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SUMMARY.

The original goal of the project was to investigate the toxic etfect of organic hydroperoxide and
how \anthomonas. soil bactena and bactenial phytopathogen protect themselves from its toxicity.
However. in order to under this important question. it is necessary to investigate the general
oxidative stress response and how different processes are co-ordinated. In this project. we are the
first group to successtully identified a new family of organic peroxide resistance gene (ohr).
Subsequently. this gene family has been shown by us and many other investigators to be widely
distributed in both gram negative and gram positive bacteria suggesting that it is generally
important 1n protecting bacteria against organic peroxide toxicity. In addition. we have
charactenized in details the widelv distributed alky!l hydroperoxide reductase gene that coded for
the organic peroxide metabolising enzyme. The gene structure. physiological functions and
regulation levels were investigated. The research has revealed novel aspects of its regulation and
complex phystological function which are differed trom other bacteria. Moreover. the global
regulator and peroxide sensor. OxyR trom \unrhomonas has been investigated. The regulator has
crucial role in mediating general peroxide and vxidative stress responses and mutation in the gene
resulted in pleotropic changes in bacterial stress physiology. As previouslv, mention that
understanding of peroxide stress alone is not sufficient. the overall process of oxidative stress
response must also be investigated. We have pertormed basic bacterial physiological studies that
revealed complex processes of .Yanrthomonas oxidative stress response.

Key Words: ahpC. ohr, organic peroxide toxicity, OxyR.
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INTRODUCTION.

Xunthomonas are gram negative aerobic soil bacterta and important bactenal
phytopathogen. During normal growth, large quantity of reactive oxygen species (ROS) including
superoxide anions. hydrogen peroxide and organic peroxide (Fig.1) are produced as by products
of aerobic metabolism. Dunng plant microbe interaction. one of active plant defense responses
to microbial invasion is increased production of reactive oxygen species (ROS) (Baker and
Orlandi. 1995: Levine er al.. 1994). There are evidence correlated increased production ot ROS
with the ability ot plant to successfully defense against pathogen artack (Baker and Orlandi. 1995
Levine er al.. 1994). These ROS could react with macromolecules in the cells leading to genetics
and cellular damages. ROS need to be rapidly removed betore their concentrations build up to

toxic levels resulted in inhibition of cells growth. These observations indicate that production
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(3) Fe” = H:0,—— Fe'" —"OH-OH  Fenton’s reaction

(2)+{3) O, *H.Q: ————> OH ~OH ~0O- Haber - Weiss

of ROS is an important part of plant defense response.

Fig.l Formation of reactive oxygen species (ROS).
In A: The four electron reduction of molecular oxygen to water.

B: Reactions involve in the generation of ROS.



Generzal microbial oxidative stress protective genes.

The microbial oxidative stress response is a well-orchestrated reactions involving
synthesis of many proteins and small molecules. The tunction of these responses can be broadly
classitied into three categones namely to detoxifv the toxic molecules. to repair damage
macromolecules and to regulate various processes. Enzymes involved in detoxification of toxic
molecules such as superoxide dismutase (SOD) that breaks down superoxide anions to H,0s.
H,Oa is then break down by both monofunctional and bifunctional catalase (Demple. 1991; Farr
and Kogoma. 1991). The second category of enzymes involved in oxidative stress response are
varnous repair enzymes such as exonuclease III and Fappy glvcosylase that repairs oxidative

damaged DNA and methionine sulfoxide reductase that repairs oxidative damaged proteins

(Demple. 1991: Farr and Kogoma. 1991)(Table 1).

Tablel

Antioxidant genes, activities and their regulators in Escherichia coll

Gene Activity Regulators

sodd Manganese superoxide dismutase SoxRS™,ArcAB. FNR.Fur.IHF
fumC Fumarase C SoxRS™.ArcAB.G°

aggvﬁ Aconitase A SoxRS.ArcAB.FNR. Fur
“wf Glucose-6-phosphate dehydrogenase  SoxRS”
fur Fernc uptake repressor SoxRS"™, OxvR -

micF RNA regulator of ompF SoxRS", OmpR. LRP
acrdB Multidrug efflux pump SoxRS”™

10lC Outer membrane protein SoxRS™

Jpr Ferredoxin reductase SoxRS”

AldA Flavodoxin SoxRS”™

nfo Endonuclease IV SoxRS”

sodB Iron superoxide dismutase

sodC Copper-zinc super oxide dismutase o, FNR

katG Hydroperoxidase I OxyR, ¢®




ahpCF Alkyl hydroperoxide reductase OxyR
gorA Glutathione reductase OxyR. o®
grxd Glutafedoxin 1 OxyR
dps Non-specific DNA binding protein OxyR. o° IHF
oxyS Regulatory RNA OxyR
katE Hvdroperoxidase 1 G

xthA Exonuclease 111 N

polAd DNA polymerase |

recAd RecA RecA. LexA
msr.d Methionine sulfoxide reductase

hslO Molecular chaperone

mutM(fpg) 8-hydroxyguanine endonuclease FNR[70]
hmp Flavohemoglobin MetR

The third category of proteins involved in oxidative stress response are regulatory
proteins. These proteins such as RpoS. SoxRS and OxyR (Demple. 1991. Rosner and Storz 1997
Storz and Imlay. 1999) regulate and coordinate the global responses to oxidative stress. Some of
the proteins are also involved in signal transduction (Table 1)(Storz and Imlay. 1999). oxyR and
soxRS regulons are best characterized regulators involved in oxidative stress response in £.coli
(Demple. 1991. Rosner and Storz 1997; Storz and Imlay. 1999) SoxR is activated by superoxide
possibly via the Fe-S centre of the protein. Activated SoxR then enhances transeription of soxS
(Demple. 1997) High levels of SoxS activates genes involved in superoxide protection in soxRS
regulon (Nunoshiba er a/. 1993)(Table 1). Many genes in oxvR regulon are activated by H>O- and
involved in protection against peroxide toxicity (Table 1)(Storz and Imlay, 1999). -OxyR belongs
to a LysR family of transcription regulator. OxyR is one of the first regulators shown to have both
oxidative stress sensing and transcription regulation activities (Storz et al. 1990: Storz and Imlay.
1699). Recently. the mechanism of OxyR activation and deactivation have been worked out in
details (Fig.2)(Zheng er al, 1998). Essentially intracellular H,O, reacts with highly conserved

C199 and C208 residues to form a disulphide bond (Fig.2)(Storz and Imlay, 1999). The



disulphide bond tormation is thought to occur via sulfenic acid intermediate ot C199. Formation
of the bond changes OxvR from reduced to oxidized torm (Zheng er a/, 1998). Oxidized OxvR
activates transcription ot genes in the oxyR regulon. Once the peroxide stress has been
neutralized. oxidized OxvR must be converted back to reduced form. This process involves
glutaredoxin and reduced glutathione. Reduced OxyR act as repressor of oxa R itself and some
genes in the regulon (Zheng er al. 1998).

Fig.2 Oxidation and Reduction of OxyR

Reduced OxvR

sy SH -
SHSSHS:'H SH SH

Represses expression
of some genes

Glutathione

Activates Trapscription
uf genes in 0x)R Regulon

Oxidized OxyR



DISCUSSION.
QOxidative stress response in Xanthhomonas.

Many aspects of Xunrhomonas oxidative stress response are diftered from other bacteria.
In Vunihomonas. we have shown that stationaryv phase cells are more resistance to H>Os. organic
peroxides and a superoxide generator killing than exponential phase cells (Chamnongpol et al..
1993a). The stationary phase resistance to peroxides and superoxide killing do not depend upon
de novo protein synthesis (Vartanaviboon et af.. 1995). This observation s in agreement with
observations in other bactena.

Oxidants induced adaptive and cross protection responses.

Exposure of bactena to a sub-lethal dose of one agent can induce protection against
subsequent challenged with lethal doses of the same agent (adaptive) or non related agents (cross
protection). These responses are important stress survival strategies tor bactena. Exposure ot
NXanthomonas 10 a low concentration of H-O- confers resistance 1o subsequent challenges with
a killing concentration ot H-O- . Surprisingly. no adaptive response to organic peroxides (tert
butyl or cumene hvdroperoxides) or a superoxide generator (menadione) have been observed
{Vattanaviboon ez a/. 1995). While, exposure to a low concentration of a superoxide generator
(menadione) confers cross protection against lethal concentrations of H-O. and organic
hydroperoxides (tert butyl and cumene hydroperoxides)Mongkolsuk er al. 1997). Both adaptive
and cross protection responses require de novo protein synthesis and aerobic growth. These
responses to oxidants could be important tor Nunrhiomonas during interactions with plant. Plant
generated ROS might induce catalase which in turn protects Nanthomonas trom the growth
inhibiting etfects of H,O, produced by plant defense responses. .Xunthomonas cells in the early
log phase cells are more sensitive to oxidative killing than cells at other stages of growth. Thus,
induced protection against oxidative stress allows the bacteria to overcome oxidative stress and

grow in plant. During plant-microbe interactions and in the environment, Xanthomonas
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campestris pv. phaseoli are likely to be exposed to high concentrations of multiple oxidants. Here.
we showed that simultaneous exposures of the bacteria to multiple oxidants atfected cells survival
in a complex manner. A superoxide generator {menadione) enhanced the killing effect of an
organic peroxide (rert-butyl hvdroperoxide) bv 1000-told: conversely. treating cells with
menadione plus H-0- resulted in 100-fold protection compared 1o cells treated with individual
oxidants. .Xanthomonas treated with a combination of H2O- and rerr-butyl hydroperoxide showed
no additive or protective etfects. High levels of catalase alone were sutficient to protect cells

against killing effects of menadione plus H>O- and rert-butyl hydroperoxide plus H>0O,. These
data suggested that H.O, was responsible for killing ot bacteria in these treatments. However.
increased expression of individual genes for peroxide (alkyl hydroperoxide reductase. catalase)
and superoxide (superoxide dismutase) scavenging enzvmes or concerted induction of oxidative
stress protective genes by menadione pretreatment had no protective effect against a combination
of menadione plus rerr-butyl hydroperoxide killing. Nonetheless, Xanthomonas cells in stationary
phase and a spontaneous H.O- resistant mutant ((Nanthomonas campestris pv. phaseoli HR)
showed increased resistance to menadione plus rerr-butyl hydroperoxide kiliing. The tindings give
new insight into oxidants killing of Xunthomonas that could be generally applied to other
bactena.

Isolation and characterization of genes involved in peroxide protection.

Catalase is the major H,O» scavenging enzyvme in bacteria. We have identified at least two
forms of monotunctional catalase designated KatA and KatE and one torm of bifunctional
catalase peroxidase enzymes. KatA is the major torm of catalase in Xanthomonas campesiris pv.
phaseoli (Vattanavibbon and Mongkolsuk. 2000). We are working on isolation of the gene. KatE
is a growth phase regulated catalase. KatE belongs to a family of "long" bacterial catalase that
shared high degree of amino acid sequence homology with mammalian catalases. Mutations in

katE show no alterations in catalase levels and sensitivity to H>O» killing. This is due to
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compensatory increase in other forms of catalase ( Vattanavibbon and Mongkolsuk. 2000). In
Xoryzae pv. oryzae, a homologue of katE designated kat.{ is inducible with menadione and H.O-
(Mongkolsuk. et al. 1996). The ability of .Yanthomonas to protect themselves from killing
concentrations of a man made (n ethylmaleimide. NEM) and an endogenously produced (methy!
glvoxal. MQ) electrophiles were investigated. Pretreatment of .Xanthomonas with a low
concentration of NEM induced protection against killing concentrations of NEM and MG. While.
MG pretreatment only weakly induced protection against NEM killing but not against itself. NEM
induced protection against electrophile killing required new protein synthesis and was abolished
by addition of a protein synthesis inhibitor. By contrast, MG induced protection against NEM
killing was independent of new protein svnthesis. Xanthomonas harbouring an expression vector
containing a catalase gene was over 100 fold more resistance to MG and NEM killing. High
expression levels of genes for other peroxide protective enzymes such as alkyl hydroperoxide
reductase (ahpC and ahapF) and ohr had no protective effects against electrophile killing. Thus.
catalase appears to have novel protective roles against electrophile toxicity. Moreover. this
suggests that in .XYanthomonas NEM and MG toxicity might involve accumulation and/or
increased production of H,O». The idéa was further supported by the observation that addition
of 10 mM sodium pyruvate, a compound that could chemically react with peroxide protected
Xanthomonas from MG and NEM killing. The protective role of catalase and the role of H.0O- in
electrophile toxicity are novel and could be generally important in different bacteria
(Vattanaviboon et al.. 2001).

