zone-of-growth-inhibition technique, the
tBOOH and CuQOH resistance levels in XpohrRI mutant
strain and the parent strain were determined and found to be
25 and 18 mm for tBOOH and 27 and 19 mm for CuOOH,
respectively. The results indicate that the mutant was more
susceptible to tBOOH and CuOOH. Two additional dis-
ruptants of ohrR, generated with pUCohrR2 and pUCohrR3,
gave similar results (data not shown). Moreover, pBBRohtR
was unable to complement the phenotype. No alterations in
the levels of resistance to H,0,, a superoxide generator (men-
adione}, were observed in ohrR mutants (data not shown). The
tBOOH-sensitive phenotype and the inability to complement
the oArR mutation suggest that the integration of pUCohrR1,
pUCohrR2, and pUCchrR3 is polar on ohr. Northern experi-
ments were done Lo determine the effect of orR mutations on
ohr expression. The results showed lower constitutive expres-
sion of ohr in all three mutants (Fig. 4), consistent with the idea
that transcription of the gene normally initiated from P1 ter-
minates in some parts of the integrated plasmids. The low
constitutive ohr mRNA, levels in the oArR mutant strains (Fig.
3) may have been due 1o transcription initiation from a plasmid
promoter. Low ohr expression levels in phrR mutants ac-
counted for the reduced tBOOH-resistant phenotype of the
mutants,

DISCUSSION

Organic peroxide-inducible expression of chr expression in
an oxyR mutant demonstrated that the process is independent
of the global peroxide sensor and regulator OxyR (Fig. 1). This
finding was the first clear indication of the existence of an
additional regulatory system(s) that responds to organic per-
oxides. Identification of ohrR upstream of ohr suggested that it
might encode & putative negative transcriptional regulator.
The phylogenetic analysis (Fig. 2) revealed that OhrR homo-
logues comprise a group of highly conserved and widely dis-
tributed proteins found in both gram-positive and gram-nega-
tive bacteria. The gene order ohrR-ohr also shows a high
degree of conservation. The analyses of transcriptional orga-
nization of X. campestris pv. phaseali chrR-chr by Northern
blotting and RT-PCR show that these genes are coregulated
and have an atypical transcriptional organization. ohrR mRNA
was found as a bicistronic message with ofir, while ohr mRNA
was found in both bicistronic and monocistronic forms. The
monocistronic form of ohr mRNA has been observed in di-
verse bacteria, such as B. subtilis (9, 31), D. radiodurans, and P.
aeruginosa {4, 22). Determination of ohrR and ohr transcrip-
tional organization is seen as crucial to an understanding of the
complex regulation of the expression of both genes in Xan-
thomonas.

OhrR is a negative regulator of ohr expression. Identifica-
tion of OhrR as a member of the E coli MarR family of
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negative regulators of gene expression suggested that OhrR
probably functions in a fashion similar to that of other MarR
family members. However, some members of the MarR family,
such as BadR (8) and SlyA (6), have been shown to act as
positive regulators of their target genes; one member of the
family, MexR, can act as both a negative regulator and a
pasitive regulator (23). Nonetheless, the majority of MarR
family members are transcriptional repressors (2). The work-
ing assumption that OhrR is a negative regulator of ohr was
supported by the finding that the high-level expression of oArR
resulted in the repression of oAr expression {Fig. 4). The loss of
repression as a consequence of a frameshift mutation in chrR
further supported the role of OhrR as a negative regulator
(Fig. 4). Similar observations have been made for other bac-
teria, where high-level expression of MarR family members
results in the repression of their target genes (1, 2, 8, 18).

A unique feature of MarR family members is the aromatic
ligands recognized by these proteins. Although these are struc-
turally diverse, all of them contain at least an aromatic ring (1,
2). It is believed that these ligands bind to the negative regu-
lators and inactivate them, hence allowing increased expres-
sion of the target genes (1, 2). We showed that the repression
of ohr by OhrR can be relieved by exposing the cells to
CuQOH and tBOOH, presumably by inactivation of OhcR by
these ligands (Fig. 4). Hence, OhrR probably recognizes
tBOOH, a nonaromatic compound, as a ligand. In Xanthomo-
nas, tBOOH and CuOOH (an aromatic compound) induce ohr
expression equally well (20). Alternatively, organic peroxides
might directly oxidize OhrR, leading to inactivation of the
protein. Experiments are in progress to purify OhrR to exam-
ine the effect of tBOOH binding on OhrR function.

ohr expression probably involves processing of a bicistronic
transcript. ohr primer extension experiments showed three
major primer extension products corresponding to three 5
ends of the mRNA. All three primer extension producls
showed 10-fold increases in expression when RNA samples
from tBOOH-treated cultures were used as templates (Fig. 6).
Accordingly, we searched the sequences upstream of the 5’
ends of ohr mRNA for a possible P2 promoter. Examination of
the sequences upstream of the three major primer extension
products identified the sequences TTGCAC and GATTCA,
which show five of six matches to the Xanthomonas promoter
consensus sequence al —335 and —10, respectively (12). How-
ever, these putative promoler sequences are separated by only
11 bp and so are unlikely to function as an efficient promoter
in vivo. Analysis of ohr primer extension results failed to show
a constitutive primer extension product, although analysis of
the P2 promoter in vivo revealed weak constitutive activiry.
This could have been due to a very low expression level that
even the primer extension technique was unable 10 detect for
the transcription start site. Alternatively, the weak P2 activity
could have been an artifact from the cloning of the P2 pro-
moter fragment inlo the promoter probe vector.

An alternative explanation for the Northern blot and primer
extension results is that oArR-ohr s transcribed as a two-gene
operon from the ohrR promoter (P1) as the bicistronic mRNA
is processed. The oArR-ohr intercistronic region (98 bp; Fig.
6B) is unusually long, suggesting that the region could be
involved in the regulatory process. Examination of the se-
quence surrounding the 53’ ends of ohr reveals that the nucle-
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otide sequence in this region has the potential to form a stem-
loop secondary structure with the three sites defining the 5’
ends of oir mRNA located in the loop (Fig. 6B}, The potential
secondary structure of the mRMNA sequence at this point is
similar to the RNase I1I processing site (3). RNase III recog-
nizes stem-loop structures and usually cleaves the mRNA in
the internal loop (3). In E. coli, RNase I1I processing has been
shown to affect the rate of mRNA degradation and fo increase
or decrease the levels of gene expression (29). Thus, it is likely
that the ohrR-ohr mRNA is processed by an RNase [II-like
enzyme(s). We propose that processing results in the produc-
tion of the 0.5-kb ohr mRNA and the rapid degradation of
ohrR mRNA (Fig. 3B). The inability to detect the manocis-
tronic form of cArR mRNA supports this idea and also suggests
that the processed ohrR mRNA is less stable than ohr mRNA.
This would reduce the level of translation of chrR mRNA and
hence reduce the production of OhrR. Furthermore, OhrR
levels would be kept low by autoregulation of the ehrR pro-
moter by OhrR. Thus, in uninduced cells OhrR would be
maintained at low levels,

The characteristics of P1, namely, organic peroxide induc-
ibility and strong activity, fit the observed effects of organic
peroxides on ohrR and ohr expression. In addition, the lack of a
strong inducible promoter in front of ohr favors the idea
that P1 is responsible for the organic peroxide-inducible ex-
pression of both ohrR and ohr (Fig. 3B). This explanation can
be extended to account for the polar effects of chrR inser-
tional mutations on ohr expression. The physical separation of
the ohrR promoter from ohr by insertion of pUCohrR1,
pUCohrR2, and pUCohrR3 into ohrR prevented the organic
peroxide induction of ohr.

OhrR is required for tBOOH-induced expression from PL.
A question arises as to whether OhrR is required for tBOOH
induction of ohrR-ohr. ohrR promoter activity (P1) was consti-
tutively high in an ohrR mutant (Fig. 5B), indicating that OhrR
is not involved in the activation of operon expression. P1 could
be repressed by OhrR (Fig. 5B), implying that OhtR is re-
quired to maintain the uninduced operon at low levels. This
repression could be alleviated by exposure to tBOOH. These
results strongly suggest that tBOOH-induced expression of the
operon is due to derepression of P1. The derepression mech-
anism involving the inactivation of OhrR by tBOOH is likely to
be the major step in organic peroxide-induced ohr expression.
However, at present we cannot conclusively rule out that an-
other, activating transcription factor also is involved in the
induction process. The possibility is being investigated.

Model for okr and ohrR tBOOH-inducible expression. Con-
sidering all the available data, we propose a model for chr
regulation by OhiR and induction of the genes by organic
peroxides. ohrR and ofr are transcribed from the strong or-
ganic peroxide-inducible P1 promoter. Then, the bicistronic
1.0-kb ohrR-ohr mRNA is processed at sites upstream of the
ribosome binding site for cAr by an RNase Ill-like enzyme to
give a 0.5-kb ohr mRNA, while chrR mRNA is rapidly de-
graded. In uninduced cells, a low level of OhrR keeps P1
repressed, resulting in low levels of both OhrR and Ohr. The
expression of okrR is autoregulatory. Upon exposure to or-
ganic peroxides, binding of the ligand (organic peroxides) to
©OhrR leads to inactivation of the protein and prevents it from
binding to P1. This process derepresses the expression of the
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operon and results in high-level expression of ohrR-okr. The
bicistronic olrR-ohr mRNA is processed to give high levels of
ohr mRNA and, ir turn, bhigh levels of Ohr and increased
organic peroxide resistance. Concomitantly, the higher level of
OhrR also produced is neutralized by the binding of the ligand

to

the protein. When organic peroxides have been removed,

OhrR activity is restored and expression of the operon is once
again repressed.
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Summary

Bacterla adapt to the presence of reactive oXygen
species (ROS) by Increasing the expression of de-
toxification enzymes and protein and DNA repalr
functions. These responses are co-ordinated by tran-
scription factors that regulate target genes in
response to ROS. We compare three classes of
peroxide-sensing regulators: OxyR, PerR and OhrR.
In all three cases, peroxides effect changes In the
redox status of cysteine residues, but the molecular
details are distinct. OxyR s converted into a tran-
scriptional activator by the formation of a disulphlde
bond hetween two reactive cysteins residues. PerR
is & metalloprotein that functions as a peroxide-
sensitive repressor. Oxidation s modulated by metal
lon composition and may also involve disulphide
bond formatlon. OhrR represses an organic peroxide
resistance protein and mediates derepression in
response to organic peroxides. Peroxide sensing in
this system requires a single conserved cysteine,
which is oxidized to form a cysteine—sulphenic acld
derivative.

Introduction

Tha evolution of oxygenic photosynthesis = 2.4 billion
years ago led to one of the greatest threats sver to have
challenged the microbial world: the accumulation of ever
increasing levels of oxygen gas in the atmosphere,
Although this global changs allowed the evolution of more
officient forms of respiration using oxygen as a terminal
elactron acceptor, it also created a strong selective pres-
sure for enzymes that could protect cslls against reactive
oxygen specles (ROS} such as superoxide anion and
hydrogen peroxide. As a result, organisms either became
restricted to niches free from oxygen (anaerobes) or
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acquired protective mechanisms including superoxide
dismutase (SOD), catalase and alkyl hydroperoxide
reductase {Abp) (Storz and Zheng, 2000; Touati, 2000).

Most aercbes have multiple, often overlapping path-
ways for detoxifying ROS. These multiple enzymes may
diffar in their time of expression, subcellular localization
or regulation. For example, many bacteria induce the
expression of catalase or other protactive enzymes during
the transition from growth to stationary phase, presum-
ably as an adaptation to protect the genomse and other
essantial cellular components against oxidation during a
passibly proionged non-growing phase. In addition, pro-
tective enzymes may be specifically induced by exposure
to low levels of oxidants (Storz and Imlay, 1999). In this
review, we emphasize recent insights into the mecha-
nisms of peroxide sensing for three families of proteins
that activate inducible paroxide stress responsas (Fig. 1).
A common thema is the use of a highly redox-active
cystaine residue to sense the presence of peroxides, but
the molecular details of cysteine activation are likely to be
distinct.

The OxyR family

Escherichia coli OxyR was the first peroxide-sensing tran-
scription factor to be well characterized {Storz and Zheng,
2000; Zheng and Storz, 2000}, The OxyR regulon
inciudss genes involved in peroxide metabolism and pro-
taction (katG, ahpC, ahpF, dps), redox balance {gor, grxA,
trxCy and important regulators such as fur and the small
RNA oxyS (Zheng et al., 2001a,b).

The malscular basis for the redox regulation of OxyR
has baen elucidated by an elegant combination of struc-
tural, biochemlcal, gensetic and physiological studies.
Early experiments indicated that OxyR senses oxidanis
directly: reduced OxyR binds to two adjacent major
grooves separated by one helical turn, while in its oxidized
form, it binds four adjacent major groove ragions and
activates transcription by direct contact with RNA
polymerase. The initial reaction of OxyR with HO; Is
postulated to occur at Cys-198, leading to the formation
of an unstable Cys—sulphenic acid (Cys—-SOH) intermedi-
ate (Zheng ot al., 1998). The high reactivity of Cys-199
with peroxides is probably caused by the ionization of this
rasidue to the thiolate anion, which is stabilized by proxi-
mity to a conserved arginine residue {Arg-266; Fig. 1A)
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Flg. 1. Thres classes of bacterial peroxide sensors.

A. OxyA is a tetrameric DNA-binding protein that can be reversibly
oxidized to form a disulphide linking Cys-199 and Cys-208 (E. coli
numbering). The three-dimensional structure of the OxyR regulatory
domain in its reduced state {shown schematically in the inset; dark
lines represent portlons of the protein backbone) led to the
remarkable finding that these two Cys residues are separated by

=~ 17 A {Chot et af, 2001). Cys-199 Is postulated to be activated for
reaction with H;O, by It proximity to the positively charged side-
chain of Arg-268. QOxidation laads to a refolding of the regulatory
domain, and the consequent structural changas alter the
interactions of OxyR with DNA, and therefare with RNA polymerase
(RNAR).

B. ParR is shown in its activa (DNA-binding} form, containing one
zine and one iron atom pear monomer {Herbig and Helrnann, 2001},
bound to a consensus per box as found in B. subtitls and S. aureus
{Chen et &, 1895; Horsburgh et af., 2001; Herblg and Helmann,
2002}). Upen reaction, the protein is oxidized, leading o
derspression of target ganes. Oxidation apparently affects one or
more Cys residues, postulated to Include residues functioning as
metal ligands, but the molecular dstails are not yet clear.

C. Tha OhrR protein is shown bound 1o its target site as defined for
B. subtilis (Fuangthong et al,, 2001}, Oxidation of OhrR upon
exposure to organic pesoxides leads te oxidation of the single
cysteine vesidue (Cys-15), leading to the formation of a Cys—-SOH
{and Cys—S0.H) derivative and a concomitant loss of DNA-binding
activity (Fuangthong and Helmann, 2002).

{Choi &t al., 2001). Once oxidized, Cys-199 reacts with
Cys-208 to form an intramolecular disulphide bond. As
these two cysteine residues are separated by =~ 17 A in
the reduced slate, oxidation is necessarily accompaniad
by a refolding of a central domain in the OxyR protomer
(Choi et al,, 2001).

The activation of OxyR by HM,0, is both sensitive and
transient. Physiological studies indicate that aerobicaily
growing E£. coll maintain cytoplasmic HyO, concentrations
near 20 nM, primarily because of the peroxidase activity
of Ahp (Costa Seaver and Imlay, 2001a)}. Indead, the
OxyR regulon is activated by as littte as 100nM intra-

cellutar H,O,, and growth is inhibited when levels raach
2 uM (Gonzalez-Flecha and Demple, 1997; Costa Seaver
and Imlay, 2001b). As H,0O, decomposition is faster than
diffusion across the cytoplasmic membrane, tha addition
of 10pM external H,O, is needed to achieve growth-
inhibiting levels inside the cell (Costa Seaver and Imiay,
2001b}. If growing cells are pulsed with 100puM H,O,,
OxyR is rapidly oxidized (<30 s) and then re-reduced with
a half-time of 5min (Aslund et a., 1999). This transient
activation reflects the direct oxidation of OxyR followed by
reduction by glutaredoxin 1 (GrxA) and glutathione {GSH)
{(Zheng et al, 1998). As a result, peroxide activation of
OxyR in grxA and gor (glutathione reductase) mutants is
protonged. In vivo experiments from wvarious bacteria
show that high congcentrations of superoxide gesnarators
(8.9. »0.3mM paraquat} and S-nitrosothiols also Induce
the expression of OxyR-regulated genes (Mongkaisuk
et al,, 1997; Storz and Zheng, 2000; Zheng st al., 2001b).
However, it is not clear whether these compounds oxidize
OxyR diractly or are acting indirectly by, for example,
altesing celiular thiol/disuiphide homeostasis.

Aithough OxyR is identified primarily as an H,0, sensor,
it can also respond to disulphide stress resuiting from
defacts in the systemns that function to maintain an intra-
cellular reducing environment (Aslund et al, 1999). in
wiid-type cells, the redox potential of OxyR (-1B5mV) is
higher than that of the E. colf cyloplasm (-280mV), and
OxyR is reduced. However, mutant strains with alterations
in bath the glutathione- and thioredoxin-dependent thiol
reduction systems exhibit a partial activation of OxyR
even in otherwise unstressed conditions. This activation
is correlated with changes in cellular redox status, as
monitored by the ratio between reduced and oxidized
glutathione.

These results have led to an appreciation of the dis-
tinction between peroxide stress and disulphida stress
{Aslund ef al.,, 1999). Disulphide stress can be specifically
elicitad in calls by treatment with the thiol-specific oxidant,
diamide, whereas peroxide stress has more far-reaching
effects on cellular metabolism. Further evidence for the
distinction between peroxide stress and disulphidae strass
has emarged from analysis of the Streptomyces coeli-
color ¢ ragulon {Paget et af., 2001a). Induction of the o®
regulon with diamide activates transcription of thiorsdoxin
and thioredoxin reductase, thereby acting to restors oxi-
dized thiols in the cell to their appropriate reduced state
{Paget et al, 1998). The activity of ¢o" is reguiated by
RsrA, the cognate antic factor (Kang ef af., 1999), which
is a zinc metatioproteln that binds c® to form an inactive
complex. Oxidation of RsrA leads to tha formation of dis-
ulphide bonds and the concomitant release of Zn{ll).
Thus, it is likely that the role of RsrA as a sensor of oxida-
tive stress involves one or more reactive cysteine
residues co-ordinated to Zn(lly (Paget et al., 2001b).

© 2002 Blackwell Science Ltd, Molecufar Microbiology, 45, 9-15



Regulators such as oxyA are widely distributed in most
Gram-negative (both aerobes and anaerobes) and some
Gram-positive bacteria. The C199 and C208 residues
invohved in H,O, sensing are absclutely censerved, sug-
gesting a commeon redox-sensing mechanism (Sterz and
Zheng, 2000). However, not all aspects of OxyR regula-
tion are similar to £. colt in Xanthornonas campestris,
exposure to oxidant results in changes in both the lavel
and activity of OxyR (Mongkolsuk et al., 1997).

The PerR family

The ferric uptake repressor (Fur) superfamily of metallo-
ragulatory proteins includes several small, dimeric, DNA-
binding proteins that respond to metal ions including
Fur itsalf {iron sensor), Zur {zinc sensor) and PerR (per-
oxide sensor) (Bsat et al., 1998; Gabalia and Helmann,
1998; Escolar st al., 1999). PerR was identified as the
major ragulator of the inducible peroxide stress response
in Baclflus subtilis and is the prototype for a group of
related peroxide-sensing repressors found in both Gram-
positive and Gram-negative bacteria (Herbig and
Helrmann, 2002).

The B subtilis perR gene was discovered as the
repressor of the metalloregulated gene mrgA, which is
strongly repressad by saveral different metal ions includ-
ing manganesa and Iron (Chen et al., 1895; Bsat ef al.,
1998). The link between mrgA and the peroxide stimulon
emerged from two findings: mrgA encodes a homologue
of the E. coff paroxide-inducible DNA-binding protain, Dps
(Almirdn et al, 1992), and MrgA is a major peroxide-
inducible protein idantified by amino-terminal sequencing
{Hartford and Dowds, 1984). The PerR regulon, defined
using bath genome-scale searchses for PerR binding sites
(Per boxes) and transcrptional profiling, includes mrgA,
the major vegetative catalase (katA), alkyl hydroperoxide
reductase (ahpCF}, the haem biosynthesis operon
(hemAXCDBL), fur, parA and a zinc uptake system
(zosA) (Fuangthong et af, 2002; Herbig and Helmann,
2002; Gaballa and Helmann, 2002).

Like other Fur family members, PerR contains two
metal binding sites per monomer (Herbig and Helmann,
2001): one site binds Zn(ll) and may play a largely struc-
tural role, whereas the second site binds a reguiatory
matai (Fig- 1B). In vivo, either Mn(ll) or Fe(li} function as
co-repressors for the regulation of mrgA and katA {Chen
et al., 1995). Howaver, the metal ion content of the growth
medium has striking effects on peroxide induction: in
Mn{1)-supplemented medium, theses genes are tightly
repressed, and peroxide induction is inefficlent. In con-
trast, in medium with added [ron, peroxide induction of
PerR requlon genes leads to levals comparable with
those in perA null mutant strains (Herbig and Helmann,
2001; Fuangthong et al., 2002). As purified after over-

@ 2002 Biackweil Sclence Litd, Molecular Microblology, 45, 8-15
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exprassion in E. cofi, PerR contains both zinc and iron
and can be readlly dissociated from DNA by low levels of
H.QO;. The addition of Mn(ll), which binds competitively
with Fe(ll), yields a form of the protein that is not readily
dissociated from DNA by peroxide (Herbig and Helmann,
2001). Together, these results suggest that PerR in tha
ferrous form may mediate most peroxide Induction.
Ongeing studies are continuing to investigate the corre-
lation betwean the various metallated forms of PerR and
peroxide rasponsiveness,

Several differant mechanisms could account for parox-
ide sansing by PerR-type regulators. One class of mech-
anism posits that H,O, reacts directly with the regulatory
metal ion {(e.g. Fe(ll}). thereby leading to metal dissocia-
tion and concomitant dereprassion. In this case, the local-
ized production of hydroxyl radical (generated via reaction
of peroxide with bound ferrous ion) might also oxidize cne
or mora amino aclds near the metal binding site. This
model would not necessarily require the formation of a
disulphide bond. A second class of mechanism can be
envisaged, in which H,O, reacts with one or more cys-
teine residuss, leading to disulphide bond formation as
observed for OxyR. In general, cysteine thiolates co-
ordinated to metal ions are attractive candidates for a
redox centra. In this mechanism, redox activity of the
metal centre is nol necessarly involved in peroxide
sensing. This type of mechanism has been documented
for the redeox regulation of the zinc-binding chaperone,
Hsp33 (Graumann et al., 2001).