Alkyl hydroperoxide reductase (AhpR) is the best characterized bacterial defense enzvme
against organic hydroperoxides. The enzyme has two subunits, a 22 kDDa catalytic subunit AhpC
and a 57 kDA flavoprotein-reductase subunit. AhpF (Poole, 1996). Both components are required
for NADH or NADPH dependent reduction of organic peroxides to corresponding alcohols

(Poole, 1996). AhpC belongs to a family of evolutionary highly conserved enzymes which have



been found from bacteria to man (Chae er a/. 1994). AhpF shares homologv with thioredoxin
reductases (Poole. 1996). Purified AhpR can use wide range of substrate from H-0O- and simple
organic peroxides to more complex lipid and nucleic acid hvdroperoxides (Poole. 19961 This
suggests that the enzvmes probably have important physiological roles in protection against
peroxide toxicity (Storz and [mlay. 1999). [n many bacteria. mutations in the gene lead to defects
in the bactenal ability to protect themselves from organic peroxide toxicity. We have isolated and
charactenzed an aapC homologue. from Xanthomonas campesiris pv. phaseoli. The predicted
amino acid sequence shared over 30% identity to AhpC from £ cofi. Western analysis shows that
oxidants (peroxides and superoxides). a thiol reagent (NEM) and a heavy metal. CdCl, induce
large increased in the steadyv state level of AhpC (Fig.5)(Loprasert et al., 1997: Mongkolsuk ez
al. 1997). Northern analvsis conrirms that oxidant induced AhpC accumulation is due 1o increase
transcription of the gene. In.Vanthomonas. increased expression of ahpC alone conters protection
against growth retardation and kiiling effects of organic peroxides (Mongkolsuk et @l 1997).
However. high levels of the enzvme did not cross protect the bacteria from Ha(): or superox:de
2enerators toXiCiny.

In Xunrhomonas. ahpC. ahpF. and a zene involved in peroxide sensing transcription
regulation roxy R, are located in close proximity. ahpC. ahpF and oxyR are arranged in head o

tail tashion tFig.3)«Loprasert er af.. 1997 ).

— >
ahpC ahpF oxy R ofX
1 i 1 | ] i 1
N B Beg R H K R
1Kb

Fig.5 Strucrural and transcription organization of anpC. ahpF-oxyR-orfX.
The arrows represent transcription organization of the genes. B, Be/l; Bg, Bg/l: Cl,

Clal: H. Hindlll. K. Kpnl: N, No«l.
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This arrangement is conserved in all Nanthomonas strains ested. Transcnption
organization of these genes are shown in Fig. 6. aiip s transeribed as a4 monocistronic 0.0 kb
mRNA. while aulipf” oxyR are wranscribed as a polverstronic 3.0 kb mRNGA tLoprasert of i
1997). At present. we do not have ufpC or ahpf mutants. However. expression anaiyvsis an
Namthomeonas suggests that both genes are inducible by oxidants (Fig. 3 ) Mongkolsuk ef al.

1997).

‘g@b
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. \Q X R K>
~ &{\ <
& S
T TN N N

Fig.4 Northern analvsis of whpC promoter fused to cat in both ahpC1l and the parental strain.
Al Nwnrhomonay strains used contained TnCP1. RNA was extracted by hot phenol

method and probed with radivactively labelled car.
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Fig.5 Differential binding of reduced and oxidized OxyR to the ahpC promoter.
In A. DNAsel footprint of the ahpC promoter fragment performed as described in Loprasert et

al.. 2000 and in B the ahpC promoter and OxyR binding sites showed different binding site

for reduced and oxidized OxyR.
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We have recently characterized the ahpC promoter and OxyR binding sites. Alkyl
hydroperoxide reductase subunit C (asp() had unique patterns of regulation by various forms of
OxyR. Reduced OxyR repressed expression of the gene while oxidized OxyR activated its
expression. This dual regulation of aspC is unique and unlike all other OxyR regulated genes.
The ahpC transcription start site was determined. Analysis of the region upstream of the site
revealed promoter sequences that had high homology to the Xanthomonas consensus promoter
sequence. Data from gel shift experiments indicated that both reduced and oxidized OxyR could
bind to the aApC regulatory region. Moreover, the reduced and the oxidized forms of OxyR gave
different DNAsel footprint patterns indicating that they bound to different sites (Fig.5)Loprasert
et al.,, 2000). The oxidized OxvR binding site overlapped the -35 region of the ahpC promoter by
a few bases. This position 1s consistent with the role of the protein in activating transcription of
the gene. Binding of reduced OxyR to the ahpC promoter showed an extended DNAsel footprint
and DNAsel hypersensitive sites suggesting that binding of the protein caused a shift in the
binding site and bending of the target DNA. In addition. binding of reduced OxyR completely
blocked the -35 region of the uApC promoter and prevented binding of RNA polymerase leading
to repression of the gene (Fig.5). Monitoring of the aspC promoter activity in vivo confirmed the
location of the oxidized OxyR binding site required for activation of the promoter. A mutant that
separated OxyR regulation from basal aApC promoter activity was constructed. The mutant was
unable to respond to oxidants by increasing ahéC expression. Physiologically. it had a slower
aerobic growth rate and was more sensitive to organic peroxide killing. This indicated that
oxidant induction of ahpC had important physiological roles in normal growth and during
oxidative stress.

Alkyl hydroperoxide reductase subunit C (AhpC) is the catalytic subunit responsible for

alkyl peroxide metabolism. An ahpC mutant in Xanthomonas was constructed. The mutant had
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increased sensitivity to organic peroxide killing but was unexpectedly hvper-resistant to H-O
killing. Analysis of peroxide detoxification enzvmes in this mutant revealed differential alteration
in catalase activities in that its bifunctional catalase/peroxidase and major monotunctional
catalase (Katl) increased several fold while levels of its third growth phase regulated catalase
(KatE) did not change. The increase in catalase activities was a compensatory response to lack
of AhpC and the phenotype was complemented by expression of a functional ahpC. Regulation
of the catalase compensatory was complex. Compensatory increase in Katl was mediated by
OxyR since it was abolished in an oxyR mutant. Bv contrast, compensatory increase in the
bifunctional catalase/peroxidase was mediated by an unknown regulator. independent of OxyR.
Moreover. the mutation in aApC appeared to convert OxyR from a reduced to oxidized form that
activated genes in the OxvR regulon in uninduced cells Fig.4. This complex regulation of
peroxide stress response in Xanthomonas differed trom that in other bacteria (Mongkolsuk et al..
2000).

We have identified a new gene responsible for organic hydroperoxide resistance (ofr)
from Xanthomonas campestris pv.phaseoli. The gene 1s isolated by complementation of an £.coli
alkylhydroperoxide reductase {(ahpC and ahpF) mutant that has an organic hydroperoxide
hypersensitive phenotype. ohr encodes a 14.5 klDa protein. The predicted Ohr amino acid
sequence has highest homology (63%) to an unknown protein {rom .dcinetobacter calcoacericus
and moderate homology (46%) with two unknown proteins ( YkIA. and YkzA) from B subrilis.
There 1s lower homology to OsmC (an osmotic inducible protein) from £.coli (31%. 18) and an
ORF of unknown function from Mycoplasma genitalium (31%. 13). All four proteins have
similar size and two highly conserved redox sensitive cysteine residues suggesting they could be
important in structure and functions of Ohr (Mongkolsuk et al . 1998a). A knockout mutant of

ohr has been constructed in Xanthomonas to evaluate ohr physiological roles. The mutant growth
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is sensitive to a low concentration of tBOOH and also more sensitive (over 100 fold) to tBOOH
killing than the parental strain. The mutant shows no difference in sensitivity to either H.O- or
MD killing. These detects in the mutant can be complemented by expression of a functional ohr
on an expression plasmid (Mongkolsuk et al . 1998a). ohr has an unique expression pattern. The
gene is highly induced by organic hvdroperoxide. weakly by H,O» and not at all by a superoxide
generator. Furthermore. the peroxide inducible expression is not under OxyR regulation. The data
suggest that Ohr 15 a new tamily of organic hvdroperoxides protective protein.
Characterization of a f;(amhomona.s oxyR.

Analvsis of OxvR amino acid sequence shows highly conserved C residues at C199 and
C208 (Loprasert er al. 1997)(Fig.2). These redox active C residues are important for conversion
of OxyR from reduced to oxidized form. We have constructed a maker exchanged oxyR mutant
by replacing the functional copv of the gene with a mutated copy. The mutant show interesting
phenotvpes which have not been observed in other oxyR mutants. First the mutant has defective
aerobic plating efficiency. This defect could be complemented by expression of katt. ahpf genes
on an expression vector or addition of pyruvate (a compound that could chemically inactivate
toxic peroxide) to growth medium. These observations suggest that the oxyR mutant accumulated
toxic peroxides leading to growth inhibition and cell death (Mongkolsuk er al. 1998b). In other
bacteria. OxyR is the regulator of the oxidants induced expression of genes for peroxide
scavenging enzyme such as aspC. kar. Similar observations have been made in .Xanthomonas.
(Mongkolsuk et al. 1998b). Oxidants induction of catalase and aspC were abolished in an oxyR
mutant. Moreover, the mutant loses the ability to mount H;O» induced adaptive response against
H,0: killing but surprisingly it retains the menadione induced cross protection against H,Os
killing. The data confirm important role of OxyR in the oxidative stress response.

The regulation of Xanthomonas oxyR is unique. In all other bacteria, upon exposure to
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oxidants OxyR changes from reduced to oxidized forms. The concentration of the protein remains
constant. By contrast. in Yanthomonas exposure to oxidants not only changes OxyR from reduced
to oxidized forms but also induced synthesis and accumulation of the protein (Fig.2). High levels
of oxidized OxyR then activates genes in the regulon. This raise an important question on
regulation ot Xanthomonas oxyvR. We are current examined the mechanism responsible for
oxidants induced expression of oxyR.

Spontaneous mutant of X campesiris pv. phaseoli H,O» resistant mutant emerge upon
selection with | mM H:0O:. we show that growth of this mutant under non-inducing conditions
gave high levels of catalase. alkvl hvdroperoxide reductase (AhpC and AhpF) and OxyR. The
H,O- resistance phenotype was abolished in oxvR minus derivatives of the mutant suggesting
that elevated levels and mutations in oxyR was responsible tor the phenotvpe. Nucleotide
sequence analvsis of the mutant oxiyR showed three nucleotide changes. These changes
resulted in one silent mutation and two amino acid changes. one at a highly conserved location
(G197 to D197) and the other at a non conserved location (L301 to R5301) in the OxyR.
Furthermore. these mutations in oxyR etfected expression of genes in the oxyvR regulon.
Expression of an oxvR regulated gene. ahpC was used to monitor redox state ot OxvR. In the
parental strain. high level of wild type OxyR repressed ahpC expression. By contrast.
expression of oxyR3 trom X campestris pv. phaseoli H>O, resistant mutant and its derivative
oxyR3G 197D with a single amino acid change on expression vectors activated ahpC
expression in the absence of inducer. The other single amino acid mutant derivative of
oxyR5L301R had simiiar effects on ahpC expression as the wild type oxyR. However. when
the two single mutations were combined as in oxyR3. these mutations had an additive effect

on activation of aapC expression.



NXunrhomonays show complex response to oxidauve stress. Ditterent scavenging

enzymes and regulator of their genes are summarized in Fig.6.
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OUTPLT.
The output in term of publication in international journals and number of students trained have
far exceeded the onginal expectation. Total number of 14 papers have been published in
international journals with impact factor ranging from 1.673 to 6.36. In addition. one Ph.D and
five M.Sc. students have been trained. The output is summarized in Fig. 1 and 2. The list of
graduate student supported 15 in Fig.3.
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Number of Publication and journal impact factor

Year Journal [mpact factor
1997 1. Journal of Bacteriology 3.721
2. Journal of Bacteriology 3721
3. FEMS Microbiology Letter 1.673
1998 1. Journal of Bacteriology 3.721
2. Journal of Bacteriology 3.721
3. FEMS Microbiology Letter 1.673
1999 1. FEMS Microbiology Letter 1.673
2. FEMS Microbiology Lertter 1.673
2000 1. Gene 2.258
2. Journal of Bacteriology 3721
3. Applied and Environmental Microbiology 3.541
4. Molecular Microbiology _ 6.361
5. Journal of Bacteriology 3.721
2001 1. Microbiology 2.307
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The completed list of publications is also shown:
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Isolation and Analysis of the Xanthomonas Alkyl Hydroperoxide
Reductase Gene and the Peroxide Sensor Regulator
Genes ahpC and ahpF-oxyR-orfX
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From Xanthomonas campestris pv. phaseoli, we have isolated by two independent methods genes involved in
peroxide detoxification (ahpC and ahpF), a gene involved in perexide sensing and transcription regulation
(oxyR), and a gene of unknown function (orfX). Amino acid sequence analysis of AhpC, AhpF, and OxyR showed
high identity with bacterial homologs. OrfX was a small cysteine-rich protein with no significant homology to
known proteins. The genes ahpC, ahpF, oxyR, and orfX were arranged in a head-to-tail fashion. This unique
arrangement was conserved in all of the Xanthomonas strains tested. The functionalities of both the ahpC and
oxyR genes were demonstrated. In X. campestris pv. phaseoli, increased expression of akpC alone conferred
partial protection against growth retardation and killing by organic hydroperoxides but not by H,O, or
superoxide generators. These genes are likely to have imporctant physiological roles in protection against

peroxide toxicity in Xanthomonas.