Recent results lead us to favour a mechanism for B.
subtilis PerB In which a reactive cystelne residue that is
co-ordinated {o the regulatory metal ion reacts with H,O,
leading to disulphide bond formation and concomitant
loss of metal ion. Purified PerR binds Per boxes in vitro,
and binding is sensitive to peroxides, but restored by thioi
reductants {Herbig and Helmann, 2001}. Ali described
PerR homologues have a highly conserved CxxC motif
near their carboxy-terminus, and these cysteine residues
are critical for repressor function: mutations that change
Cys to Ser abolish raprassor function. However, PerR
mutants that retain the ability of the amino acid to serve
as a metal ligand {e.g. C139H or C139D} retain repres-
sor function, but display little if any response to peroxide
addition (M. Fuangthong, S. Soonsanga and J. D.
Helmann, unpublished studies). Reaction of PerR with
H,O, probably leads to disulphide bond formation, as
judged by chemical modification experiments and the
ability of oxidized PerR to be reactivated by thiol reduc-
tants. The use of a metal-co-ordinated cysteine residue
for peroxide sensing is consistent with the finding that the
identity of the regulatory metal strongly affects percxide
responsiveness, but the molecular basis for this relation-
ship is not yet resolved (Hesbig and Helmann, 2001;
Fuangthong et al., 2002).
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PerR and PerR-like regulators have now been
described in a wide variety of organisms including
Staphylococcus aureus, Streplococcus pyogenes and the
Gram-negative pathogen Campylobactor jefuni (van Vliet
ot al., 1999; King et al., 2000; Horsburgh et al., 2001). The
5. aursus PerR regulon is very similar to that in B.
subtilis. PerR mediates repression of catalase, alkyl
hydroparoxide reductase, PerR, Fur and thioredoxin in
response to Mn({ll). In this organiam, iron does not appear
to be a co-repressor for the PerR ragulon (Horsburgh
at al., 2001). interestingly, fur is not peroxids inducible in
either S. aureus or B. subtills, indicating that not alt
members of the PerR regulon are members of the per-
oxide stimulon (Horsburgh et al., 2001; Fuangthong et a/.,
2002). In 8. pyogenes, a catalase-negative bacterium,
PerR co-ordinates an adaptive response 10 peroxide
stress, but the targets of PerR regulation have not yet
been identified (King &t al/, 2000). Like B. subtills, C.
jefuni perA was Identified during analysis of proteins
induced by Iron starvation {van Vliet et al, 1998; 1999).
Two classes of proteins were defined: those regulated by
Fur and those regulated by PerR {e.g. AhpCF, KatA).
Thus, the G. jejuni PerR apparently recognizes Fe{ll}
as a co-reprassor. In S. coslicolor, a PerR-like raguiator
called CatR mediates the peroxida induction of CatA, one
of three catalases in this organism (Hahn et al., 2000a}.
Raguiation of catd by matal ions has not been observed,
however. In this case, it was postulated that peroxide
sensing may involve the cysteins tigands to an associated
Zn(ll) ion.

Thare are several other examples of Fur-like regulators
associated with peroxide stress genes. In Mycobacterfum
spp., the furA gene is upstream of, and perhaps co-
transcribed with, katG and expression is induced by H,O,
{Milano ef al., 2001; Pym et al., 2001; Zahnt et al., 2001).
Expression of katG is derepressed in a furA mutant,
consistent with a role for FurA as a repressor of catalase—
peroxidase expression (Pym et al, 2001). In 8. coslicolor,
the catC catalase—peroxidase is co-transcribed with fura,
which serves as a metal-sensing repressor for the
furA—catC operon, but this operon does not appear to ba
inducible by H.0, (Hahn et ai., 2000b}. Finally, in Dasul-
fovibrio vuigaris, a peroxide stress operon encodes a fur
homologue together with rubrerythin, which functlons in
oxidative stress resistance (Lumppio et al., 1997; 2001).
it is liksly that this cperon is also regulated by this Fur
homologus, but the details are not yet elucidated. It
seems clear that PerR-like reguiators are associated with
peroxide stress genes in many bacteria and control gena
expresslon in response o metal ions, H,O, or both, The
complexity of this situation is evidert from the observa-
tion that the metal selectivity of repression and the abillity
of target genes to be induced by peroxide differ markedly
among various PerR regulons, and even among the

different members of the B. subtilis PerR regulon
(Fuangthong et al., 2002).

It is interesting to ponder the evoiutionary origins of
PerR. We propose that this family of ragulators has
evolved from an ancestral Fur-like regulator by selection
for sensitivity to physiological levels of peroxides. These
ragulators still retain the need for metal ion cofactors, pre-
sumably to enhance the reactivity of one or more associ-
ated cysteine residues. In contrast, Fur functions as an
Fe(ll}-specific sensor and has presumably evolvad to be
more selective towards metal jons and less reactive to
HO,. Neverthelass, Fur may stll retain some sensitivity
to ROS: in S. enterica var. typhimurium, flavohaemoglo-
bin is induced by nitric oxide in a Fur-dependent manner
(Crawford and Goldberg, 1998). In addition, the E. coli
fhu operon, encoding iron uptake functions, has been
found to ba dually regulated by both OxyR and Fur. in this
case, activated OxyR madiates repression of this oparon
in response to oxidative strass. Remarkably, in an oxyR
mutant, this operon is induced by high concentrations of
H:O, (1 mM}, perhaps as a result of inactivation of bound
Fur proteln (Zheng et al, 2001a). In summary, the
Fur- and PerR-like regulators may form a continuum of
regulators that vary from peroxide-sensing repressors
that require a metal ion for DNA binding to metal-sensing
repressors that may also display some sansitivity o
ROS.

The OhrR family

The ohr (organic hydroperoxide resistance) gene was
identified in X. campestris by virtue of its abllity to restore
organic peroxide resistance to an £. coli ahpC mutant
{Mongkolsuk et &l., 1988). This ohr family of antioxidant
proteins is found in a wide variety of bacteria, but their
molecular mechanism of action is poorly characterized
(Atichartpongkul ef ai, 2001}, Expression of X,
campaestris ohr is strongly and selectively Induced by
organic peroxides, and this regulation is indepandent of
OxyR and instead requires a novel membesr of the MarR
family of repressor proteins, OhrR (Fig. 1C} (Sukchawalit
et al., 2001).

Bacillus subtifis contains two linked ohr homologues:
ohrA and ohrB. Expression of ohirBis controlled by o®, the
general strass responss o factor. Like other general stress
response genes, ohrBis induced by heat shock, entry into
stationary phase and various oxidants and organic alco-
hols (Volker ef al., 1998). in contrast, ohrA is selectively
induced by organic peroxides (Fuangthong et al., 2001).
Regulation of ohrA is mediated by OhrR, encoded by a
convargent gene. OhrR binds to a pair of invertad repeat
sagquencas overlapping the ohrA promoter site (Fig. 1C)
and thareby blocks transcription initiation (Fuangthong
et al, 2001; Fuangthong and Helmann, 2002).

© 2002 Blackwell Science Ltd, Molecuiar Microbiology, 45, 915



Insights into the mechanism of peroxide sensing by
OhrR have emerged from recent genetic and biochemical
studies (Fuangthong and Helmann, 2002). OhrR and
related proteins in other bacteria have a single, conserved
cysteing residue. Mutant strains expressing OhrR pro-
teins with sither a Cys-158er or a Cys-15Ala substitution
are unable to induce ohrA expression in response to
organic peroxides. /n vitro, purified OhrR protein binds
tightly to its cognate operator site, and binding is abol-
ished by treatment with peroxides but can he restored by
the thiol reductant, dithiothreitol. These resuits suggest
that peroxide sensing requires oxidation of Cys-15
(Fuangthong and Helmann, 2002).

In contrast to the systams described above, in vitro oxi-
dation of OhrR does not lead to disulphide bond forma-
tion and, instead, leads to the formation of a Cys—SOH
(sulphenic acid) derivative. Biochemical experiments
using both chemical modification and mass spectrometry
have demonstrated that oxidized OhrR contains a
Cys—SO0OH {and further oxidized) residue in vitro, and the
formation of these derivatives is correlated with loss of
DNA-binding activity. it remains to be determined whether
or not & similar mechanism occurs in vivo: oxidized Cys
residues are quite reactive and, /n vivo, the subsequent
formation of mixed disulphides, perhaps with free cysteine
or other low-molecular-weight thiols, may be favoured.
Tha formation of Cys—sulphenic aclds has also been pro-
posed as & mechanism for pesoxide sensing for eukary-
otic transcription factors {Claiborne et &/, 1999).

Intersstingly, the ofr system is conserved in a variety
of Gram-negative and some Gram-positive genomes. in
addition to X. campesiris and B. subtilis, ohr homologues
been identified in Pseudomonas aeruginosa {Ochsner
et al., 2001), Enterococcus faecalis (Rince st ai., 2001)
and Actinobacilius pleuropneumoniae (Shea and Mulks,
2002). Although the details of regulation in these systems
have not yet been reported, the frequent linkage to an
ohrR homologue suggssts that this peroxide-sensing
repressor is widespread (Sukchawalit et ar., 2001).

Concluding remarks

The need to co-ordinate gens exprassion effectively with
changing environmental conditions has led to the avolu-
tion of remarkable ‘biosensors’ that function as both
chemical sensors and transcription factors. The three
families of protein reviewed hera, OxyR, PerR and OhrR,
all function in vivo to sense peroxides, and all three
systems use redox-reactive cysteine residues. This prob-
ably reflects the ease with which protsins can modulate
the redox activity of cystaeine by alterations in pKa. In
OxyR, the cysteine residue thought to be the initial target
of oxidation is activated by proximity to a conserved
arginine rasidue, which probably increases the proportion

© 2002 Blackwell Science Ltd, Molecular Micrabloiogy, 45, 915
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of reactive thiolate anion. in PerR, we propose that co-
ordination of a reactive cysteine to a bound regulatory
metal plays a similar rele. Finally, OhrR has a single cys-
teine residus required for peroxide sensing via the for-
mation of a Cys—sulphenic acid derlvative. We speculate
that it may also be activated by proximity to poslitively
charged amino acids, but no structure is yet availabls to
clarify this issue. Remarkably, all three classes of parox-
ide-sensing regulatory protein are broadly distributed in
the Bacteria with representatives in both Gram-positive
and Gram-negative lineages. Intriguingly, in S. coelicolor,
membars of all thres classes of peroxide-sensing protsins
are presant. The relationships between the multiple per-
oxide strass and metal homeostasis regulons in bacteria
present a challenging physiclogical puzzie for fulure
investigation.
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Note added in proof

Recent rasults from Kim st a/. (Cell 109: 383-398) challenge
the notion that disulphide bond formation is required for redox
regulation by OxyR. Thase authars propose that modification
ot OxyR to the Cys-199 sulphenic acid derivative is sufficient
to account for the cbserved /it vivo regulafion by peroxides.
Moarsover, they suggest that various modified forms of OxyR
(5-OH, §-NQ, and S-glutathionylation) may have distinct bio-
legical rotes. The role of cysteine oxidation in the ragulation of
OhrR activity has been recently documentsd in Xanthomonas
campestris (Panmanee et al., Mol Microbiol, in press).
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Summary

ohrR encodes a novel organic peroxide-inducible
transcription repressor, and we have demonstrated
that ohrR Is regulated at the transcriptional and the
post-transcriptional levels. Primer extension results
show that ohrR transcription initlates at the A residue
of the ATG translation Initiatlon codon for the ohrR
coding sequence. Thus, the gene has a leaderless
mRNA. The ohrR promoter (P1) has high homology to
the consensus sequence for Xanthomonas promot-
ers, which is reflected in the high /n vivo promoter
activity of P1. Deletion of a 139bp fragment contain-
ing the P1 promoter showed that the sequences
upstream of —35 regions were required for neither the
promoter activity nor OhrR autoregulation. In vitro,
puritied OhrR specitically binds to the P1 gromoter.
DNase | footprinting of OhrR binding to the P1
revealed a 44bp region of protection on both DNA
strands. The protected regions include the —-35 and
~10 regions of P1. We suggest that OhrR represses
gene expression by blocking RNA polymerase
binding to the promoter. There ere two steps in the
post-transcriptional regulation of ohrff, namely dif-
ferential stability and tnefficlent transiation of the
mRNA. The bicistronle ohrA-ohr mRNA was highly
labile and underwent rapid processing In vivo te give
only stable monocistronic ohr mRANA and unde-
tectable ohrA mRNA. Furthermore, the ohrAR mRNA
was Inefficiently translated. We propose that, in unin-
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duced cells, the concentration of OhrR Is maintained
at low levels by the autoregulation mechanlsm at the
transcriptional levels and by the ohrR mRNA insta-
bility coupled with inafficient translation at the post-
transcriptional level. Upon exposure to an organic
peroxide, the compound probably Interacts with OhrR
and prevents it from repressing the P1 promoter,
thus allowing high-level expression of the ohrAR—ohr
operon. The rapid processing of bicistronlc mRNA
gives highly stable ohr mRNA and corresponding
high levels of Ohr, which remove an organic per-
oxide. Once the peroxide has been removed, the
autoregulation mechanism feeds back to inhibit the
expression of the operon.