The genus Xanthomonas belongs to an important family of
plant bacterial pathogens. During bacterial interactions with
plants, bacteria are exposed to plant-generated H.O.. organic
peroxides. and superoxides, which are important components
of the plant defense response (14, 26). Bacterial pathogens
must overcome these reactive oxygen species to ¢olonize the
host. Thus, bacterial genes responsible for oxidative stress reg-
ulation and detwoxification enzymes are likely to play major
roles in disease development and progression.

Microbial defense against oxidative stress involves both pri-
mary detoxification of the stress and secondarv repair pro-
cesses. Expression of these enzymes is coordinated by several
regulatory proteins. i.e., OxyR and SoxRS (7. 10. 23). In Xan-
thomonas, we have shown that high-level expression of catalase
provides protection against H.O. toxicity but not against alkvl
hydroperoxides. The best-characterized bacterial defense fac-
tor against organic hydroperoxides is alkyl hydroperoxide re-
ductase (AhpR) (3. 10. 24). The enzyme has two subunits.
AhpC (a 22-kDa protein) and AhpF (a 54-kDa protein [20.
24]). AhpC belongs to the highlv conserved family of AhpC/
TSA proteins involved in reduction of highly toxic organic
hydroperoxides to corresponding alcohols (4). AhpF shares
homology to other thioredoxin reductase enzvmes. and its
main function is to regenerate AhpC (19). In enteric bacteria
and Mycobacterium spp.. ahpC is regulated by OxyR (5. 7. 8).
OxyR is a global regulator of the peroxide stress regulon (7. 23.
25}. It functions both as a peroxide sensor and as a transcrip-
;izosn regulator of genes involved in peroxide stress protection

).

Homologs of a/ipC, ahpF. and oxyR have been identified m
several bacteria. In most bacteria. the ahipC and ehpf genes
are arranged in close proximity, and in some cases they have
been shown to be coregulated (1. 3. 19. 24). While axvR is
usually not located nearbv, an exception to this typical organi-

* Corresponding author, Mailing address: Laboratory of Biotech-
nology. Chulabhorn Research Institute. Lak Si. Bangkok 10210. Thai-
land. E-mail: sesmmk@mucc.mahidol.ac.th.

zation is in Mycobacterium strains in which oxyR is located 5" of
ahpC and transcribed in the opposite direction to it. No afipF
homolog has been found in close proximity to these genes (8,
29). Here, we repnried the isolation of the ahpC, uhpF, and
owR homologs and their geneme and transcription organiza-
tion in various Xanrhomaonas strains.

MATERIALS AND METHODS

Bacterial strains, growth. and transformation. The foilowing Eschenciua colf
strains and therr relevant genotypes were used: K-i2 (wild type). G503 (ooR
[12013]). TAS3ILS 4ahpCFA 24, and UM2 (kat£ katG [P. Loewen|). All E. coli
and Nunthomonas sirains were grown .erobically at 37 and 28°C on Luria-
Bertan and Silva-Buddenhagen media, respectively. Ampicillin was used a1 100
wmi for both £, colt and Xunthomonas strams. Routinely. £, coli was trans-
formed by a chemical method. while Yantiomenas was electroporated under
previously desenbed conditions {17).

Construction of pKS-ahpC and pUFR-ahpC. The 1-Kbp sequence frarm an
Neel to an Hinell site trom pAhp4-1 (Fig. |} was subcloned inte pKS vector.
resultng i pRS-aphC. Similarly, pUFR-ahpC was construcied by ligation of the
I-kbp Neol-Hincll fragmeat into pUFRO47, 4 broad-host-range fre W expression
vector (6} digested with Smal.

Nugcleatide sequencing. pAhpd-1was sequenced in both directons from a Call
site 10 a vector EcoRIsite. Similarly, 2 2.0-kbp DNA fragment beoween an EceRI
~ite and the second Veel site of pONX was seqguenced. Both plasmids were
segueneed by the pnimer walking iechnique with an ABI Prism kit on an ABIL 373
automated DNA sequencer.

Disc diffusion killing zone methad. Log-phase cells (10™) were muwed with top
agar ((.53% SB agar) and poured va top ot SB plates. Vanous chemicals at
appropriate concentrabons were placed on h-mm-diameter paper dises made
from Whatman flter paper and put on 1op of o Luvn of cells, The diameter of the
cleared zone was measured alter 24 h et incubauon, For £ cole, 5B medium was
replaced with Luria-Beetan mediurn.

Nucleotide sequence accession number. The nucleotide sequence reported
here has beea deposited in GenBank and has been assmigned accesaon no.
U94336.

RESULTS AND DISCUSSION

Cloning of ahpC by reverse genetics. Comparison of amino
acid sequences of the AhpC familv of proteins revealed highly
conserved regions (4). which were suitable for application of
reverse genetics and PCR gene isolation techniques. The cor-
responding nucleotides of the conserved amino acid motifs at
positions 42 to 30 (DFTFVCPTE) and 163 to 170 (GEVCPA

3944



Vor. 174, 1947

-—]. ahpC !| ahoF I R 7]

aN 8 8 M T Y
1 Kb

FIG. I Orgamizaton ot whpC. ahpf. oxeR. and onX an X, campesins pv.
phaseoli. The arraws indicate the dircenon and fength of the transeripts. B
BstX1. By, 8¢/l CL Clulc M. HindlIT: K. Kprl: N, Neol: R, EcoRI.

KW)Y of £ coli AhpC were used to synthesize degenerate
oligonucleotide primers for PCRs (4). To reduce primer de-
generacy and complexity, it was taken into account that Xan-
thomonas frequently used G or C in the last position of the
codons. The following primers werc used to amplify Xan-
thomonas campesrris pv. phaseoli genomic DNA: 5'ahpC. 3’
GAC TTC ACX TTC GTX TGC CCX ACX GA 3'; and
JrahpC. 53" CCA CTC XGC XGG ACA XAC CTC XCC ¥
(where X i1s for G and C). The resulting 390-bp PCR product
corresponding in size to that expected of ahpC was cloned into
pGEM-T vector (Promega), and the sequence was determined.
The predicted transiation products of this partially sequenced
clone of ahpC showed a high degree of homology to AhpC
sequences from several bacteria. Thus, they were used as
probes to screen an X. campesins pv. phasecl genomic library
constructed (n a ZipLox vector (Bethesda Research Laborato-
ries {24]). Several positive clones were isofated. und plagues
were purified. Many isolates shared internal fragments that
cross-hybridized with the aApC probe. One such clone. pAhp
4-1. was completely sequenced in both directions from a Clal
site to the vector EcoRI site. Analysis of the sequence revealed
three open reading frames (ORFs). The predicted amino acid
sequences of these ORFs were used to search GenBank, and
the results showed that the first ORF had high homology with
the AhpC tamilv of proteins. The complete second and the
third truncated ORFs showed homology to AhpF. a subunit of
AhpR (1. 19, 24), and OxyR. a peroxide stress sensor and
transcription regulator. rLspcuwc.lv (& 11.25).

Isolation of oxyR. A plasmid. pOXX, was isolated from an X,
Campe.s!n_s pv. phaseoli plasmid expression library by compie-
mentation of an H.O.-hypersensitive phenotype of an £ coli
oxvR mutant. GSO8 (12, 13). GSOS harboring pOXX was
more resistant to H-O-, with a killing zone diameter of 2.2 cm
compared with 2.8 cm tor GSOS harboring pKS vector only.
Deletion analvsis of pOXX indicated that the oxwR comple-
mentation activity was [ocated on a 2.0-kb DNA fragment
between an EcoRI site and the second ATiol site. The fragment
was completely sequenced. Sequence analysis indicated a par-
tial first ORF with homology to AhpF. a complete second ORF
homologous to OxyR. und un unknown protein. ORFX (Fig.
[). Although pAhp 41 and pOXX were independently 150-
lated, they had overlapping regions.

Gene organization in X. campesiris pv. phaseoli. [n Xun-
thomonas, whpC.ahpF. and R showed an unusual organiza-
tuon. These genes were arranged in head-to-tal fashion in the
following order: whpC. whpF. wavR. and orfX (Fig. 1). Each of
the ORFs had a strong ribosome binding site preceding the
translation initiation codons. The frst and the second ORFs
were separated by 213 bp, the second and the third by 91 bp,
and the third and the fourth bv 73 bp.

Analysis of aApC expression in several microbes shows un-
usual patterns. suggesting the possibility that more than one
copy of the gene could exist (1. 27). We performed Southern

GENES THAT PROTECT XANTHOMONAS FROM PEROXIDE TOXICITY
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hyhridization of X, campestris pv. phaseoli genomic DNA di-
"u.u,d individually with five restriction enzymes and probed
with the coding regions of ahpC, ahpf, und oxyR. The hybrid-
ization results suggested that only vne copy of these genes was
present in X. campesiris py. phusgoh (data not shown).

En the accompanying paper, we have analyzed the transcrip-
tion organization of these genes {(18). The results indicate that
ahpC is organized as 4 monocistronic gene, whereas the ahpfF-
oxvR-orfX genes arc arranged in an operon (18).

Primary structural analysis of AhpC and AhpF. The pre-
dicted first ORF (AhpC) encoded a 20.4-kDa protein that had
size simtlar to that of the other bacterial AhpC. Xanthomonas
AhpC showed highest identity to AhpC from E. coli (57%) and
Staphviococcus aureus (30%); the percentage of identity to
other bacterial AhpC homologs dropped dramatcally to
around 30% compared with those of homoiogs from Mvcobac-
terium tubercudosis. Sulfolobus sp.. and Corynebacterium diph-
theriae (Fig. 2). This suggests a possible subgroup of AhpC.
There is higher sequence identity within members of each
group than between the groups. The low identity between the
two groups could reflect differences in enzyme mechanisms or
substrate specificitv. Lack of biochemical characterization of
AhpR in many of these bacteria prevents a more definitive
analvsis.

In general. the family of AhpC proteins can be subdivided
into two groups on the basis of whether they contain one or
two cysteine residues (4). Xanthomonas AhpC belonged to the
family of antioxidant proteins containing two cysteines (3).

Amino acid sequence comparisons of the second ORF
showed that Yurthomonas AhpF shared 67 and 61% identity to
Sulmonella nphmueuem (20, 24y and Bacillus subnlis (1, 3)
AhpF {Fig. 3). The high degree of homology between these
proteins suggested that they might have similar enzyme mech-
anisms. Cysteine residues involved in disulfide bridges, an ac-
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LOPRASERT ET AL.