Introduction

Xanthomonas is a soil bactarium that causes diseases in
plants. In the environment, Xamnthomonas is exposed to
raactive oxygen species {(ROS] from a variety of sources
(Baker and Oriandi, 1995; Gonzalez-Flecha and Dampls,
1997). These ROS (e.g. superoxide, H.C, and organic
peroxide) are highly toxic to biological systems {Halliwell
and Gutteridge, 1984). Bacteria have evolved multiple
protective pathways to ensure their detoxification. Bac-
terial defence against organic peroxide is a complex
process involving several structural and regulatory genes
(Storz and imlay, 1999).

Alkyl hydroperoxide reductase is tha best characterized
organic paroxide detoxification enzyme in bacteria (Poole,
1996; Poole and Ellis, 1996). ahpC encodes the catalytic
subunit of the enzyme and is regulated by OxyR, the
global regulator of peroxide stress response (Storz and
Imlay, 1999). ahpC expression is induced by exposurg of
bacteria to various oxidants (Bsat et al.,, 1997; Loprasert
et al., 1997; Rocha and Smith, 1999; Storz and Imiay,
1999). Inactivation of ahpC results in pleiotropic changes
in oxidative stress response, suggesting that it involves
processes other than organic peroxide detoxification
(Bsat ef al,, 1996; Rocha and Smith, 1999; Mangkolsuk
et al., 2000; Seaver and Imlay, 2001).

We discovered a novel famlily of genes in Xanthomonas
designated chrthat are involved in organic peroxide resis-
tance {(Mongkolsuk et al., 1998). ohr homologues have
subsequently been found in both Gram-positive and
Gram-negative bacteria (Atichartpongkul et al, 2001;
Fuangthong et al, 2001; Ochsner ef al, 2001; Rince
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et al., 2001), and inactivation of the homologuss in these
bacteria leads to reduced resistance to organic peroxids
but not to cother oxidants (Mongkolsuk et al., 1998;
Atichartpongkul at af, 2001; Fuangtheng et al., 2001;
Ochsner et al, 2001). ohr has an unique exprassion
pattern; its expression is induced only by exposure of
bacteria to organic peroxide, a feature highly conserved
among diverse bacteria. Moreover, ohr sxprassion is
independent of OxyR (Sukchawalit et ai., 2001). Recently,
we identified a regulatory gene ohrR that belongs o a
family of organic percxidae-sensing transcription repressor
genes in an operon with ofr (Flg. 1A; Fuangthong et al.,
2001; Sukchawalit et al, 2001). In both Gram-positive
and Gram-negative bacteria, organic peroxide-inducad
expression of ohr depends on a functional ohrR
(Fuangthong et al, 2001; Sukchawalit et al, 2001).
Howsver, regulation of ohr by ohrA in Xanthomonas is
complex. Cumrent evidence suggests that induction of ohr
exprassion by organic peroxide requires a functional
OhrR, a strong upstream ohrA promoter (P1) and an RNA
processing step {Sukchawalit et al, 2001}. Here, we have
characterized the ofrR promoter (P1) and show that the
rapressor, OhrR, interacts specifically with its promoter to
autoregulate itself. Post-transcriptional control of ohrR
was also investigated and found to occur at the level of

differential mRNA stability and insfficient translation of the
mANA. These mechanisms maintain a low intracsllular
concentration of OhrR.

Resuits and discussion
Primer axtension and identification of the F1 promoter

We have identified a DNA fragment upstream of ohrR
containing a promoter that is responsible for regulated
ohrR and ohr expression (Sukchawalit et al, 2001).
Primer extension was performed on RNA samples from
uninduced and terf-butyl hydroperaxide ({BOOH)-induced
samples to locats the ohrR transcription start site. The
results show that the major primer extension products cor-
responded to the transcription start site located at the A
residue of the translation initiation codon, ATG of chrR
(Fig. 2). Examination of ofrR sequence shows that the
gene has no ribosome binding site {(RBS) upstream of the
translation initiation codon. Thus, transcription and trans-
lation of the gene initiate from the same site, resulting in
a lesaderless mRNA.

Sequence anzlysis of the region upstream of the olrA
transcription initiation site revealed sequence motifs with
high homology to the consensus promoter sequence for

A
NP P K N P
[ L | | 1
B S [ ohrR | ohr |
P, >
B D2 D2
— —
D1l (B3R
—_— —_— >
I1 I1
<+
Al39 A?—ga92 LBT Aru)
. » ™ > _as -10
BGCCCAGATGGLCGATGGTCCCTCACGGAGCCAAGCCGLAGAGGACATICAGATAAATCGC T T GUAATTAGATCGTGCACTATATAAATTGCAACT
Sfil I Coding I
-45 -1
+1 L Non-coding ___ ____ _____|
-51 -7
Y 3

ATGGACACCACCACGGCCACCACCGCCCGCACCGATACGCTGETGCAG — 0hrR

Pstl

Fig. 1. ohrR-ohr operon and summary of various important transcriptional regulatory elermnants in P1.

A. ohrR—ohr aperan. P1 and arrowhead indicate promoter and direction of transcription. B, Bamhlt; K, Kpnl; N, Neol; P, Psii; and S, St

B. The localions of various deletions from the 5§ of P1, the direct repeats D1 and D2, an inverted repeat i1, the —35 and —10 reglons of tha
promoter are shown. The DMNase I-protected regions rasulting from OhrR binding to P1 of coding and non-coding strands are marked by
hrackets, and numbers at each end of the brackets indicate the location of the beginning and end aof the protected ragion with respect to the
transcription stant site (+1). Bold ATG is the ohrA franslation initiation codon.

© 2002 Blackwell Science Lid, Molecular Microbiology, 44, 793802



GATC

c

>OO>O>OQHTOO>>OQ

w

Fig. 2. Primer extension analysis of ofwR. Primer extensicn was
done on RNA samples Isclated trom uninduced {U) and 1BOOH (1)-
Induced cultures. The sedquence ladder (G, A, T, C) was done
according to Experimental procedures. The locatlon of the ohrR
transcription start site is shown by the arrow, and the bold ATG
indicates the translation inftiation codon of ohrR.

Xanthomonas (Katzen et al, 1896). The sequences
TTGCAA and TATAAA have five out of six and six out of
six matches to the TTGTNN and G/TATNAA sequences
for the —35 and —10 regions of the consensus promoter
sequence for Xanthomonas respectively. The —35 and
-10 regions of ohrA promoter are separated by 15bp
(Fig. 1B). Thus, the ohrA promoter should have a high
promoter activity, an assumption supported by the in vivo
analysis of P1 promoter activity (Fig. 3; Sukchawalit et al.,
2001). No other transcription start sites or sequences
resembling the consensus sequence for a Xanthomonas
promoter wera found in the 139bp P1 fragment. The ofirR
promoter is designated P1.

Analysis of primer extension products parformed on
RNA samples isolated from uninduced and tBOOH-
induced Xanthomonas campestris pv. phasecii cultures
show that the tBOOH treatment clearly increased ohr?
transcription severalfold over the uninduced leveis
(Fig. 2). This suggests that tBOOH-inducible expression
of ohrR and ohr, detected by Northern and Western
experiments (Mongkolsuk ef &/, 1998; Sukchawalit et al.,
2001}, results primarily from increased transcription ini-
tiation from P1. These findings also suggest that OhrR
reprosses gens axpression by preventing RNA poly-
merase binding to the promoter.

In vivo deletion analysis and autoregulation of P1
by OhrR

We performed seguential deletions from the 5 end of the
139bp fragment containing P1 to identify regions impor-
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tant for the promoter activity. The iocations of various
deletions are summarized in Fig. 1B. The delsted frag-
ments were cloned upsiream of a promoterless chloram-
phenicol acetyltransferase gene (caf) In pUFRcat2-Km,
a low-copy-number, broad-host-range promoter probe
vector (Mongkolsuk st al., 1993), and transformed into X
campestris pv. phaseoli. Western analysis of Cat levels
showed that delstions upstream of the proposed -35
region had no effect on P1 promoter activity, whereas a
delstion that removed the —35 region abelished the pro-
moter activity (Fig. 3A}. The data are therefore consistent
with our proposed locations for the —35 and —10 ragions
of P1.

Next, the OhrR autoreguiation of P1 was investigatad.
pBBRohrR {(ohrR in an expression vector; Sukchawalit
et al., 2001) was transformed into cells harbouring various
deletions of P1 fragments in the promoter probe vector,
and Cat levels were determined by Westem analysis.
High-levsl expression of ohrA from an expression vector
strongly repressed the P1 promoter activity (Fig. 38). This
confirms the role of OhrR as a negative autoregulator of
P1. Furthermore, the Western results show that, in all
strains harbouring plasmids with deletions upstream of
the ~35 region of P1, OhrR could strongly repress the pro-
moter activity (Fig. 3B). Removal of half the direct repeat
sequence ATAAATCQGC (deletion no. 87) had no effect on
OhrR repression of P1.

Al139  A98 A92 ABT AT

L LI | L | LI | | I}

Fig. 3. Deletion analysis of a 139bp DNA fragment containing P1
and the OhrR operator. Western analysis of Cat specitied by pP1-
cat and various deleted P1 fragmants cloned in the pUFRcat2-Km
promoter probe vector.

A. X. campestris pv. phaseolf harbeuring various P1 deleted
plasmids.

B. X. campestris pv. phaseolf harbouring pBBRohrR and various P1
deleted plagmids. The locations of various deletions are shown in
Fig. 1B. Tota! protain {10ug) was loaded into each lana. U,
uninduced; I, iIBOOH induced.
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The autoregulation mechanism is a common feature
among genes coding for transcriptional repressors includ-
ing several marR family members (Martin et af, 1995;
Poola et al, 1996; Xiong ot al, 2000}. The mechanism
allows fine tuning of the repressor concantration and pre-
vents excessive synthesis of the repressor. Nonetheless,
ohrA autoregulation is not highly conserved in other
bacteria. in Bacflius subtifis, OhrR regulates ofirA (an ohr
homologue) but not itself, B. subtilis ohrA appears to be
regulated by sigma factor A (SigA) (Fuangthong et al,
2001). This illustrates a different strategy that diverse
bacteria can use 1o ragulate an important transcriptionat
modulator. It remains to he ssen how ohrR is regulated in
other bacteria.

OhrR binding to P1

Next, we assessed the binding of purified OhrR to g 293
bp fragment containing the P1 in the DNA bandshift assay.
The results of the DNA bandshift assay show that OhrR
binds specifically to Pt (Fig. 4). The OhrR binding to P1
was abolished by uniabelled compsting P1 fragment but
not by unrelatad DNA sequence (Fig. 4). Moreover, the
substitution of a protein unrelated to ChrR did not produce
mobility shift of P1 (Fig. 4). The addition of increasing con-
centrations of OhvR to the P1 fragment did not produce
additional spacies of slower migrating bands, suggesting
that there was no co-operative binding of OhrR to the
operator, and probably only one binding site for the
protein was present within the P1 fragment (Fig. 4).

The Jocation of the OhrR binding site within the P1 pro-
moter fragment was determined by DNase | protection
assay (Fig. 5). Analysis of the footprint patterns shows

OhrR

WFMle

Fig. 4, DNA bandshift assay for binding of OhrR to P1. Purified
OhrR was addsed to 283bp of radioactively labelled P1 fragment in
the binding buffer and separated in a polyacrylamide gel performed
as described in Experimenial procedures. The binding reaction
conslsted of labelied P1 fragment and 400ng of OhrR. UP is the
addltion ot 2pg of unrelated protsin {BSA) to the binding reaction;
F Is tree P1 probe; the addition of increasing concentrations of
OnhrR (100, 200, 400, 800 and 1200 ng} to labelled P1 probe; P1 is
the addition of 2 pg of unlabelled P1 DNA to the binding reaction;
UD, the addition of 3ug of unrelated DNA {pUC18 plasmid) to the
binding reaction. The positicns of free {(F} and bound (B) P1 probe
are shown on the left.

Non-
coding

b oner!
+
P1 Pi1

M GATC

Fig. 5. DNase | protaction assay 10 locate OhrR binding site to P1.
The DNass | protection assay for the binding of OhrR.to P1. P1
reprasents the DNA fragments treated with DNase |; P1 + OhrR
represants the binding of UhrR 1o the DNA fragments before
DNase | reatment. The labelling of non-coding and coding strands
was done as described In Exparimental procedures. The arows
Indicate the size of the fragments in bp, and the numbers in the
brackets indicate the position of the protected regions with respect
to the +1 transcription initiation site. G, A, T and C ars the
sequence ladder. M is radioactively tabelled X174 Hini molecular
waight markers.

that OhrR binding to P1 produced a DNase I-protected
region of 44bp extending from —1 to —45 on the coding
strand and from -7bp to -51bp on the non-coding
strand (Fig. 5). The DNase |-profected regions com-
pletely overlap the —35 and —10 regions of P1. Thus, the
binding of OhrR prevents HRNA polymerase from
binding to the promoter, resulting in repression of gene
expression.

Analysis of the DNA sequence within the OhrR pro-
tected region reveals several features that could consti-
tute the OhrR operator site. Thera are several atypical
AT-rich regions of two direci repeats ATAAATCG (D1) sep-
arated by 22 bp, TTGCAA (D2) separated by 21bp and
an inverted repeat TTGCAATT-AAT TGCAA (1) separated
by 17bp surrounded by normal GC-rich Xanthornonas
DNA (Fig. 1B). These aslements are all located in close
proximity to the -35 and —10 regions of P1, and binding
of OhrR to these sites would pravent RNA polymerase
from binding to the promoter (Fig. 1B). The analysis of P1
deletion showed that half the ATAAATCG (D1) direct
repeat could be removed (deletion no. 87) without alter-
ing the ability of OhrR to repress cat exprassion (Fig. 3),
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indicating that this motif was not crucial for the binding of
OhrR to P1. In the B. subtilis system, the proposed
sequence for the putative binding site for OhrR located in
front of the ohrA also has AT-rich reglons of overlapping
inverted and diract repeats (Fuangthong ef al., 2001). The
importance of these slements as putative OheR binding
sites is suggested by analysis of a non-inducible ohrA
mutant with a delstion that removes half the inverted
and direct repeats (Fuangthong ef al,, 2001). OhrR from
Xanthomonas and B. subtilis also shares high levels of
homology at the amino acid sequencs level, suggesting
that they might recognize similar DNA motifs as the
binding sita. Comparison of the AT-rich regions of P1 and
the ohrA promoter revealed a region with a high degree
of similarity. Based on the analysis of the seguence align-
ment of these regions (data not shown), we proposed the
putative OhrR operator site to be an invertad repeat
TTNCAATT-(18/17)-AATTGnAA. The site consists of AT-
rich inverted repeats separated by a relatively long space
of 16-17bp. In X. campestris pv. phaseofi, the putative
OhrR operator consisted of a perfect inverted repeat
separated by 17bp (1} located between the -35 and 3
of —10 regions of the P1 promoter (Fig. 1B). Results of
both the DNA footprinting of ChrR binding to P1 and the
in vivo deletion analysis suggest that the binding site
of OhrR is located within the —35 and ~10 regions of
P1 (Figs 3 and 1B). In B. subtilis, the OhrR operator has
an inverted repeat containing three mismatches and
separated by 16 bp, and the operator overlaps the -35
and —10 regions of the ohrA promoter (Fuangthong
et al., 2001). OhrR appears to recognize an extended
operator site of about 32-33 bp. This probably accounts
for the observed long (44 bp) protected regicn resulting
from OhrR binding to P1 in the DNase | footprinting experi-
ment (Fig. 5). At present, we do not know whether the D2
direct repeats contribute to OhrR binding to P1. The
importance of the inverted and direct repeats is bsing
investigated.

Overapping binding sites for OhrR and RNA poly-
merase suggest that the repressor binding to the opera-
tor prevents RNA polymerase from Initiating transcription
at P1. Generally, a reprassor has a higher binding affinity
for an operator site than does RANA polymerase for a
promoter. In uninduced cells, most of the OhrR binds to
the operator, resulting in repression of P1. Exposure to
organic peroxide probably inactivates OhrH and prevents
it from binding to the operator, which allows ANA poly-
merase to bind and initiate transcription. This assumption
is supported by the primer extension data showing that
the tBOOH treatment increased the transcription initiation
at Pt {Fig. 2). Moreover, preliminary investigations sug-
gested that, in vitro, crganic peroxide might directly
modify OhrR and prevent it from binding 1o P1 (data not
shown).
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The stability of ohrR—ohr and ohr mANA

We have shown that the bicistronic ohrR—ohr mBNA is
processed by cutting in the loop section of the stem-doop
structure 3' of ofirA possibly by an RNase |ll-like enzyme
to give monocistronic ofir mRNA and rapidly degraded
monocistronic chrAR mRNA (Sukchawalit et al., 2001). This
reduces the functional level of ohrR mRNA and ultimately
affects the level of OhrRR. As transcription of ohrA and ohr
is driven from the P1, the stability of these mRNAs would
have important effects on their expression. Here, we
determinad the stability of ohrA—ohr and ohr mRNA by
measuring the half-lives of these mANAs in tBOOH-
induced cells. The data show that ohr mRNA is highiy
stable and has a half-life of >15min (Fig. 8). In contrast,
the bicistronic chrA-ohr mRNA was highly labile, and the
unprocessed bicistronic MRNA could not be detscted
6min after the addition of rifampicin {Fig. 6}. Consistent
with previous observations, no monocistronic chr? mRNA
could be detscted (Fig. 6; Sukchawalit et 2/, 2601). This
differential stability of ohrR and chr mMRNA would result in
high concentrations of functional ohr mRNA, giving cor-
respondingly high Ohr levels, and would reduce the level
of ohr? mRNA. As Ohr is responsible for the detoxifica-
tion of organic peroxide, a high leval of the protain would
be beneficial to the bacteria during exposure 1o organic
peroxide stress, aithough low levels of OhrR also pravent
excessive repression of the operon by the autoregulatory
process. Thus, the differential stability and rapid process-
ing of the mANA exerts an additional post-transcription
step to regulate the in vivo concentration of OhrR. This
machanism is not unique to the regulation of ofrA. Post-
transcriptional regulation at the level of mRNA stability
has been observed in diverse bacteria (Takata et al,,
1989; Nilsson et i, 1996; Hebermeh! and Klug, 1988;
Homuth &f af, 1999).

4 6 8 10 15

Fig. 6. Analysis of bicistronic ohrR-ohr and ohr mRNA stability.
Total RNA was isclated from culture treated with 100 pM tBOCH for
10min before the addition of ritampicin. Time zer represents the
steady-stata lavel of MRNA before the addition of 150pgmt™
rifampicir. At the stated time (min) after rifampicin addition,
samples were withdrawn and total RNA extracted. ANA {15 ug)
from sach time point was loaded into each well and separated in a
formaldehyde gel. The samples wers biotted 1o a nylon membrane
and probed with radicactively labelied ofr in (A}). The steady-state
(0} BNA sample was probed with ofrR in (B).
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ohrR is inefficiently translated

We have observed in both uninduced and tBOOH-
induced cells that OhrR is barely detectable by Westorn
analysis, despite the gene having a highly efficient pro-
moter (data not shown). Although we identified a post-
transcriptional regulatory step that involves the differential
stability of the mRNA, lack of correlation between the pro-
moter strength and the concentration of OhrR suggested
further regulation, perhaps at the translational level. ohr/?
produced a leaderless mBRNA (Fig. 2). An altermative inter-
pretation that ohrR mRNA could be translated from other
transtation initiation codons located further downstream of
the ATG is unlikely, as there are no other commonly used
Gram-negative translation initiation codons (ATG to GTG}
nearby (Fig. 1B}. Furthermore, studies on the translation
of leaderless mBNA indicate that the ATG codon is
required {Winzsler and Shapiro, 1997; Wu and Janssen,
1997). Here, we investigated the role of the ATG codon
in the transcription of the gene and the translation of ohr?
mANA. A site-directed mutagenesis of the gene was dons
to change the ‘ATG' codon to a raraly used translation ini-
tiation codon, ‘CTG’ {Fig. 7). Subsequently, the levels of
ohrR transcription and translation in vivo were determined
by making transcription (cat2; Mongkolsuk et al., 1993)
and translation {cat3; Mongkolsuk et &f,, 1993) fusions of
caf reporter genes ta the mutated CTG-ohrA at the Psi
site. Cat levels specifisd by Xanthomonas harbouring
pOPcat2 and pOPcat3 were determined and compared
with the levels afttained by the strains harbouring
non-mutated ohrR-cat fusion plasmids (Fig. 7). The
results show that changing the translation initiation codon
from ATG to CTG did not affect the level of transcription
{(pOPcat2). In contrast, the translation fusion of CTG-ohrR
to cat3 (pOPcat3) was abolished, and rc Cat fusion

A ATG Kpeth

ohrR | catZor3d | pOKcat2 pOKcat3

ATG Prrl
—{PiHohrR | _cat2or3 J—— pOPcat2 pOPcat3
[ =4 1+] Fil

—{Py}HohrR| cat2or3 p——— pOCPcat2 pOCPcat3

aQ
<®
Qoo

cRe

protein was detected (Fig. 7). The evidence confirmed
that the translation of ohrR mRBRNA occurred at the pro-
posed ATG and that the codon was required. However,
the ATG codon was not imporiant to the franscription of
the gene.

Wae also investigated further the lavel of transcription
and translation of ohrAR using the cat reporter gene
fusions. [nitially, the transcription and translation fusions
were made at the Kpnl site located in the middie of ohrR
(Fig. 7). The resulis of densitomster analysis show that
the Cat levels specified by transcriptionally fused
pOKcat2 were at least fivefold higher than the levels spec-
ifled by the transtationally fused pOKcat3d (Fig. 7). To
confirm these cbservations, additional transcriptional and
translational cat fusions were made at the PsH site located
closer 1o the translation initiation of ohrR (Fig. 7). Cat
tevels specified by pOPcat2 were at least fivefold higher
than the levels attained by pOPcatd. These fusions
gave simllar patterns regardless of the Jocations of
the gene fusions and indicated that ohirR mRNA is ineffi-
ciently translated and that the translational level of the
ohrR mANA occurs in only about 20% of the total ohrR
mRNA,

High levels of OhrR reduce organic peroxide resistance

The existence of mulliple regulatory mechanisms to
ensure that OhrR is not produced at high levels implies
that the tight regulation of the gene must have impor-
tant physiological consequances on the cells' ability o
respond to oxidative stress. The assumption was tested
by measuring the effects of killing concentrations of H,O,,
a superoxide generator (menadione} and organic parox-
ides on X. campastris pv. phasaoli harbouring pBBRohrA.

Flg. 7. ohrA mRNA is inefficiently translated.
A. Diagrammatic reprasentation of varlous
plasmids showing the site of either
transcriptional or translational fusions between
ohrfR, mutated CTG-otrR and cat. cat? and
cat3 fuslons represent transoriptional and
translatlonal fusions respactivaly.
B. Total protain (10pun} prepared from cultures
of Xanthomonas harbouring various plasmids
) was loaded into each lane. Separatad protein
® samples were transferred to membranes after
gel electrophoresis. Cat was detected by
Waestern blot, U and | are uninduced and

[I 100pM tBOOH-induced cultures respectively.

Ly
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In the bacteria harbouring pBBRohrR, tBOOH and
cumene hydroperoxide gave zones of growth inhibition of
32mm and 31mm, respectively, comparad with 26mm
tor the bactaria harbouring pBBRMCS-1. H;0, and mena-
dione produced similar sizes of zone of growth inhibition
in both sirains. The data indicate that high levels of OhsR
have detrimental effects on oxidative sirass response by
dacreasing the organic peroxide resistance level, most
probably by reprassion of the ohr expression. Thus, it is
not surprising that Xanthomonas has evolved multiple
machanisms to ensure proper regulation of ohrA. At
present, we do not know other genes In the ChrR regulon;
thus, it is possible that other stress responses could be
affacted by high levels of ObrR.