FIG. 3. Multiple alignment of bacterial AhpF amino acid sequences. Com-
ORf -anison of AhpF amino acid sequences from 5. npumunum (SAL:G1338631.°X
¥k ampestris pv. phaseoli (NAN:U94336), and B. subnlis (BAC.D72192) aligned by
{3 e Clustal W program (28). Gaps were introduced to maximize the it The
heg Uf_ubers on top were according o 8. nvphimunum AhpF numbenng. The cyvsicine

© esidues involved in a disulfide bridge and in an active site (7)) are shown.
¢t Residues in the conserved NAD(P)H binding site are overlined.
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for their function (120 13 21). However, dittle homeloey was
detected inthe region close o the carboxy termmm ot .
capestns pyv. phaseolt OxvR and other OxvR homologs, On
the ather hand. there was some consenvation in this region for
£ coli and H. influenzaue OxwR sequences. Despite differences
in the carboxy-terminal regions, other amino aad restdues
important to the £ coli OxyR repression mechamsm were all
hghly conserved in OxyR. The disparity in the Xl campeseris ps
phascoli OxvR carboxy-terminal regions could be duc to Jif-
ferences in the mechamisms by which these proteimns negatively
rezulate their own expression. We are investigating these pos-
sibiliies. Nonetheless. Y. cumpestns pv. phaseoli onwR can
functionally substitute for £ coli oxvR in activanon of the
catalase gene that results in complementation of the H.O.-
sensitive phenotype of GSOR (see “lsolation of oxvR™).
Analysis of OrfX. The fourth ORF identified had a coding
potenual for 78 amino add residues. an 3-kDa protein. The
putative protein. designated OrfX, was an alanine (19 ulanine
residues)- and cvsteine (7 cysteine residues)-rich protein (Fig.
3). A scarch of GenBank did not reveal any homolog to the
OrtX amino acid sequence. OrfX had a pl of 3.9, indicanng
that at physiological pH it would have a positive charge. This
suggested that it could interact with negatively charged cellular
components (proteins or DNA). orfX was located 3" of owwvR
and was transcribed in an operon with ahpF-uxvR (18).
Functional integrity of the cloned ahpC and oxyR. The func-
tionalitv ot the cloned ¢hpC was tested by complementation
analysis with various peroxide-sensitive E. coli mutants. pKS-
ahpC was used to transtorm E. coli strains TA4315 (aapCFA),
UM (kat G kat£), and K-12 (wild tvpe). The results of perox-
ide sensitivity tests with oxidants by the Jisc diffusion method

ive site (C129 1o C132 and C345 to C348 in Salmonella). and
he NAD(P)H binding domain were all conserved in Xar-
homonas AhpF (Fig. 2) (13). Two cysteine residues at C476
{nd C489 were substituted for with G and A residues. respec-
ively, in Xanthomonas AhpF. indicating that these residucs
were not essential for enzyme activity,

Amino acid sequence analysis of OxyR. Comparison of Xas-
thomonas OxyR with OxvR from E. coli (12. 13), Erwinia ca-
fotovora, Haemophitus influenzae (11). and Mycobacreriurm (4)
showed overall 47. 47, 45, and 42% identity. respectively (Fig.
4). Extensive structure-function analvsis has been done for E.
coli OxyR. and detailed examination of OxyR amino acid se-
quences revealed many important features. such as the helix-

- fum-helix motif. the redox-sensitive C199 residuc. and residues
Involved in DNA binding and multimerization (12, [3). These
residues were highly conserved among all tour OxyR ho-
mologs. Amino acid residues involved in OxvR peroxide-in-
ducible activation of transcription were also highly conserved.
except at residues H114 and G253 (8. 9). which were changed
10 R and E residues, respectively, in.X. campesiris pv. phascoli
OxyR. Interestinglv, the H!l4 residue was not conserved
among the five homologs. while the G233 residues were iden-
ucal in £. colf and H. inpluenzae (Fig. 4). These owo noncon-
served residues may reflect minor differences in the ability of
OxyR homologs to inducibly activate transcription.

OxyR belongs to a well-Characterized LysR family of tran-
scription activators (12. 13, 25). For at least two members of
the LysR family (i.e.. OxvR and NahR), the region around the
carboxy terminus of each protein has been shown to be crucial
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FIG. 4. Amuino aad sequence comparison ol OwaR trom £, coft 1ECO;
X16331), X campesins pv. phascoli |(NAN:U94330). E. .carotovora (ERW,

U74302). M. aviem (MY C; U18263), and H. influenzae (HAE:U32847). Amino
acid sequence alignment was camed out with the Clustal W program (28).
H-T-H. helix-tumn-helix monf.



Vo, |74, 1947

- Qwy R . -

CCEGCAACGGSACTGAAGGE COTTHOCGCT ACCGAATCGGGAATCCCCAATCSTAAAAL -
L A L A
=1 SCTATTOOGA ITSCSATIANT ASCTOTHAGTTCEAGETTT 20 AMA TGO CCCCAESLGA il
IR T B

21 CCT T T TS TA T TG SCAGCIIT T

CECTRAGSTTLGCGO T CATCAATCOGCC i80
< B B A 2@ 3 N

p o L A A H 2 T A

SCTCOCTSCTCSASCEGECTCCCGOCCEEGTGCTRCCTACCCCACCATCGCAATETACGES
S .2 :

A A T 3 T @ L s.oa A P a4 O " A M A

CASCCTCT TG TTCGC TGO T TaACARCCGATAGTECCCCGTTTGOCSCATACCUTCCRAGT 0o
JRL'JRLLBTDSlAFAAC*:;

101 AGGCTCSTCTCOAGCSGECGTCATOLCATCCSCTCCAATTCACCLAACCECAGRCCTTCD 560

L L ‘ PR RS E B P33 H

16l TR OCE O SAGGCCTGCAGCGAC TGN TOGCGGCCCTCACGOTCTUCTHECTICEIACT 129

FIG. 5. Nucleoude und deduced aming acid sequences of erfX. A putative
rtbosorne binding site ol orfX 15 1 boldface. The amine wrminus of the OxyR
seguence is also shown,

showed that TA4315, UMZ, and K-12 cells harboring pKS-
ahpC were more resistant to tBOOH than mutants harboring
only the vector plasmid. { Typical growth inhibition zone values
from four independently performed experiments were 2.3, 1.7.
and 1.6 cm for the aipC transformants and 3.3, 2.5, and 2.3 cm
for the mutants.) The results suggested that cloned ahpC was
functional and that increased expression of the ahpC subunit
alone was sufficient to confer resistance to ROCH (i.e.. in-
creased resistance to tBOOH killing in TA4315. a mutant
lacking both AhpC and AbpF. harboring pKS-ahpC). This is
consistent with the proposed model that the AbhpC subunit
alone can directly reduce ROOH to corresponding alcohols
and that AhpF is onlv required for regeneration of AhpC {19.
20. 24

X, campesints pv. phaseoli oxvR was isolated on the basts of

the gene's ability to functionally complement hypersensitivity
to the H.O. phenotvpe of an £. coli oxyR mutant. Deletion
analvsis was pertormed to localize the complementation activ-
ity of pOXX. Remaoval of the non-oapR coding sequence from
pOXX and subsequent placement of the oxvR coding region
into an expression vector showed that the new recombinant
plasmid retained the ability to confer H-O. resistunce 10 an
oxwR mutant {(data not shown). This confirmed that we had
isolated a functional oxvR gene. '

ahp(C expression and organic peroxide resistance in Y.
campestris pv. phaseoli. Tu investigate the effects of increased
expression of o cloned wfpC gene on the phvsiological re-
sponse of X0 campestris pv. phaseoli to vxidative stress. ahipC
was cloned into pUFRU47. and the resulting plasmid, pUFR-
abpC. was used 1o transform X, campesns pv. phuaseoli, .\
campestris pv. phaseoli harboring pUFR-ahpC produced about
twortold more AhpC than X campestis pyv. phuseoli harboring
pUFRU47 vector {data not shown). The etfects of low concen-
travions of oxidants on growth and high concentrations of ox-
idants on survival were examined. . cumpesis pv. phascoli
tiarboring pUFR-ahpC showed better growth in the presence
of growth-inhibitory concentrations of tBOOH (doubling time
[Td| of 3.7 h compared with a Td of =8 h in .X. campesins pv.
phaseoli harboring only the pUFR047 vector) (Fig. 6). How-
ever. increased w/ipC expression alone did net fullv protect .\
campestris pv. phaseoli from the growth inhibition cffects of
tBOOH. This was cvident from the lower growth of X, campes-
tris_pv. phaseoli harboring pUFR-ahpC in the presence of
tBOOH {Td. 3.7 h) than in its absence (Td. 2.8 h) (Fig. ).
Similar effects on the growth rate were observed when (tBOOH
was replaced with CuOOH (data not shown). By the disc dif-
tusion killing zone method. Y. campesins pv. phaseoli cells
harbonng pUFR-ahpC were expuosed to killing concentrations
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FIG o Growth curves of A campesins pv. phascals harborning pUFRIMT (O)
or pUFR-shpe (2 0 the absenee 02, 3 or presence (@, &) of 2 growth.
imhibiiory conventration (4 may ot (BOGH,

of various ugents, and the results are shown in Table L. In-
creased whpC expression alone was sutlicient to confer protec-
tion against killing concentrations of IBOOH and CuOCOH. No
protection was cvident for H.O., menadione. V-cthvimaleim-
we. and CUCl.. all potent inducers of w/tpC (18).

[n Mycobacteriim, increased expression of w/ipC is thought
to he @ compensatory mutation to a mutation in AatG which
makes cells vulnerable to H.O. toxicity (8. 9. 22, 29). Con-
versely, in B swbrtdis. whpC mutants show increased expression
af a kar gene. These observations suggest a close interregulated
relationship berween Aar and «hpC. Additionally. purified
AhpR engyme can use H.O, as a substrate (1Y, 20). Nonethe-
less expression of ctoned whpCin X0 campestris pv. phaseolt did
not enhance protecion ugainst H,O, woxicity, On the contrary,
we observed a small (3077) decrecuse in catalase activity in X
cammpestrts pv. phaseoli cells harhorning pUFR-ahp (data not
shown). Addinonallv, AhpR might play a less important role
than catabise in the protection against H.O- toxicity. This is
consistent with vur observations thuat increased catalase levels
done are sutticient o protect Xuatiemonas from H.O. killing
(17

The partiad protection aganst ROOH in X campesrris pv.
phascoli by the cloned a/ipC gene (Fig. 7Y can be accounted for

TABLE | Effect ot increused exprossion of ahpC ulone
an sensitivity of AL carmpestny py. phaseoli 1o
vanows oxidants and chemicals?

Uirowth ainhibinan zone value (¢mi

N campesing
NVeEthvl-

P“F-‘IF‘I‘:::]“J"' BOOH  CuOOH Menadwne | ©HVE  Cucl, HL0,
(3 M) ) AN (X3 AD) (1 MY Ay (0.2 M) .

PUFRO47 30 v 24 ] 21 1.3

pUFR-ahpC 2.2 1.3 23 19 200 16

" The expeniments were pertormed ss deseribed in Matenals and Methods and
werg repeated ot least three tmes. The results shown represent average values.
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FIG. 7. Conservatian of uhed and wigrb oiganizguon an sanous Nunthomio-
nas species. The primer sel correspanded to 3 anpe 1057 ACCTOGTCGGU A
GATCTAA 3 and SalpF (3 TCOATGUGTTGATTTOGAATC ¥ The tol-
owing PCR conditions sere used denatuiaton a3 0 tor L min, anneahing ot
30°C for 1 min. and exiension . 270 tor 1S min PCR products were ohtaned
iromn penomic DNA with the teilowine oby faney 1A Lampeesms gy phasenh; 2.
Yocampestns pv oghvane. 3 Y evcatene: 4OV campenns pyovampestres, S\
reaslucens; 0. XD onvZae pvoorvzae, il TV enzae pvoonzicola, M. pUEM
1Promegay motecular weght markers Fhe arrowhead w the sight sadicaies the
posiion af the cxpected Subp POR oo

by the fact that AhpC cun undergo one round of ROOH
reduction and that AhpF s required m catalviie amounts 1o
regenerate AhpC for addinoenal rounds of ROOH reducuon,
Thus. under a conditien ot ncreased afipC expression alone,
the level of AhpF could be o limiting factor in regenerating
AhpC (19, 20y, This indicutes that coordinate cxpression of
ahpC and ahpF 15 crucial o overall levels of resistance o
ROOH. In some bactenia, vhpC and whpf are corezulated
anoperon (1. 3. 24y In " campesins py. phascoli, the atvpieal
organizauon of dApC as a0 monocistrome gene and afipF inan
operon together with oA (4 known regulator ot ather bacte-
nal ufpC) rawses important questions regarding the regulation
of these genes. We have shown that peroxide stress induced
expression of both whpC oand wipF-on R 1181 This suggests
that coordinate regulution ot these three venes s reguired lor
full protection apmnst ROOGH. .\ possible mechanism s that
OxyR. in addition o acting as s transcripuon regudator ot
ahpC. could self-regulute the wiypF-onR operon. Yhis Bas in-
teresting ¢mplications regarding the regulation of these genes.
which we are mvestigating, Additionally, we huve identified in
Xanthomonus a second novel ROOH protection <svstem not
related to AhpR (16). Protection against ROOH wxiaty 1
likely to be a result of combined contributions trom both sys-
tems. Thus. overexpression of AhpC alone may not have dra-
matic effects on levels of resistance 1o ROOH.

This tughly conserved structural and regulatory mechamism
of the ufipC gene from hactenia to mammils (4) suggusts 1m-
poriant roles the cnzvmce plays in osidative stress protection.
We have atiempted unsuccesstully to make @ marker exchange
ahpC mutant and are currently investigaung whether the gene
is essential to X cumpestrs py. phuseoli.

Organization of ahpC. ghpfF, und oxyR in Nanthomonas spe-
cies. The argamzation of cenes is usually conserved among
strains of a single species of hacteria and sometmes among,
species of a single genus, However. variatons o the organiza-
tion of ahipC. whpF. and oavR homologs have been l'o_und even
among strains of u single species of bacterium {8). n .\,
campesmms pv. phascoli. ahpC. alpF. oxvR. and orf\ were ar-
ranged in a head-to-1ail fashion (Fig. 1). To determune whether
this organization was conserved in other Xanthomonas species.
PCR of genomic DNA was carrted out with two sets of primers.
Each primer set was designed to correspond to the 3" end of
one gene and the 5 end of an adjacent gene. Two sets ot
primers were made to localize wipC-uhpf (3'ahpC and

J. BacTERIOG .

FIG s Orgamzanon ot whpF and oweR i vanous Yandhomonas species. PCR

sondiions were as Jeserihed in the legend to Fig. 4. The primer set carresponded
W 3ahpF (3 ANTGGOGCOGAAGGTTOCAA 3) and 3'uaR (57 GGCTGACAA
AGOAGGC ¥y PCR products were obtained Trom genomic DNA with the
tllowing ¢by lanc) 1. X camnpesins pv. phasenh: 2%, campesins py. glyane: 3,
Voenzae pvoonacole 30X vewicarona; 3, X ontae py ooryzace: o, XL rransfucens:
and TUY campestas peo campesins. M. pGEM {Promega) molecular weight
muarkees, The acrow to the neht indicates the postion ot the expected 270-bp
PCR products,

SuhpF)orahpFoxvR (3'ahpF and 3'0xvR). The results of the
PCRs are shown in Fig. 7 and 8. With the first set of primers
13%uhpC and 5'ehpF). PCRs with genomic DNA from various
Nunthomonas species gave the expected 300-bp fragments (Fig.
7). PCRs with the second set of primers (3'aghpF and 5'o0vR) in
the same way vielded the expected PCR products of 270 bp
from . campestris pv. phaseoli and similar-size fragments for
ather Yenthomonas species (Fig. 8). In both «ets of PCRs.
minar differences in length were observed among the different
Xwnthomonas strains. These results were not entirely unex-
pected. Minor variations in length in the nonconserved inter-
genie regions between conserved gene sequences have been
noted. The results support the netion that wfipC. ahpF . and
owR are arranged in a head-to-tail fashion and are also sepa-
rated by similur distances for all Xanthomoenas species exam-
ined.

In Nunthomonas. uhpC was located close to v/ipF. and this
arrangement is similar to that in other bacteria (1, 3, 19). On
the other hand. the location of oxyR behind afipf and in an
operon has not feen observed in other bacteria. The conser-
vation in this novel gene arrangement suggests that it may play
an important role m the regulation of these peroxide stress
protection genes and in the overall physiological response to
perovide stress in Xantiomonas. It remains 1o be seen whether
other bacteria have an arrangement of genes and a pattern of
peroxide stress response similar to those of Xaathononas.
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Character@zation ot Transcription Organization and Analysis of Unique
Expression Patterns of an Alkyl Hydroperoxide Reductase C Gene

(ahpC) uqd the Peroxide Regulator Operon ahpF-oxyR-orfX
trom Xanthomonas campestris pv. phaseoli
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We have lanul_vzed the transcription organization of ahipC, akpF, oxyR, and orfX from Xanthomonas campesiris
pv. phaseoli. ahpC was transcribed as a monocistronic 0.6-kb mRNA, while aApF-oxyR-orfX were transcribed as
a polycistronic approximately 3.0-kb-luong mRNA. The nuvel transcription organization of these genes has not
vbserved in other bacteria, Western analysis showed that oxidants (peroxides and superoxide anions), a thiol
reagent (M-ethylmaleimide), und CdCl. caused targe increases in the steady-state level of AhpC. Growth at
alkaline pH also moderatety induced AhpC accumulation, Thermal and osmolic stresses did not alter the levels
of AhpC. Northern bintting results contirmed that oxidant- and CdCl.-induced AhpC accumulation was due to
increased levels of ahipC trunscripts. Analysis of oxyR expression revealed a unique pattern. Unlike other
bacterial svstems, peroxides and a svperoxide generator induced accumulation of OxvR. Northern blotting
results confirmed that these onidunts induced expression of oxyR operon. This novel regulatory pattern could
be generally important. The transcription organization and patterns of chemicals and stress induction of ahpC
and oxyR differed from those of other hacteria and are likely to be important for X. campestris pv. phaseoli

survival during exposure to ovidaats.

During plant-microbe interactions, the il plant detense
response involves increased production af reactive axvgen spe-
cies. including H.O.. argame peroades. and superovides. They
function as bactenocidal agents and as secondary signat mot-
ecules 1o further activate plant Jetense responses (220 31 To
survive and proliferate. bacterial pathogens must overcome
reactive ONVgen spucics.

Microbial defense dgainst oxidiative stress required well-or-
chestrated enzvme reactions involving both Jetoxification of
the stress and repair processes. Catalases have important pro-
tective roles agmnst H-O. toxiciny 111, 143 30 tar, the best-
characterized bacteriul scavenging enzvme agmnst arganic hy-
droperoxides is alkvl hvdroperoxide reductase ¢AhpR), which
consists of two components, « 22-kDa protem. AhpCloand o
37-kDa Aavoprotein. AhpF (19, 361, Both components are re-
quired for NADH- or NADPH-dependent reduction of or-
ganic peroxides 10 corresponding alcohods 1310 321 The genes
coding for these e¢nzyvmes have heen isuluted trom several mi-
cobes. bur extensive analvses ot their regulation have been Jdone
in few cases (1-3, 5. 13, 32 Hh. In these cases. the mducing
conditions of «fipC vary a great deal for different bacterial
species. Increased expression af @/ip hus been shown te con-
fer resistance 10 organic hydroperoxides and in somce cases <an
compensate for the lack of catalase enzvme (34 41% Thus.
conditions which affect whipC expression arc likely to play im-
portant physiclogical roles 1n the peroxide siress response.

Oxidative stress response is regulated by scveral redox-sen-
sitive transcription regulators. such as OxyR tfor the peroxide
regulon [6. 10. 11, 35. 37)) und SoxRS (for the superoxide

* Corresponding author. Mailing address: Laboratory of Biotech-
nology. Chulabhorn Research [nsttute. Lak Si. Bangkok 10210. Thai-
land. E-mail: scsmk¢rmucc.mahidol.ac.th.
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rezulon [11. 17]). [n general, alterations in the cellular redox
stute lead to changes in the redox status of these proteins that
result in activation of genes under their reputation (20. 21, 35,
37). This permits a concerted response to the stress. The reg-
ulation of the regulatory genes themselves is important: minar
alterations in their patterns of expression would have profound
effects an the bhacteria. xR expression is autoregulated. in
addition to having a posttranscriptional regulation step (20.
21). oxvR homologs have been idenufied in several bacteria.
Details of the structural function and analyses of expression
have mostly been done for entenic bacteria {12, 36). Interest-
ingly, muny Myvcobacterium mberculosis strains are natural oxvR
mutants with altered expression in peroxide stress protection
gencs und a drug resistance phenotype (12, 34, 413 OxvR
regulates a number of genes involved in peroxide protection
and detoxification. i.e.. those coding for catalase. AhpR. and
Dps (11, 14} OxyR can act either as 3 (ranscriplion repressor
or transeription activator. depending on the target promoters
and the redox state of the protem (20. 21

Manv-aspects of oxidative stress response in Nenthomonas
are different from those of other bacteria (7. 8. 25). To inves-
tigate the regulation of the peroxide stress response and genes
involved in protection agamst alkyl hydroperovides. we have
isolated whpC, ahpF. and oovR from Xanthomonas campesins
pv. phascali (24). We have shown that cxpression ot ahpC
alone provides partial protection agamst organic hvdroperox-
ides (ROOH) but not H.O, toxicity {24). The aim ot this study
was (o ascertain the transcription organization and expression
patterns of aipC. ahpF. oxyR, and orfX in Xanthornionas.

MATERIALS AND METHODS

Bacterial strains and induction of X. campestris pv. phaseoli cultures. All
Xonthomonas strains were grown aerobically at 28°C on 5B medium (30). To
ensure the reproduciality of the experiments, 1L was important to use hacterna at
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FIG. I Orpamzation ot wapt  and whpF-on KoY n o cumpesiay. m
phaseals, The Jrrows imdicate 1he hrection and dength ol wansenipts Regiens
marked A B. C.oand DLowere ased as genesspoecihic probes i Narthern ind
Southern blothime expenmens 3, By XL Be Belil: O Cle . FL Hnd 881 K Apat.
N Neol: R, FeoRI

wmuar ~stages of growth, Oveemight 13-h) late-log-phase cultures wore ~ubcui-
tured iRt Iresh SB medium at egual densits and grosa tor | b, Vanous inducers
were then added (7.3, Unless otherwose stated, the induced cultuges were pfomn
tor haif an hour betore cells were harvested and used 10 hesate preparatien for
Western blol analysis. For Nenhern anahsis, totab RNA was exiracied from
culteres atter 10 mup of incubaton with inducers, Bucterial grewth was moni-
tared spectrophotomewnically at Aoy,

Construction of an OxxR expression plasmid und antibody production. D0 R
lor anubody production was punficd from an oserexpression plasmid - Esen-
uully, oligonucicatide primers corresponding (o the N erminus 57 TAG OAT
CCG AAT CTG CGT GAC X 1and C rerminus (53 ACC ACA GCC AAA GG
TAC GCA A 3y of OwR were used 0 a PCR with pONN «24) as 0 BN
template. The 950-hp PCR product was digested with B H1 and cloned intes
pBluescript KS digested with SBamHI and EcoRY (Is) The resuliant plasmid.
pRS-OXNX. was digesied with BamHE and HendIl and (24-5b fragments von-
tauming eavR were cloned into a His-tagged gene tusion sector, pOE 21 Queen.
Inc.). The resultant plasmid. pQE-OXX. vverproduced His-tagged Un R jusim
protein at gh levels, The Musion prowsn was punhicd from o f-hier cufture with
Ni-nigriotniacete aad resin as suggested bvothe manuiacturer Purdfied 1
cumrtpesirns pvo phaseon O R was anecicd into rabhils jor antibody preducaen

Lysate preparation and estern hlat analvses. Coll ivsates wore prepaied
trom fresh cell pegllets by beng resuspended o 20 mAM potesium phosphate
butfer (pH T8 1ollowed by sonwcanen tor 2 qun with coohing nienais © il
Jdebris was removed by contnfugation gt WK - e lor 13 min and Clear heates
were cither used immediateh or ~tored trozen (71 Prowm concentratnen was
measured by dve binding method (41, For apdbvas of AhpCindecton b Wosern
hlotang, 30 pg of proten (rom s Arous s’dmples wos separated on sodium Sodeay !
~ultate-polyacrvlamide gel clearopheress (SDS-PAGE {IF & polvacnaamide
ceds and clectrotransterred o mittowefhulose membranes The membranes were
piocked with 37 nontat milk and reacted with either anu-Zscnencn oo NBpa
anubody ca wift tram G Stoszr or anf- X compesns py plasesh 00 R antbody
Thev were subscquentiy developed sath o ot anti-rebbin annbods conpugarcg o
aikahine phosphatase. For anabvsas of the imerie Dorm o of Aapl, essenbiails ong
~ame protscol tor gelb clearophoress o immuaede e, en was dsed e Dl
that dithiothreniol was omnted trom the oading e The resalis o dape g
OwBR Western analyvas were guaninated with o 8Bo-Rad G5 7He densinomotgs

Northern analyses. Totul RNA isoiznon irom Nunthormonus cultures, agarisy
tormaldehyvde gel ctectropnoresis, Blotany, and bvordizavon conditions were as
previvusly Jdesenbed (2810 The coding regions ol wapC (a0 In"hp Ba N Al
itogment). wfipF o 275bp Pl tragmenty on R ca S30hp BaedHLHimdD ] trag-
ment trom pOE-OXI or o\ 00 Is0-bp B HIT-Spal tragmenn) swere used tor
radioactive probes (Fie, 1),

RESULTS AND DISCUSSION

Transcription organization of ahpC, ahpF. oxyR. and orp\.
The nuclevude sequences of pAbpd-1 and pON ~how that
adhpClowhpF. xR and o) are arranged in o head-to-tl
{ashiont (24). This unusual genome vrgamzation is ighly con-
served in Nanthomonas spp. and is likely to be important in the
regulation of these genes. Tu elundate the transeripnon vrea-
nizaton ot these genes. Northern blot analysis was performed
with the coding regions ot different genes as probes. The re-
sults are shown in Fig. 2. The @ipC probe nvhndized to the
11.0-kb mRNA (Fig. 2. lane ). This was consistent with the
eene being transcribed as 4 monocisironie mMRNAL In contrist.
the whipF. o und X probes cach hvbodized 0 mRNA
approximately 3.0 kb in length (Fig. 2, lanes 2 1o 4). The results
supported the idea that these genes were arranged in an
operon and transcribed as u polveistronic mRNA. [n addition,

ENPRESSION OF XANTHOMONAS ahpC AND ahpl-oxyR-orfX 3951

no hvbrndization signals with the 3.0-kb ahpF-oof-ortX
mRNA were detected when a region tocated 3 outside the
ort coding region was uscd as a Northern probe (data not
~hown). Similarlve no hybnidization with the 0.6-kb ahpC
MRNA was detected when a region located 5 outside whpC
wity used as a probe. These controls contfirmed the proposed
ranscnplion orgunization,

In £ coli and Bucillus yubtilis. ahpC and ahpfF are coregu-
lated. and n the latter case. the venes are also arranged in an
operon (1. 30 36} In contrast. Xanthomonas ahpC was tran-
scribed as o monocistronie mRNAC In other bacteria. afipC s
revulated by OxyR (15, 37). Thus. the separation of transcrip-
tion regulation of genes coding for subunits of alkvl hvdroper-
oxide reductase (whpC oand whpF) from coregulation of ahpF
with oaR suggests novel complex interactions between these
three genes. The physiological significance of close regulation
ot whpC. uhpF. and oxvR n Xanthomonas is currentlv under
myvestigation.