A model! for transcriptional and post-transcriptional
reguiation of ohrR

The transcriptional regulation of ofrA involves the
autoragulation of the gens at the P1 promotsr by OhrR.
The binding target for OhrR overlaps with the =35 and
—-10 sites, enabling repressor to block RNA polymerase
from binding to the promoter. In uninduced cells, OhrR
represses the exprassion of its own operon. The post-
transcriptional regulation of ohrR occurs in two steps.
First, tha bicistronic ohrA—ohr mRNA is rapidly processed
giving high levels of ohr mRNA and rapid degradation of
ohrR mRANA. ohr mRNA is highly stable, in contrast to
highly labile bicistronic ohrR—ohr. This greatly reduces the
functional concantration of ohrR mRNA. Secondly, ofvR
mRNA is inefficiently translated, and translation of the
mANA occurred at only 20% of the transcription levet.
Multiple regulatory mechanisms at transcriptional and
post-transcriptional levals ensure that the intraceltular
lavel of OhrA remains low. When cells are exposed to
organic peroxides, they presumably inactivate OhrR
and pravent the repressor from binding to the operator,
resulting in high levels of expression of ohrA and ohr.
Once Ohr removes organic peroxide, OhrR then auto-
regutates itself and represses the expression of the
operon (Fig. 8).

Experimental procedures
Bacterial cufture conditions and transforrmation

All Xanthomonas strains were grown aerobically in SB
{Silva—Buddenhagen medium: 0.5% peptone, 0.5% yeast
extract, 0.5% sucrose and 0.1% glutamic acid, pH 7.0) a1 28°C
{(Mongkolsuk et af., 1997). The oxidant induction experiments
were performed on exponential phase cells by the addition of
100 uM tBOOH to culbtures followed by incubation for an addi-
tional 15min for Northern analysis and 30min for Western
analysis before celis were harvested for lysate preparation.
Antibictics were used al the following concentrations: for the
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selection of chromosomal integrated mutants, 15pgmi™’
kanamycin; and for selaction of plasmids, 15ugmi™ gentam-
icin and 30 kg mt™" kanamycin. All plasmids were transformed
into X. campestris pv. phasecli by electroperation using previ-
ously described condltions (Mongkolsuk et al., 1997).

Western blots

Crude protein {10ug} was loaded into each lane of a 10%
SDS-PAGE gsl. The separated proteins were electrophoret-
icaily transferred to a sheet of nylon membrane. Membrane
blocking, primary antibody reaction, washing and subsequent
detection of the immune reaction by alkaiine phosphatase-
conjugated secondary antihody wers performed as described
previously (Loprasert et af., 2000).

Nucleic acid purification and ohrR primer extension

Total RNA was isolated using the modifled hot phenot methad
from uninduced and 1BOGH-induced X. campestris pv.
phaseoli cultures (Mongkolsuk et al., 1997). Primer extenslon
experiments wera carried out using “P-labelled OR1 primer
(5 -ATACAACGCAAAGCACAGCTG-3), 5ug of total RNA
and 200 U of SuperScript Il MMLV reverse transcriptase. The
extension products were analysed on sequencing gels
next to sequence ladders. The sequence ladders were done
using a polymerase chain reaction {PCR) sequencing kit
with labelled OR1 primer and pBBRohrR plasmid as the
template.

Construction of ohrR fusions

The intein—ObrR fusion was made by cloning of 480bp
Neol-Xhol-digested PCR products from pBBRohrR template
and ohsRI1 {§-GGCTCGAGTCCCGCGCCAAGG-3) and
ohrRI2 (5 -GGAAACAGCTATGACCATG-3) inlo simitary
digesied pCY¥B4 {(New England BloLabs} giving pINTohrR.
The nucleotide sequences of fused genes were determined
to confirm {usion in the comect reading frame and that no
other mutations had occurred.

Purification of OhrR

The intein fusion system was used by making the fusion at
the carboxy-terminus of OhrR. Escherichia colf harbouring
pINToh/R was grown to mid-log phase betore 1mM IPTG
was added and incubation continued for 3h. The cullure was
harvested, and cell pellets were resuspended in the column
buffer (20mM Tris-HC!, pH 8.0, 500 mM NacCl, 0.1mM EDTA,
0.1% Triton X-100) and sonicated. The fysale was spun at
1000049 for 15min, and lysate was loaded on fo a chitin
bead column, which was subsequently washed extensively
with column bufier. The on-column cleavage of fusion proiein
was done by the addition of buffer C [20mM Tris-HCI, pH 8.0,
50mM NaCl, 0.1 mM EDTA and 30mM dithiothreitol {DTT)]
at 4°C overnight. The eluted fractions containing ChrR
were peoled and dialysed against Z buffer (10mM HEPES,
pH 8.0, 1mM EDTA, 20mM MgCl,, 8B0mM KCI and 20%
giycerol).
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Fig. 8. A modal for phr? regulation at transcriptional and post-transcriptional levels.

DNA bandshift assay and DNase | foolprinting

Strand-gpecific, radioactively labelled DNA fragments were
prepared by PCH using labelled M13 reverse printer for the
coding strand and BT18 for the non-coding strand with
pohrRsfi as templates. The PCR products generated 293 bp
fragments, which were used in footprinting the coding strand.
For the non-coding strand, the PCR product was digested
with EcoRl fo give 180bp that was used in the footprinting
experiment. The DNA bandshiti reactions were performed by
adding 3fmo! of labelled probe to the buffer [20mM Tris,
pH 7.0, 50mM KCI, 1 mM EDTA, 5% glycerol, 50ug mi™' BSA,
Spg mi™ calf thymus DNA, 0.5 mg mt' poly-(d1—d3C)]. FPurified
OhrR {400 ng) was added, and the reaction was incubated
at 25°C for 15min. For DNase | footprinting, 25l of 0.2mM
Mg?" and 0.1mM Ca® and 0.5 U of DMase | were addsd to
the binding reaction, and incubation was continued for 1 min
before 200l of stop solutiocn (20mM EDTA, pH 8.0, 1.0%
SDS and 0.2 M NaCl) was added. The mixture was extracted
with phenol—hloreform and ethanol precipitated. The peilets
were resuspended in sequencing buffer and loaded onto &
sequencing gel. The DNA sequence ladder for the non-

coding strand was performed with fmol sequencing kits
(Fromega) using labelled M13 primer and pahpC plasmid
(Mongkolsuk et al, 1997). Sequence reactions werg Yoaded
on to a denatured DNA. sequencing gel.

Deatarmination of mRANA stability

Xanthomonas campesiris pv. phaseoli strain 182 cultures
were used in the determination of mANA stabitity. Exponential
phase cultures of the bacteria (OD;,, of 0.7) were treated with
150 ug mi™ rifampicin to inhibit new RNA synthesis. Then, at
1min intervals, 10ml of culture was withdrawn, pelleted rapidiy
and extracted for total RNA (Mongkolsuk et al., 1987). Subse-
quent steps In the RNA extraction, formaldehyde gel elec-
trophoresis and construction of ofr and ofirR probes were
performed as described previcusly (Sukchawalit af al., 2001).

Site-directed mutageneasis and gene fusions
To investigate the role of the oArA transiation initiation codon
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in transcription and translation of the gene, the codon
was mutated from ATG to CTG using primers CT (5-
ATTGCAACCCTGGACACCACC-3), CTR (5-GGTGGT
GTCCAGGGTTGCAAT-3) and pBBRohrR as the templats in
a PCR mutagenesis reaction. The mutated gene CTG-ohrR
was digested with Sfl—Fsfl, and the 138bp fragment was
cloned into simitarly digested pUFRcat2-Km, resulting in a
transcription {fusion of the gene to the cat2 in pOPcat2.
The translation fusion of the gene was constructed using a
similar strategy to that described for the non-mutated ohr,
except that CTG-ofrA was used as the starling material.
This gave pQOPcatd, pOPcat2 and pOPcal3 were trans-
formed into X. campestris pv. phaseoli, and Cat levels were
determined.

Construction of ohrR transcriptional and
transfational fusions

The transcriptional fusions of ohrA to cat were made by
clening either the §10bp BambI-Kpnl or the 138bp SM-Pst
fragments in front of a promoterless catin the promoter probe
vector pUFRO27cat2-Km, giving pOKeatl and pOPcatt
respeciively. These recombinant plasmids were confirmead by
restriction mapping. The translational fusions were made by
cloning these fragments into the polylinker region of the
plasmid pSM-cat3 (containing cat coding sequence minus
the ribosome binding site; Mongkolsuk et al., 1993} giving
pKcat3 and pPcat3. The cloning sites were chosen so that
the chrR fused in frame with the cat coding sequence. All
fusion jolnts were sequenced. Moreover, these OhrR—Cat
fusions should glve proleins with a higher molecular weight
than Cat. Western analysis was used to confirm the size ol
the recomblnant translation fusions. pKeat3 and pPcat3 were
digested with Hindlli and EcoRl, and the DNA tragments con-
laining the ohrA—cat fusion were cloned into pUFR027cat2-
Km giving pOKcat3d and pOPcatd respeciively. All
recombinant transcriptional and iranslational fusion ptasmids
on the broad-host-range replicons were electroporated into
X. campestris pv. phaseoli.

Qualitative determination of oxidant resistance lavels

The zone of growth inhibition method was used to measure
the resistance level to various oxidants. Exponential phase
cells (10°) were mixed with semi-soft SB agar and poured on
top of an SB plate. After the semi-soft agar had solidified,
6 mm 3M paper disks individually Impregnated with 6ul of
1 M tBOOH, cumene hydroperoxide, menadione and H.O,
ware ptaced on top of the cell lawn. The zone of growth inhi-
bition was measured after 24 h incubation at 28°C.
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Summary

We report the physliological role of OhrR as an organic
peroxide sensor and transcription repressor in Xan-
thomonas campestris pv. phaseoli. In vivo exposure
of X. campestris pv. phaseoli to either fert-butyl or
cumene hydroperoxides efficiently neutralized OhrR
repression of expresslon from the OhrR-regulated
P1 promoter. H,0, was a weak and non-physlological
inducer of the system while other oxidants and
metabolites of organic peroxide metabolism did not
induce the expression from the P1. Northern blotting
resutis Indicated a correlation between concentra-
tions of fert-butyl hydroperoxide used in the treatment
and the Induction of ohr (an OhrR-regulated gene}
expraession. In addition, the levels of ohr mRNA in
cultures Induced by varlous concentrations of tert-
butyl hydroperexide were reduced in cells with high
levels of an organic peroxide metabolising enzyme
{AhpC-AhpF) but not In cells with high catalase levels
suggesting that organic peroxide interacts with OhrR.
DNA band shift experiments using purified OhrR and
the P1 promoter fragment showed that organic perox-
ide treatment prevented binding of the protein to the
P1 promoter by oxidation of OhrR, as the inhibition of
binding to the P1 promoter was reversed by addition
of a reducing agent, DTT. The highly conserved cys-
teine residue C22 of OhrR is required for organic per-
oxide inducible gene expression. A mutant protein,
OhrRC22S can repress the P1 promoter activity but is
insensitive to organic peroxide treatment. Thus, OhrR
is the first transcription repressor characterized that
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appeared to evolve to physiologically sense organlc
peroxides.

Introduction

Organic peroxides are highly toxic compounds to biologi-
cal systems because of their abilities 1o react with intrac-
allular macromolecutes and o generate reactive organic
radicals (Halliwell and Gutteridge, 1984). Bacteria have
evolved several pathways to ensure efficient removai of
organic peroxides. Alkyl hydroperoxide reductass {AhpC)
is widely distributed in diverse organisms ranging from
bacteria to humans and is the best characterized organic
peroxide detoxification system that metabolizes organic
peroxides to their corresponding alcohols {Chae et al.,
1994; Poole and Ellis, 1998). A second organic peroxide
protection system, organic hydroperoxide resistance pro-
tein {Ohr), was first identified in X. carmpeastris pv. phaseoli
{Mongkolsuk et af., 1998) and subsequently shown to be
present in many Gram-positive and Gram-negative bacte-
ria (Atichartpongkul et al., 2001; Fuangthong et al., 2001;
Ochsner et al., 2001; Shea and Mulks, 2002). Inactivation
of ohr results in increased sensitivity towards organic
peroxides (Mongkolsuk atfal, 1998; Atichartpongkul
gtal, 2001). As yet, the way in which the Ohr system
works is unknown.