Expression analysis of ahpC in response to stress. [t s
senerally secepted that phvsiological and/or environmental
cenditons which act as inducing signals for high expression of
dhpC oare likely to be impurtant in bactenal oxidauve stress
response. We performed Western analvses to monitor the
alipC expression of o campestns pv. phaseoli in response to
vinous stress condibons.

First. we investigated the effects of superoxide anions and
various peroxides on whpC oexpression 1n Y. campestns pv.
phascoli. AhpR can use 2 wide range of peroxide substrates
(19, 310 22y and this sugpgests that its expression mav be reg-
slated by many inducers. At appropriate concentrations. all
perovides {H.O L tBOOH. and CuOOH) and superoxide gen-
crators (menadione [MD] and parzquat) ested were cequallv
polent inducers of wipC L causing four- 1 hvetold increases in
steadystate levels of AhpC (Figs 3A00 In addinon. we had
tesled the afipC response to oxidative stress - four other
Namrromonds ~pp. and obtwined 4 wimnilar pattern of response
10 XD campestrns pvo phaseoli tdata not shown ).

Eanresson analvas ot aapC showed interesting patterns.
The mnducnon of oApC by perovides was simitar 10 that re-
ported tor other bacteria, except (or Stapiviococcus dures.
wincl has an oxsdatine ~iress-nomnducible pheponvpe (2). The
~uperovde vencratorns were potent inducers of wipCl It is not
possible to ditferentiate whether the superoxide amions them-
sehves or their comversion via superovade dismutase or spenta-
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FIG 20 Transenipoon organizaton of uhpt” and the ahpFon R.ortX aperon.
RN A sstanma, clectrophoresis, and hyBridizanon were pertormed s previousiy

Jeseomed ol P20 BN was hoaded at ® wemn lane Land 28 aeon lanes 205 and
< he comng fegions ol tadioac e s arcded wnpec dang 1L aapf dane 2l anR
thane Sand wa Ve ) were ased s probes (Frg 1Y tor iabadizauon with

Noerthern blots, The arroswbesd 1o 1he et indicates MonQenstronic nW-bp uhpC
MRNA. und the srrowhead to the nght indicates (he approumatelv 3.0-kb
pobasirone ulipFon B0 mRNA Pounans of RNA molecular werght mark-
sevaBethesda Research Laboratoriess are shown o the Icn ’
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FIG. 3. Western analvsis at AhpC Jevels i response o oxdants (A) and
‘anous stresses (B). () Total protein samples (30 pp) were separated on an
1D3-PAGE gel. biotted. reacted with ant-£ coit AhpC antibody, and deteeted
s Jesenbed in Matenals and Methods, Results are shown tor unnducud cells
Jane 1) and cells induced wih 130 u M HO- tlane 23 B8 WA MD (lane 3. 110
1M paraquat (lane 4}, 100 pM IBOOH (lane 53 and 1A oM cumence hvdroper-
wide (lane 6). (B} Sampiing. gel elecirophoresis, blotiing, and smmunodetection
vere performed as desenibed for panel AL Lanes: 1 umnduoced ceils; 2o 9, cells
nduced with SB medium at pH 20 lane 21 5B medium at pH .3 tlune 3. 13
M NaCl tlane 4). 200 p M Sipyradvl tlang 55, 200 wh damide (ane o), 200 @A
NEM (lane 7). heat shock at 37°C (lane 81, and vold shock a1 157°C flane 91, N,
rninduced: L. moderateiv induced {bwa- o threctoid over the uninduced level):
. highly induced tincreased tour- 3 sixtold over the uminduced levei).

nequs dismutation to H.Q. is responsibie for «iipC induction
(15-17%. Thus. the superoxide induction could be mediated via
either superoxide (i.c.. SOxRS) or peroxide (e OxyR) sensor
and activator svstems. Alternatively. both svstems could act
synergistically to activate uhpC, In £. coli cells. which have bath
oxyR and soxRS. superoxide generators also induce uhpC and
ahipF (16). In this system. OxvR und not SoxRS 15 responsible
for the induction of aitpC and a/ipF by superoxide generators.
This favors the hypothesis that superoxide anons are hemy
converted to H.O. that in turn activates OvwR. However. the
lack of oxvR and sovR mutants in Xenrhomonas and closely
related bacteria prevents a defimitive answer regarding the
mechanism ot superoxide induction of a/ipC. Only recently
soxR homolog from nonenteric bacteria was isolated from
Pseudomonas ueruginosa. but its phystological roles have not
been analyzed (23). The patterns of catalase (Kae.X [28]). afipC.
and oxvR expression in response 10 oxidants in Y. cumpesirs pv.
phaseoli showed many similanives and differences. All three
genes were highly induced by superoxide generators. whercas
peroxides were weak inducers of AgeX (8. 28) but potent in-
ducers of uhipC and oxvR. Differences berween the oxidant
induction patterns of these genes imply that more than one
mechanism mayv regulate these genes. A guestion remains of
whether OxyR is acting as the sensor for different inducers and
as a trapscription regulator of whpC in X campesins py.
phaseoli. We ure currently investigating the roles of OxvR
ahpC regulation.

Second. we examined the effects of various compounds that
are known to induce oxidative stress on AhpC levels. The
effects of the thiol reagents V-cthylmaleimide (NEM) and dia-
mide were tested. In response to inducing concentrations ol
NEM, an accumulation of AhpC was observed (Fig. 3B. lane
7). Surprisingly. diamide had no effects on wipC expression
(Fig. 3B lane 6). This suggested that the two SH-depleting
agents may operate by different mechanisms. The induction of
ahpC by NEM is likely to be mediated by its ability to induce
oxidative stress. Additionally, NEM can also directly inactivate

J. BACTERIOL.

AhpCand Jead 1o further increase in oxidative stress and
synthesis of AbpC (31},

Third. we examined whpC expression in response to various
stresses. The effects of temperature and osmotic and pH
stresses on the steady-state levels of AhpC were investigaied.
Thermal stress as cither heat (at 37 and 42°C) or cotd (at 15
and 14°C) shock for 13 min or osmotic shock at 1.5 M NaCl for
| > min Jdid not cause accumulation or reduction of AhpC 1Fig.
3B). In contrast, pH stress did affect the expression of uhpC:
expusure ot X. campestris pv. phaseoli to an alkaline pH (8.5)
produced a small (twofold) but consistent accumulation of
AhpC (Fig. 3B. lane 3). Growth at acid pH (pH 5.0) did not
attect the level of AhpC (Fig. 3B). Xanthomonas growth in SB
medium did cause un increase in medium pH that reached its
highest levels during the stationary phase (7). This is coinci-
dent with the highest resistance to organic hydroperoxides
(40). Thus, alkaline pH induction of afipC may partially con-
tribute to the phenomenon.

Metals and aapC expression. Metal ions play important
roles in oxidative stress. They act as imporant cofactors for
oxidants scavenging enzvmes and/or regulatory proteins (9, 11,
i4). Metal ions also catatyze formation of highly reactive oxy-
ven radicals (17). In XL campestris pv. phaseoli, 100 pM CdCl,
wus a more potent inducer of afpC than peroxides and super-
oxide generators (Fig. 3A and 4). We also tested the effect of
other metal ions (i.e.. cobalt, copper, manganese. nickel. and
zinc [Fig. 4] and mercury [data not shown]) at 100 uM. None
of these induced accumulation or caused any reduction in the
steady-state levels of AhpC. [ron is known to induce oxidative
stress. Moreover, ron deprivation induces svnthesis of DirA.
an AhpC homolog in Corvnebacterium diphtheriae (39). On the
contrary. .X. campestris pv. phaseoli growth in media with ex-
cess iron (Fe™™ at 50 or 200 uwM [Fig. 3]) or depleted of iron (in
the presence of 200 oM dipyridyl [Fig. 3B. lane 3]) did not
atfect the levels of AhpC. ahpC induction by CdCl, is likelv to
be mediated by the well-known effects of the heavy metal ions
to induce severe oxidative stress. Simularly. induction of an
ahipC homolog in mice by oxidants, CdCl,, and a thiol reagent
has been reported (18).

Northern analysis of aiipC. To confirm that accumulation of
AhpC induced by various stresses was due to increased tran-
scription of ¢hpC and to assess levels of ahpC transeription
induction in response to various inducers. a 367-bp sequence
containing the coding region of ufipC was used to probe total
RNA isolated from uninduced and induced cultures. The re-
sulls are shown in Fig. 3. Uninduced expression levels of the
gene were low but detectable. Addition of inducing concentra-
tions of H.O., tBOOH, MD, and CdCl, caused large increases

N H N N N N N N
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FIG. 4. Effccts of metal ions on AhpC levels. Gel clectrophorests and tmmu-
nological derection of AhpC were done as described in the legend 1o Fig. 3 and
Materals and Methods. Unless otherwse stated. 30 pM metal ions was used as
inducers. Lanes; 1. uminduced cells; 2 o 3. cells induced with CACl. (lane 2),
CoCl. (lane 3), CuCl, (fane 4), FeCly (lane 3} 200 wM FeCl; (lane 6}, NiCla
(tane 1. and MnCl, (lane 8). N. noninduced: H. highly induced (four- to sixfold
over Lthe uninduced level).
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FIG. 5. Northern ansisis of the efects of oudants or CAClen atpC mRNA
tevels. Tutal RNA samples were extracted from an uninduced .U Lumpesing py.
phaseol culture grown in SB medium rlane 1) and cultures induced with 30 p M
CICE (lane 21, 2060w M H-Qs dane 310 LK ad MD ilane 43, 100 w M paraguat
Clane Sy, and 100 M (BOOH tlane o). Each lane contamed 3 pg of RNA(A)
Frrwum bromide-staned sel stowing the (RNA and RNA molecular weight
markers (leftmost Janes. By Hvbndization signals of radioacuve labelled BstXI1-
Belll o7-hp usipC probe with Northern blot of gel in panel A The arrowheads
indrcate the position of p00-hp hyvbndizing transenipls.

in steady-state levels of wipC mRNA. Densitometer analysis of
the vhpC hvbridization results adjusted for the TRNA bands
indicated that CJCl, induced 20% more afipC mRNA than
other inducers. Although ull oxidants were equally potent in-
ducers of ahpC. the increase in afipC mRNA Jevels appeared
to be more dramatic than the increase in AbpC detected by
Western blotting. This could be due to high uninduced tevels
and stability of AhpC. which reduced the magnitude of the
observed induction. although we could not eliminate the pos-
sibilitv that additional regulation at the levels of translation of
ahpC could exist. Nevertheless, the results confirmed that the
increase in AhpC levels in response to inducers resutted from
increased afpC expression. These inducers were likely (o exert
their etfects at the transcriptional levels. This is similar to
ubsenvations in enteric bacteria. in which exposure to vxidanis
lewd to transcription activation of wapC via a peroxide sensor-
transeription activator OxyR protein.

Analysis of dimer and monomer forms of AhpC in response
to stress. \We had observed that in the uninduced sumple. all ot
the AhpC was in the multiple dimeric forms (D1 and D2, Fig.
o). In all vases. cxposure of V. campestris pv. phaseol o uhipC
inducers led to increased tormation of the active dimeric form
(D1. D2 and D3, Fig. ) (6). However. the monomer became
more apparent with CdCl. induction (Fig. 6. lapne 2). which
produced the highest level of AhpC. The conversion of mono-
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DIm| — W — —— ™
- 29.0
Mo »- -l S—
—_ =t 18.5

FIG ~ Edects o ovdants and o heasy metat on AhpC dimenzauon. The
sHectar CICL: ilane 21 MD dlane 33 and tBOOH ilane 43 an the fevels of AhpC
Jimers (D1 D20 and D3 was mvesugared. The concentraions of vanous induc-
¢rs were the same as in Fig 3 and 4. The inducton and Western blotting
proedures wefe performed as desenbed i Matenals and Methods, Thirtv-five
MICTOSrIms of total protemn was loaded into each lane. exceptan lane 1. in which
U g of protam Irom an umoduced sample was used. Mo, monomer
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FIG. 7. Analysis of OxyR levels in response 10 oxrdant treatments in X
campesins pv. phaseoli (A) and vanous Xanthomonas spp. (B). Sample prepa-
ration. gel clectrophoresis. blothng, and immunodetection were performed as

described in the legend to Fig. 3. except 30 pg of total protein plus ant-
Xanthomonas OxyR anubody was used. {A) Lanes: 3. uninduced cetbls: 1, 2, and
4. cells induced with 100 pdM MD (lane 1), HyO; {lane 2), and tBOOH {lane 4),
(B} Fifrv micrograms ol protein was prepared from uninduced cells (lanes 1, 3,
and 3) and frem cetls induced with 100 pM tBOQH (lanes 2, 4, and 6). The
condinons for glectrophoresss. blotting, and antibody detection are as descrnibed
for panel A. Lanes: | and 2. X, campestris pv. campesins; 3 and 4, X campesmis
pv. malvacearum: 3 and 6. X\ onzue pv. oryzac. Additional bands detected were
from nonspecific interactions. The pesition of OxyR is indicated by an arrow-
hesd. N. nomnduced: H, mighly induced (increased four- o sixfold over the
umnduced level).

meric AhpC to the dimeric form could be important in forma-
tion of active enzvme during high rates of enzyme synthesis.
Oxidant treatment leads to ap increased OxyR concentra-
tion. In all bacterial svstems thus far studied. OxyR responds to
oxidative stress bv changing from a reduced form to an oxi-
dized form. Depending on the forms of the protein, OxyR can
function either as a transcription repressor or as a transcription
activator. OxvR Is also self-regulated by acting as a repressor
for its own gene transcription (20, 2L, 37). The unusual ar-
rangement of oxvR in Xanthiomonas prompted us to investigate
its response 1o oxidative stress (24). The level of OxvR was
monitored with an anti-X. campestris pv. phaseoli OxvR anti-
bodv bv Western analysis. The results are shown in Fig. 7. A
three- to fourfold increase in the amount of OxyR was detected
in .Y, carnpestris pv. phaseoli induced with H.O., iIBOOH. and
MD. These oxidants produced similar induction levels. The
increase in OxvR levels in response to oxidant treatments
could be due either to increased protein stability or to in-
creased expression of the gene. Subsequently, Northern anal-
vsis was performed with total RINA prepared from uninduced
or MD- or tBOOH-induced X. campestris pv. phaseoli cultures
with the oavR coding region used as a probe. The results in Fig.
8 show that treatments with either tBOOH or MD lead to an
increased level of oxvR transcripts. H.O- produced induction
levels similar to those of tBOCOH (data not shown). The data
indicated that oxidant treatments induced owR expression.
Also, the oxidants were acting at the levels of transcription and
pot at the levels of protein stabilitv. Contrary to the results of
Western analvsis of OxyR levels in response to oxidants.
1BOOH induced higher levels of oxyR transcripts than MD
(Fig. 7). We subsequently investigated the oxyR induction ki-
netic in response to H,O.. tBOOH. and MD. The results
suggested that H.O. and tBOOH produced a more rapid oxyR
mnduction kinetic than MD. However. MD induction of oxyR
iasts longer than that of peroxides (data not shown). The rapid
orvR induction kinetic induced by peroxides suggests that they
could directly alter the redox state of the cells and result in
immediate activation of oxvR. while the slower oxvR induction
kinetic produced by MD implies that superoxide anions gen-
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FIG. 3. Effects of vadants un the levels of oxvvR transenipes. Total RNA was
tragted from uminduced cultures rlane 1y and from cullures induced with 100
v MD (fane 2) and 100 uM (BOOH (lane 3). Each lane contamed 25 pg of
1al RNAC Gel electrophoresis, biotuneg, and hyvbnidizanen were performed as
sscribed tn Matenals and Methods. The hilter was probed wath the enR coding
mon (Fig. ). The arrow indicated approximately 3.0 kb of polvaistrong uhpF_-
¥R-uorfX mRINA_ The molecuiar weieghts of RNA markers are indicated to the left.

rated by MD mayv have to be converted to H.O.. either
nzymatically via superoxide dismutase or nonenzvmatcally,
nd H.O. in tum induces oxvR. In addition, the rate of MD
netabolism is considerably slower than the rate of peroxide
1etabolism. This could account for a slower but longer-lasting
aduction of oxyR by MD. Nevertheless. we could not rule out
nat superoxide anions mav directly activate oxvR transcription
ia a SoxR-like transcription activator but less efficiently than
reroxides. These possibilities are being investigated.
Notrthern and Western analvses of oxvR and a/ipC expres-
lon indicated that under both uninduced and induced condi-
ions, ahpC was expressed at much higher levels than the afipF-
wyR-orfX operon (Fig. 3 and 7). This is consistent with the
yroposed model that AhpF is only required in a catalytic
imount to regenerate AhpC (32). Also. OxyR. being a tran-
scriptional regulator, 1s required in a small amount. and an
:xcessively high concentration of the protein may lead to un-
-egulated gene expression. which could be harmful to the bac-
reria. We have shown that increased expression of afipC alone
conferred only partial protection against alkyl hydroperoxides
{24). and cooperative expression of all three genes is essential
to the overall response to peroxide stresses. .
Questions remain regarding the mechanisms with which per-
oxides activate oxyR expression and the protein that mediates
this response. OxyR is a member of 2 LysR family of transcrip-
tion activators that autoregulate their expression (33). Prelim-
inary experiments suggested that .X. campestris pv. phaseoli
OxvR also functions as a redox-sensitive transcription activator
or repressor (27). It is tempting to suggest that Xanthomonas
OxyR could act as both a peroxide sensor and a transcription
activator of its own gene. Alternarively, other redox-sensitive
transcription regulators mayv activate the oxgR operon. The
lack of oxvR mutants prevents differentiation berween these
possibilities. We are constructing an oxyR mutant with which to
investigate the possibility of autoregulation of the oxwR operon.
Regulation of oxyR is conserved in various Xanthomonas
strains. We were interested in whether the unigue pattern ot
X. campestris pv. phaseoli oxvR expression was conserved in
other Xamhomonas spp. Western analysis with an anti-Y.
campesms pv. phaseoli OxyR antibody was pertormed with
uninduced and MD-induced samples from .X. campesiris pv.
campestris. Xanthomonas orvzae pv. oryzae, and .X. campesms
pv. malvacearum. The results are shown in Fig. 7B. In three
strains tested, MD-induced samples showed an increased
amount of OxyR. This indicates that in response to oxidative
stress, Xanthomonas strains increase the synthesis and accu-
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mulanon of OxyR, and this unigue response is consened. 1t
would be interesting to see if this novel oyR response to
th1r:la1|ve skress operates in other bacteriul svstems.

Summary. The transcription organization of Nemthomonas
uhpC and ahpF-oxvR-orfX suggests the possibility of o new
regulatory circurt between these gencs that is different from
those of other bacteria. Analysis uf w/ipC expression patterns
showed that the gene was highly induced by peroxides. super-
oxides. and heavy metals and was moderately induced by al-
Kaline pH. Surprisingly. increased expression of oavR was Je-
tected in response to  treatments with  peroxides and
superoxides. These interesting results add another level of
complexity to the mechanism by which oxvR regulates the ox-
idative stress response. Varous inducers were acung at the
levels of transcription which led to increased amounts of w/p(’
and ahpF-oxvR-orfX mRNA. In Xanthomonas. exposure ta ox-
idants not only changed the redox state of OxyR but also
increased its cellular concentration. These vbservations could
be generaliv important as an alternative strategy bv which
bacteria respond to oxidative stress. This information may fa-
cilitate elucidation of novel regulation of the oxidative stress
response in other bactena. Also, the ability to increase expres-
sion of genes involved in stress protection (i.e.. catalase [28]
and ahpC) and regulation (oxyR) in response to stress i8 likely
to play a crucial physiological role in oxidant-induced adaptive
and cross-protection responses in Xandiomonas {29, 40).
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Abstract

We have 1s0lated a spontaneous multple peroxide resistant Xanthomonas campestris pv. phaseoli mutant (XpHr). [n the
presence of perowides. the mutant had 1 higher growth rate than the parent. It also had a greater than 100-fold increase in
resistance levels to H-O: Killing but only shzhtly more resistance to tert-butyl hvdroperoxide killing. [ncreases in activity were
detected for the peroxide scavena@ing enzvmes catalase (100-toldY and AhpC tover 30-fold). Also observed was cross-reststance
to thermal killing: however, o cross-resistance to other oxedants or chemicals was found. Analysis of protein profiles revealed
that proteins with molecular masses of 22 and 28 kDa were accumulated while proteins of 29, 33 and 41 kDa were depressed in
the mutant. These results indicate that the mutant may have defectis) in peroxide regulauoen., which resufted in high constiturive
expression of peroxide scurvenmng enzyvmes. Nevertheless, the mutant retained growth phase dependent regulation ol peroxide
killing. The murtant should be usefui 1n unravelling the narure of a complex peroxide stress regulon.

Revwords H:0:: Organic peroude rasistance. Peroxide scavenging enzyme

1. Introduction

Yanthomonas betongs to an important family of
bactenal phytopathogens. [n response to microbial
infection. the initial phase of the plant Jetense re-
sponse involves increased production ot reactive oxy-
gen species. such as H,O». lipid peroxides and super-
oxides, which can directly inhibit pathogen growth

* Corresponding author tu). Tel,. ~6642) 74 0622:
tax: ~66 (2y 246 3026; e-mal: sesmidmuce.mahidol.ac.th

Abbreviations. AhpC. alkvl hydroperoxide reductase subunmt
C: Td. doubling ume: NEM. V-<thvimaleimide: ROS. reactive
oxygen species: SOD. superoude dismutase: (BOOH. tert-butyl
hvdroperoxide

and also parucipate in signal transduction pathways
to turther activate host defense responses [1]. Reac-
tive oxvgen species {ROS) uare also normal byprod-
ucts of aerobic life.

To establish infecuon bactenal pathogens must
vvercome the toxic effects of ROS. Bacteria have
evolved highly complex oxidative stress protection
mechanisms, which comprise genes for oxidant scav-
enging enzyvmes (e.g. alkvl hydroperoxide reductase.
catalases, peroxidases and glutathione transferase),
for enzvmes involved n the synthesis of antioxidant
molecules (e.g. glutathione reductase, glucose 6-
phosphate dehvdrogenase) and for enzymes involved
in damage repair (e.g. exonuclease [II. methionine
sulfoxide reductase} (2]. Mutations in these genes

0378-1097/97/517.00 < 199” Fecerauon of European Microbrological Socienes. Published by Elsevier Saience BV,
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lead 1o ncreased sensiuvity o peroxide stress [2]
Coordinated expression of these genes 1n response
to owidative ~tress s essential to bactenal survival
and is coverned. in puartl, by oxidalive stress sensiive
regulatory genes such as ovvyR and sox RS [2]. Also.
increased expression of the catalase gene conlers
higher growth rates in the presence of H.O» [3].

As d lirst step towards the elucidation of the mech-
anssm regulaung the oxidative stress resistant re-
sponse. this work describes the selation and charac-
terization of a peroxide resistant mutant.

2. Materials and methods

2 Isolation of HaOa rexistant mutanis

The parental Yp stram was from our laboratory
collection. Exponenual phase cultures of 1p grown
aerobically 1n SB medium at 28°C were spread di-
rectlv on SB plates containtng | mM H-0-» or | mM
tert-butyl hvdroperoxide (tBOOH) and incubated for
48 h. No spontanecus (BOOH resistant mutants
were 1solated. However. five H.0O- resistant mutants
were isolated. All five mutants were grown non-se-
lecuvely in SB for 10} generauons and subsequentiy
scored for H,O, resistant phenotype. Only one mu-
tunt (designated YpHR) retained the resistant pheno-
tvpe after non-selective growth and tt was selected
for further investigation.