The abilities 1o sense changes and respond to oxidative
stress are crucial for aerobic organisms. Bacteria have
complex sensing mechanisms and responss regulators
which alter patterns of gens expression as to pravent
oxidatlive damages to cells. Two of the most well-
characterized bacterial sensors of oxidative stress and
transcription regulators are OxyR, a global peroxide sen-
sor (Toledano et al, 1994; Zhang and Storz, 2000} and
SoxR, a global superoxide sensor (Demple ef al., 2002).
AhpC and Ohr appear to have overlapping physiclogical
tunctions, but their patterns of exprassion and regulation
differ. ahpC is regulated by OxyR (Loprasert etal,
2000), whereas ohr is regulated by a novel, organic
hydroperoxide-inducible, transcription repressor, OhrR,
that belongs to the MarR family {Fuangthong et af,, 2001;
Sukchawalit et al., 2001). ohrR is found in both Gram-
negative and Gram-positive bacteria (Fuangthong et af,
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2001; Sukchawalit et af,, 2001}. Interestingly, genes in the
OxyR regulon are highly induced by freatment of calls with
H,0, and organic peroxide wheareas genes in the OhrR
regulon are highly induced only by organic peroxide
{Loprasert ef al., 2000; Sukchawalit &f af, 2001). In X.
campestris pv. phaseofi, ohrA is uniquely regulated at
both the transcriptional and post-transcriptional levels.
OhrR autoregulates expression from its own promoter
(P1), and RNA processing and production of a highly
labile ohrR mRNA, coupled with inefficient translation
of the mRANA limits the intracelular lavel of OhrR
(Mangkolsuk et al., 2002). Here, we rapart that OhrR has
avolved to sense and respond to changes in organic per-
oxide levels. The sensing mechanism involved oxidation
of the highly conserved C residus that prevents the protein
from binding to its target site in the P1 promoter region.

Results
Organic peroxids is the in vivo inducer of OhrR

High level expression of ohrA from an expression vector
results in strong repression of expression from P1 pro-
moter. Transcription from P1 can be lifted by treatment
with an organic peroxide (Sukchawalit et af., 2001). This
is a sensilive system with which to test the ability of
various compounds to Induce transcription from P1. in
vivo, an organic peroxide is metabolized to the corre-
sponding organic alcohol by alkyl hydroperoxide reduc-
tase (Pocle and Ellis, 1996}. However, the in vivo system
cannot differentiate whether an organic peroxide moiety

A
Con
W oo
B
Xp Xp pahpCF

U 20 50 100

Xp pkatA
U 20 50 100 pM

or its metabolite is acting as an induger of the system.
Thus, we tested the ability of organic aicohols to induce
transcription from P1 promoter. Chloramphenicol acetyl-
transferase (Cat) levels in X. campestris pv. phaseolipP1/
pBBRohrR (Mongkolsuk ef al., 2002) treated with 100 pM
tert-butyl hydroperoxide {tBOOH}, cumens hydropseroxide
{CuOOH) and corresponding alcohols were dstermined
and compared to untreated celis. As expected, tBOOH
and CuQOH strongly induced cat expression from P1 as
shown by high Cat levels while tert-butyl and cumic
aicohols did not (Fig. 1A). The in vivo role of OhrR as an
organic peroxide sensor was further Investigated. We
have previously shown that induction of ohr requires a
functional ohrfA (Mongkolsuk ef af, 2002}. We hypothe-
sized therefore that if an organic peroxide is responsibie
for tha inactivation of OhrR and subsequent derepression
of ohr expression, then high levels of an organic peroxide
metabolizing enzyme, such as alkyl hydroperoxide reduc-
tase, would be expected to reduce the magnitude of
tBOOH induced expression of ohr. In contrast, high levat
of enzymes not involved in organic peroxide metabolism,
such as catalase, should not affect ohr induction. The
tevals of chr mRNA in uninduced and tBOOH-inducad X.
campestris pv. phasecii cultures having normal AhpC-
AhpF, high AhpC-AhpF and high catalase levels were
determined. The results show that a reduction in the leve!
of tha IBCOOH Induced ohr mRNA was detected only in
cells having high lavels of AhpC and AhpF (Fig. 18). No
changes werse detected in the other two strains (Fig. 1B).
In addition, there was a corrsiation batween tha level of
ohr mANA and the inducing concentration of tBOOH,

Fig. 1. Organic peraxide is the i vive inducer
of OhrR.

A. Western analysls of Cat production by X.
campestris pv. phaseoli harbouring pP1 and
pBBRohrR in responss to various inducers.
Xanthomonas campéasiris pv. phaseoli pP1/
pBBRohrR (Sukchawalit ef af., 2001) was
treated with 1 mM fert-butyt alcohol (Tgu).

1 mM cumic alcoho¥{(Cgqy), 100 pM tBCOOH (T)
and 100 uM CuQOH {C). Call coliection, lysate
prepamtion, gel electrophoresls and Wastern
analysis of Cat were done as previously
described {| oprasast et af., 2000). Total protein
(30 pg) was loaded into each lane. U repre-
sents an uninduced culture.

B. Nerthem analysis of ohr expresston in
response to tBCOH treatrments in X. campestris
pv. phasecii and strains having high AhpC-
AhcF or catalase levels. Xanthomonas
campestris pv. phasaoli (Xp} strains with high
catatase lavel (Xp pkatA} or high AhpC-AhpF
levels (Xp pahpCF) were treated with 20, 50,
100 pMBOOH for 10 min. Total RNA extraction
and Northern blotting analysis of chr mRNA
wers done as praviously described {Mongkol-
suk ef al., 1998}. Total RNA (10 pg) was loaded
into each well of a 2% agarose formaldahyde
gel. U represents uninduced culture.

© 2002 Blackwell Science Lid, Molecudar Microblology, 45, 1647—1654
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Fig. 2. HxO; is not & physiological Inducer of

OhrR.
H;0, A. Northern biol analysis of ofw expression in
! response 1o HaO; in a katA katE mutant and the
w20 kinetic of induction. Cultures of X. campastiis
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pv. phaseofi (Xp} and a katA katE mutant (Xp
katA katE) were treated with increasing con-
centratlons of H,0,. in addition, a X. campestris
pv. phaseofl culturg was induced with 100 uM
tBOOH.

B. The kinetic of ohr induction in X. campestris

tBOCH H,0,
{mM) (mM)

suggesting that OhrR senses changes in the intraceliular
congentration of the organic peroxide.

Surprisingly, H;O, weakly induced cat expression from
P1 at 20-fold lowsr levals than those obtained on an
organic paroxide induction (data not shown). Weak induc-
tion of gene expression from P1 by H,O, raises the ques-
tion: does H,O, acls as a physiological inducer of the
OhrR reguton? Thus, we examined the expression ohr, a
gene controllad by OhrR in respeonse to peroxide treat-
ment. /n vivo, the low lavel of induction of ohr by HC,
could be caused by high catatase activity. Thus, chrinduc-
tion by H,O, was examined in a katA katE [KatA is the
majar catalase in X. campestris pv. phaseoli log-phase
cells and KatE is a growth-phase-regulated catalase
{Vattanaviboon and Mongkolsuk, 2000)] double mutant
and the parental strain. Northern blotting results showed
that the levels of ohr mRNA induced with 100 and 150 uM
H.0O, were higher in the katA kafE mutant than in the
parental strain (Fig. 2A). Nonstheless, these levels wers
maore than 10-fold lower than the level aftained after Induc-
tion with organic peroxide. In the control experiment,
the expression of an OxyR-regulated gene, ahpC was
strongly induced by H,O, in both strains {data not shown).
The data suggest that low level H,0, induction of ohr
expression was partially due to elimination of H,O; by
catalase.

A possibility for lower Induced levels of ohr by H,0O, is
that OhrR is oxidized at different rate by H,O, and tBO0OH.
The idea was testad by examining the kinatic of H;O, and
tBOOH induction of ofir expression. The results in Fig. 2B
show that tBOOH treatrnent rapidly induced oftr expres-
sion and full induction was achieved after exposure to

@ 2002 Blackwell Science Lid, Mofecular Microbiology, 45, 1647—1654

pv. phaseoll in response to 100 pM tBOOH or
H,0; at 5, 10 and 20 min. The levels of chr
mRNA were determined using Northern blotting
analysis gs described In Fig. 1B legand excapt
in 1BOOH-treated cells, 5 pg of lotal RNA was
loaded. U represents uninduced culture.

C. Western analysis of dose—esponse of HyO,
treatment and derapression of P1 promoter.
Log-phase cultures of X. campestris pv.
phaseolipP1/pBBRohrR were Induced with 0.1,
0.5 mM tBOOH or 0.1, 0.5, 1, 5 mM HxO for
15 min. U represents uninduced culturs. Total
protein (10 pg) was loaded into each iane and
detection of Cat performed as described in the
Experimental procedures.

tBOOH for 10 min. Similarly, the peak of ohr mRNA level
induced by H,0, was also detected after the treatmant for
10 min, however, this level was 20-fold less than the level
attained by tBOOH treatment. These findings ruled out the
idea that low level of ofirinduction by H,O, was due to the
slow rate of OhrR oxidation.

Because H,O, was a much less efficient inducer than
1BOOH, experiments were done to test the effacts of treat-
ing celis with increasing doses of H,O, on the induction
of cat expression from the P1 promoter. Western analysis
of Cat level clearly demonstrated that treatment of cells
with H,0, a1 concentrations between 100 and 500 pM
resulted in corresponding increase in the amount of Cat
specified by the P1 promoter (Fig. 2C}. However, further
increase in the concentration of H,O, upte 5 mM did not
result in furthaer increasse in the Cat level (Fig. 2C). More-
over, the H;O, fully induced levels were 20-foid lowered
than the Cat level in cells treated with 100 uM tBOOH.
This clearly showed that the low level of OhrR oxidation
by H,0, was due to its inability to efficiently oxidize the
protein. These data lead us to concluds that OhrR is not
involved in sensing changes in H,O, levels. The physio-
legical importance of the H,O, induction of the OhrR reg-
ulon remains unclear. Nonetheless, low leval induction of
the OhrR regulon might serve as an additional defence
against low concentrations of organic peroxides, such as
nucleic acid and fipid peroxides produced as a resuit of
exposure to high concantrations of H,O, (Kappus, 1987;
Turton &t al., 1997)

The ability of other oxidants to induce caf expression
from P1 was also investigated. A superoxide generator
{menadione} and N-ethylmaleimide (NEM) did not cause
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induction, although these substances strongly induced
sxpression of genes in the OxyR regulon (data not shownt
and Mongkolsuk etal, 1987, Loprasert efal, 2000).
We also testad other compounds (at a concentration of
1 mM), such as salicylate, benzoate, butylate and hydrox-
ytoluene, that commonly induce expression of genes
under the MarR family of reprassors (Alekshun and Levy,
1999). None of these compounds induced cat expression
from P1 (data not shown). These findings suggest that
both the peroxide and the organic moieties of organic
peroxides are required for efficient interaction with, and
inactivation of, OhrR.

Organic peroxide and H,Q, treatments inhibited OhrR
binding to P1 in vitro

The putative mechanism of inactivation of OhrR and
induction of gene expression is thought to involve organic
peroxide, either directly or indirectly, resulting in modifisd
OhrR by oxidation, rendering it inactive. An in vivo pro-
moter assay cannot differentiate between direct and indi-
ract modification of OhrR by an organic peroxide. We have
used a DNA mobility shift assay to show that OhrR
interacts specifically with the P1 promoter region and the
location of the OhrR binding site was mapped by DNase
I footprinting experiment (Mongkolsuk et af., 2002). The
DNA mobllity shift assay allowed us o test the in vilro
sffects of oxidants, such as CuOQH, tBOOH, H,0, and
other chemicals on the ahility of OhrR 1o bind to P1.
CuQOH, tBOOH or H,0, treatment prevented OhrH from
binding to the P1 fragment (Fig. 3A-C). The inactivation
of OhrR by organic peroxides (tBOOH and CuQOOH)

occurred at concentrations more than 10-fold lower than
the concentration of H;O; needed for OhrR inactivation.
Addition of othar oxidants, such as menadione, NEM or
related compounds such as fert-butyl and cumic alcohols
to the binding reaction mixturs did not interfers with OhrR
binding to the P1 promoter region (data not shown). The
in vitro expariment provides crucial data to support the
hypothesis that organic peroxide and H,O, interact diractty
with and probably oxidize OhrR, so rendering the protein
inactive as a repressor. Next, we tested whether oxidation
of OhrR by peroxide is a reversible process. We detar-
mined if a reducing agent, such as dithiothreltoi (DTT),
could reversa the inhibitory effect of an organic peroxide
on OhrR binding to the P1 promoter. The results show that
10 mM DTT reversaed the inhibitory effects of tBOOH on
OhrR binding to the P1 promoter (Fig. 3D}. DTT was also
able to reverse the inhibitory effect of H,O, (data not
shown). These data supported the idea that tBOOH oxi-
dizes OhrR 1o render it inactive and the oxidized proteln
could be reduced to give back its biological activity. it
remains to be seen in vivo if oxidized OhrR can be reac-
tivated by any of the intrinsic cellular reducing systems.
These data, couplad with the in vivo results favour the
hypothesis that an organic peroxide is responsible for
efficient oxidation of OhrR and, as a consequence, inac-
tivation of the repressor OhrR.

C22 residue of OhrR is required for peroxide oxidation

A cysteine rasidue in proteins is often a targst for oxidation
as in the case of OxyR where oxidation of highly con-
served C residues lead to formation of a disulphide bond

A B C D
s Cu0OH 1,0, oo &1
4 m
///'I {mM) (mM) D )

F E 0203 0405 06

F E 0406 F E 1 4

_F _E_ 03 5

Fig. 3. The effact of organic peroxide and DTT an OhrR binding to tha P1 promoter. DMA band shift experimants using purified Ohrit and
radioactively labelled P1 promoter fragment were done as described in Mongkolsuk et al. (2002). The binding reaclion consisted of 15 ng OhriR

and labellad P1 probe.

A. Effect of adding increasing concentrations of t8CO0H to the binding reaction.

B. Effact of adding CuOQOH to the binding reaction.
C. Effect of adding Hy0, to the binding reaction.

D. Effect of addition of DTT to the binding reaction containing 0.3 mM tBOOH, BTT was added 1 min after addition of tBOOH to the binding

reaction. F and E reprasent free and OhrR-bound probe respectively.
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Fig. 4. The conservation of C22 in OhrR and
the effect of OhrRC22S mutation on expression
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{Zheng et al., 1398). This converts OxyR to an activator
{oxidized) form. Comparison of OhrR amino acid
sequences from various organisms showed a highly con-
served C residue {C22) located close to the amino termi-
nus. In addition, amino acid sequences surrounding the
C residue are also highly conserved suggesting that the
region is important for OhrR function (Fig. 4A}. Whereas
other C residues in the protein are not in highly conserved
positions (data not shown). A site-divected mutagensesis
that changed C228 was performed to examing the regu-
latory role of the conserved C residue. The mutated
ohrRC22S was cioned in pBBRTMCS-5 (Kovach et af.,
1994) resulting in pBRARohrRC22S. The plasmid vector,
pBBRohrR and pBBRohrRC228S were transformed intoc Xp
PllacZ (X. campesiris pv. phaseofi mini-Tns PllacZ,
KmP), a strain that has P1 promoter fused 1o facZ in a
minl-TnS vector and subsequently transposed into the
chromosame. Analysis of B-galactosidase activity showed
that both wild-type OhrR and mutatsd OhrRC22S
repressed the P1 promoter activity (Fig. 4B). This indi-
cated that the C22 residue has no role in the binding of
OhrA to its target site within the P1 promoter. In contrast,
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formed into Xp PilacZ. P represenied the Xp
P1lacZ with a plasmid vector. tBOCH {T) or
CuQOH (C) at final concantration of 100 pM
was added to the culture of Xp PliacZ harbour-
ing pBBRohrR or pBBRohrRC225 and Incu-
bated {ur additionat 15 min prior to cell harvest
and anzyme aasay. U represents uninduced
culture. f-galactosidase was assayed as
described in the Experimental procedures.

treatment with 100 uM tBOOH or CuOOH highly induced
lacZ expression driving from the P1 promoter In cells
harbouring pBBRohrR but not in cells harbouring
pBBRohrRC22S (Fig. 4B). These data indicated that G22
of OhrR is important to the protein ability to sense crganic
peroxide and this residue is the target for oxidation by
organic peroxide that probably changes the protein con-
formation and renders It inactive. Recent findings indicate
that the consarved C residue In Baciffus subtilis OhrR
Is being oxidizad by organic peroxide to a sulphenic acid
intermediate that cause Inactivation of the protein
(Fuangthong and Helmann, 2002).

The data presented in this report imply that the physi-
ological role of OhrR is to sense and respond to changes
in organic peroxide levels. Addition of organic peroxide
causas inactivation by oxidation of OhrR leading to dere-
pression of ohr expression. We have shown that high level
of OhrR conferred Increased resistancae to organic parox-
ide killing {Mongkolsuk et al., 2002). Oxidation of OhrR by
an organic peroxide results in loss of the protein ability
to bind to its target site. A recent finding shows that
OhrR from B. subtilis behave similarly (Fuangthong and
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Helmann, 2002). Efficient interaction with the inducer and
subsequent oxidation of OhrR requires that the inducer
has both peroxide and erganic moietiss. Replacing either
of these entitiss renders tha inducer ineffective or reduces
its afficiancy. It remains to be seen how OhrR differenti-
ates between organic peroxide and H,0,. One explana-
tion is that the OhrR peroxide sensing site is burled in a
hydrophobic region which favours interactlon with the
organic moiety of an organic peroxide. Full oxidation of
the protein might require that the ligand remalns at the
active site for a prolonged period of time. Alternatively,
protein—ligand Interaction with the organic moiety of the
inducer may facllitate the oxidation reaction, &.g. by align-
ing the peroxide group and its target. In contrast, because
H.O, can diffuse intc the cell, the low level induction
detected may be a result of H;O, reacting in a non-
diracted way with the sensing site of OhrRR. These possi-
bilities will be investigated.

Experimental procedures
Bacterial cufture conditions

All Xanthomonas strains were grown aerobically in SB (Sliva—
Buddenhagen medium, 0.5% peptone, 0.5% yeast exiract,
0.5% sucrose and 0.1% glutamic acid, pH 7.0, Mongkolsuk
et al., 1997) at 28°C. The oxidant induction experiments wera
performed on exponentlal phase cells by additlon of stated
concentrations of oxldants to cultures tollowed by incubation
for additional 15 min for Western analysls and 10 min for
Northern analysis before cells were harvested for lysate
preparation and RNA extraction. Anlibiotics were used at the
following concentrations: for selection of chromosomai inte-
grated mutants 16 g mi~' kanamycin; and for selection of
plasmids, 15 pg mi~' gentarmicin and 30 pg mi-* kanamycin.
All plasmids were transterred into X. campesiris pv. phaseoli
by electroporation using previously described conditions
{Mongkolsuk ef al,, 1998).

Wastern immunodetaction of Cat

Cell lysates ware prepared by resuspended cell peliets from
10 ml log-phase cultures in 0.5 ml of 50 mM sodium phos-
phate buffer pH 7.0. The cell suspension was sonicated Inter-
mittently for 2 min and spun at 10 000 g for 20 min. Protein
concentration in clear lysate was measured using the
Bradiord assay (Bradford, 1976). Subsequently, 20 ug total
protein was loaded into each lane of an 10% SDS-PAGE gel.
The sgparated proteins were electrophoretically transierred
to a sheet of PVDF membrane. The blocking of membrane,
primary antibody raaction, washing and subsequent detec-
tion of immune reaction by alkaline phosphatase conju-
gated second antibody were done as previously described
(Loprasert efal, 2000). Densitometer analysis was per-
formed as previously described (Sukchawalll ef af., 2001).

Northern analysis of ohr expression

Xanthomonas campestris pv. phaseolf strains were treated

with different concentrations of tBOOH or H,O, for 10 min.
Cells were pelleted and total RNA was exiracted using the
modified hot phenot methad (Mongkolsuk et al., 1997). In the
induction kinetic experiment, aliguots of cells were removed
at the indicated time and celis were pelleted by centrifugation
before total BNA was extracted. RNA samples were loaded
into 1.5% formaldehyde agarose gel and after electrophore-
sis the separaled RNA samples were transferred to a nylen
membrane. Pre-hybridization, hybridization, stringent wash-
ing conditions and ohr probe preparation were done as pre-
viously described (Mongkolsuk et al., 1998).

Furification of OhrR

The poly His-ObrR jusion protein was made using BT377
(5-ATTCTCGAGTCCCGCGCCAAGGCT-3) and BT 378 (5-
CGAATTCGCCGATGGTCCC-3) primers and pBBRohrR as
DNA templatse In a PCR reaction using previously described
conditions except 1 U of pfu polymerase was used instead of
Tag polymerase. The 560 hp PCR preducts were digested
with Neel and Xhol and cloned into similarly digested pET
Blue-2 {Invitrogen). This gave pET-OhrR3His that has OhrR
fused to poly His at the carboxyl ierminus. The gene
sequence was confirmed by DNA sequencing. The fusion
protein was purifled from Escherichia coli BL21(DE3)/pLysS
harbouring pET-OhrR3His. Essentially, cell peliat was resus-
pend in resuspansion buffer (60 mM Tris-HCI pH 8.0, 1 mM
EDTA, 0.1 mM DTT, 100 mM NaCl, 1 mM PMSF and 10%
plycerol} and lysed by intermittent sonication. The cell debris
was ramoved by centrifugation at 10 000 g at 4°C for 30 min
betore loading into a heparin agarose column eguilibrated
with binding buffer without 100 mk NaCl. Bound protein was
eluted with NaCl gradient (0.05-1.0 M). Fractlons containing
OhrR was pooled and concentrated before loading onto
Superdex 75 column and protein eluted at the rate of
0.5 mi min~! in binding buffer with 100 mM NeCl. Fractions
containing OhrR was pooled and protein concentration was
determined by a dye-binding method (Bradford, 1976). The
purity of OhrR Is greater than 90%.

DNA band shift assay

The DNA band shift reactions were performed by adding
3 fmol of labelled 170 bp P1 promoter fragment probe to the
binding buffer (20 mM Tris pH 7.0, 50 mM KCi, 1 mM EDTA,
5% glycerol, 50 ng mi-' BSA, 5 pug mi-! calf thymus DNA,
0.8 ug rmi-' polydl/dC). Then 15 ng of purifled OhrR was
added and the reaction incubated at 37°C for 30 min
{Lopraser! et al., 2000).

Site-directed mttagensis of ohrR

Polymerase chain reaction (PCR) based site-directed
mutagenesis was used to change the OhrR C22S. Essen-
tially, mutagenlc primers BT17 (5-GAGCTGTCCTTTGCGT
TGT-3) and BT18 (5 -ACAACGCAAAGGACAGCTC-3) were
used and pBBRohrR as DNA template were mixed with PCR
reaction and performed using previously described condi-
tions (Mongkolsuk et a/,, 2000). Two PCR products ware re-
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annealed and re-PCR with M13-Forward and M13-Reverse
primers glving 710 bp PCR products which ware digested
wilh EcoRl and Sad and cloned into pBBR1 MCS-5 (Kovach
el al, 1994} giving pBBRohrRC22S. The seqguence of the
mutated DNA was verlfied using an automated DNA
sequencer.

Construction of Xp PtlacZ

A 170-bp fragment contalning P1 was cloned inta a mini-Tns
vector pUTPlacZ1 (de Lorenzo and Timmis, 1994} in front of
a promoterless jacZ giving pPllacZ. The promoter probe
veclor was transferred into X. cammpestris pv. phaseoll and
sslectad for Km® and ApS phenotypes for transpasition of the
mini-Tn. The intergration of the mini-Tn containing P1lacZ
was confirmad by PCR using primers located in P1 and facZ.
Beta-galaciosidase assays were done according to Ochsner
et al. (2001).
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