220 Effects ot HaOy an growth rate

The effects of H20. on growth rate of Yp or
ApHR were investigated by subculture of late eXpo-
nential phase cells into fresh SB medium at 1:350
dilution. After 1 h 300 pM H,0Q, was added 1o
both cultures and growth was monitored spectropho-
tometncatly at ODan,.

S8 Cell survival

Quantrtative determinations of surviving fractions
of cells atter treatment with oxidants were performed
as descnbed by Vattanaviboon et al. (4]. For repro-
ducible results. it was essential to use cells from sirm-
fdar stages of growth since the resistance level o
vxidants varied with the growth phase (4]. All experi-

Vienukobsuk P FEALS SFrerobrology Leners 152 01907, 189 j0y

ments were performed at least three times and aver-
age values are shown. Killing zone experiments were
performed three umes as previously described [3] and
the results shown ure from three independently per-
formed experiments.

2.4 Encyme ussays

Lysate preparations of exponential phase cells for
enzyme assays, i.e. for catalase. superoxide dismutase
{SOD). glucose 6-phosphate dehydrogenase. gluia-
thione reductase and glutathione transferase. were
carmed out as previously described [5.6).

2.5 Immune unalysis

For immune analysis of AhpC levels, conditions of
SDS-PAGE., blotting to a nitrocellulose membrane,
and immunodetection were as previously described
(7], except that an anti-£ coli AhpC antibody was
used as the primary antibody.

3. Results
3.1 Growth of XpHR in the presence of oxidants

The ability of Xp and XpHR to grow in a minimal
medium and in a complex SB medium with low con-
centrations of various oxidants was investigated. In
the presence of 300 ptM H-O- parent Yp cells showed

Tuble |
Companson ol resistance levels to killing concentration of vari-

ous chemicals in Vp and VpHR

Dhameter of killing zone {cm)

RY/ XpHR

H.O2 (2 M) 32 [.5
\BOOH 1 M) ER| )

Paraquat (1 M} 26 2.5
Menadione (1 M) i 27
NEM (0.1 My 23 23
SDS 110%) 1.6 1.6
EDTA (0.5 M) 22 21
CdCl: o My 4.3 4.6
CoCl 11 M) 37 4.0

The values shown uare averages from three independently per-
formed expenmenis as described in Section 2.
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Fig. 2. Immunological determination ol AhpC levels m wild-type
and mutant Yunthomonas. Equal cancentranons t30 pg) ol toral
protern from Yp itane 1) and XpHR tlane 1) were loaded onto
the gel which was blotted and probed with an ann-£, coli AhpC
antibody as descnbed in Section 2 [7].

However. the magnitude of the resistance to tBOOH
was less than that to H.O»,. There was no difference
in resistance to menadione killing (Fig. D). Similar
results were obtained using the disk diffusion growth
inhibition assay. .YpHR had more resistance 10 per-
oxides (H:Oa, tBOOH) but not to superoxide gener-

T

ators {menadione and paraquat) (Table 1).

3.3, The sensitivitv of XpHR to other chemicals and
sIress

Extensive cross-regulation between different stress
regulons has been demonstrated [2]. Resistance to
one agent often leads to cross-protecuon to other
unrelated agents [6). In tests with various chemuicals
the mutant, YpHR. showed no alteration in resist-
ance levels (Table 1. However, it did have increased
resistance 1o heat killing. Incubation at 43°C for 30

5 Monvkolwk ! FEMS Microhivlogy Letrers 152 ¢ 197 1R9-TU4

min caused a drop of 2x10% in Xp survivors but
only 7x 10! in XpHR survivors.

wild-type to heavy metal salts {cadmium and cobalt)
{Table 1}).

3.4 Oxidant scavenging and oxidative stress related
enzyime uctivities in XpHR

The peroxide resistance phenotype could be due to
increased activity of oxidant scavenging enzymes
andfor other oxidative stress protective enzymes
(i.e. glucose 6-phosphate dehydrogenase, glutathione
reductase, or SOD). Results from assays of these
enzyme activities shown in Table 2. Catalase activity
was about 100-fold higher in the mutant.

The activities of other scavenging enzymes for per-
oxide (peroxidase and glutathione transferase) or
superoxide (SOD) remained similar in both Xp and
XpHR. Nor were there any differences in glutathione
reductase and glucose 6-phosphate dehydrogenase
activities {Table 2}. The activity of alkyl hydroper-
oxide reductase, the major organic peroxide scaveng-
ing enzyme, could not be assayed directly. However,
levels of AhpC (responsible for the reduction of or-
ganic hydroperoxides to the corresponding alcohols)
could be measured using immunodetection with an
anti-£ coli AhpC antibody. Densitometer analysis of
Western immunoblois of AhpC showed that the mu-
tant produced over 30-fold more AhpC than the
wild-tvpe (Fig. 2).

3.5, Protein profiles in XpHR and Xp

Because ot the multiple alterations in resistance to
various stresses in YpHR, its protein profile was
compared with that of Xp. The results are shown
in Fig. 3. Two proteins of molecular mass 58 and

Unexpectedly, -
the mutant was slightly more sensitive than the

> W

.
=

Table 2
Specific activities of vanous axidative stress related enzymes in the wild-tvpe and mutant
Stram Kat S0OD GOR GST G6PD

u F U F U F U F U F
RYd 14 1.0 240 1.0 015 (Y] n42 1.0 0.37 1.0
YpHR 180 120 1.9 09 .23 7 0.60 [ 0.49 0.6

U. unitsymg/ml protcin: F. Jold induction. Kal, catalase; SOD, superoxide dismutase: GOR. clutathione reductase; GST. glutathione
teansterase; G6PD, glucose 6-phosphate dehydrogenase. Enzyme assavs were performed as Jescnbed in Section 2. The values shown are
averages ITom threg expenments.
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Fig. 3 Analysis of the protein pronle o Yp and YpHR. 60 gg of
total protemn from Ap olane 1y and VpHR tlane 2 were toaded
on a2 gel tor SDS-PAGE Alter cledirophoresis, the gel was
stained  with Coomassie blue Protein molecular mass markers
tlane My are shown on the ieit. The numbers on the ncht indi-
vate muolecular mésses of the proteins, which had aecumuiated

| & 1 or were repressed « Ty

22 kDa showed high accumuiauon i YpHR. The
22 kDa protein is likely to be AhpC tsee Fig. 20
The idenuty of the 38 kDa protem s unknown. Its
molecular mass was smalter than that expected lor
the monotuncuonal cataluse of Vunthomonas (8] In-
terestinglyv. the levels of 29, 33 and 41 kDa proteins
were lower in the mutant compared 1o the parent
strain.

3.6, XpHR retamed vrowth pituse dependent
resisiunce to perovide kifling

We have shown that statenary phase cells are
more resistant o peroxide and superoxide kilbing
[4]. Treatment ol parental \p for 30 min with 20
mM HaG» resulted in 10% and 107 reduction in sur-
vivors of exponenual phase (Fig. 1B) and stationary

phase celis respectively. Therefore, we investigated
whether the mutant still retained growth phase de-
pendent reststance to peroxide killing. Exponential
and stationary phase \pHR were treated with 3500
mM for 30 min. This treatment resulted in a reduc-
on of survivors by 107 for exponential phase ceils
and 10! for stationary phase cells. Treatment at a
higher concentration of H~O2 (1000 mM) for 30
min of exponential phase cells resulted in a 10° re-
duction tn the surviving fraction of parental Xp but a
reduction of only 10 in the survivors for stationary
phase cells ot XpHR.

4. Discussion

Results from the characterization of .YpHR sup-
ported the notion that it could be a regulatorv mu-
tant. The mutant may have defects in regulation of a
peroxide stress regulon. This could have resulted in
the high level. unconirolled expression of peroxide
scavenging enzymes. in the accumulation of some
proteins and depletion of others. It 15 doubttul that
these phenotypes could have arisen {rom gene ampli-
fication. simce Southern analysis of Xp and YpHR
DNA probed with either catalase or ghpC gene
probes showed no amplification or gross rearrange-
ment of these genes (data not shown), It is also un-
likely that multiple unlinked spontanecus mutations
occurred. since increases in organic peroxides and
heat resistance arose without selective pressure. Be-
cause the mutant retained growth phase dependent
resistance to H.O- killing, tt is likely that regulation
of this is independent of the regulation of peroxide
scavenging enzyvmes. [he YpHR phenoivpes showed
similanity to phenotvpes ot a 8 subrilis HaOa resist-
ance mutant. which has been shown to have Jdefecis
in the mrgd gene, a transenption regulator of metals
and oxidatuve stress response [8.9].

We have observed that heat shock does not induce
catalase in Nwthomoenas [3]. Thus. further character-
1zation of the observation on cross-resistance to heat
kiling in the mutant might provide new <clues to
factors governtng the co-regulation of oxidative
stress and heat shock regulons.

In XpHR. the levels of resistance to HaO» killing
correlated with catalase levels. The results are con-
sistent with our findings that increased expression of
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a catalase gene in Yunthomonas is sutficient to confer
protection against H.O- toxicity [3]. In the absence
of a catalase negative mutant in Yunthomenuays, these
results support the notion that catalase s important
in protecung Yunthomonas trom H:O- toxicity. In-
creased tBOOH resistance in YpHR could be parti-
ally accounted for by the increased levels of AhpC.
However, the increased AhpC levels were great com-
pared to the small increase in reststance to 1BOOH.
This suggested that other factors such as AhpF levels
(the other sub-unit of alkyl hydroperoxide reductase)
might also contribute to the overall resistance to
tBOOH. Co-regulation of these genes has been dem-
onsirated in 8. subudis [10] but not in other bacte-
ria.

Isolation of XpHR is an important step in the
elucidation of the highly complex regulation of the
peroxide stress response. Since H»O,; and organic
peroxides are microbicidal agenis/growth retardants
and also signal molecules in plant defense response.
alterations in microbial catalase and/or AbpC regu-
lation could have significant effects on the develop-
ment and progression of plant disease.
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We have isolated a new organic hydroperoxide resistance iohAr) gene from Xanthomonas campestris pv. phase-
oli. This was done by complementation of an Escherichia coli alkyl hydroperoxide reductase mutant with an
organic hydroperoxide-hypersensitive phenotype. ohr encodes a 14.3-kDa protein. Its amino acid sequence
shows high homology with several proteins of unknown function. An ¢hr mutant was subsequently constructed,
and it showed increased sensitivity to both growth-inhibitory and killing concentrations of organic hydro-
peroxides but not to either H,0O. or superoxide generators. No alterations in sensitivity to other oxidants or
stresses were observed in the mutant. ofr had interesting expression patterns in response to low concentrations
of oxidants. It was highly induced by organic hydroperoxides, weakly induced by H,O,, and not induced at all
by a superoxide generator. The novel reguiation pattern of okr suggests the existence of a second organic hy-
droperoxide-inducible system that differs from the global peroxide regulator system, OxyR. Expression of okr
in various bacteria tested conferred increased resistance to rerf-butyl hydroperoxide killing, but this was not so
for wild-type Xanthomonas strains. The organic hydroperoxide hypersensitivity of o/zr mutaats could be fully com-
plemented by expression of ekr or a combination of ahpC and ahpF and could be partiaily complemented by
expression afpC alone. The data suggested that Ohr was a new type of organic hydroperoxide detoxification

protein.

Increased production of reactive oxvgen species, including
superoxides, H.O.. and organic hydroperoxides. is an impor-
tant component of the plant defense response against micro-
bial infection (23. 42) and is a consequence of normal aerobic
metabolism {15. 16). Bacteria have evolved compiex mecha-
nisms 10 detoxify and repair damage caused by reactive oxygen
species. For detoxfication of superoxides and H.O-. the ¢n-
zyvmes involved and the regulation of their genes are well stud-
ied (11, 12, 17). Much less is known regarding defense against
organic peroxides.

Organic hydroperoxides are highly toxic molecules. partly
due to their ability to generate {ree organic radicals, which can
react with biological molecules and perperuate free radical
reactions (1. 19). Thus. genes invoived in protection against
organic peroxide toxicity are likely to play important roles in
oxidative stress response and in host-pathogen interactions.
Alkvl hydroperoxide reductase {AhpR) 15 the only major mi-
crobial enzyme that has been shown to be involved in convert-
ing organic hvdroperoxides into the corresponding alcohols (3.
21, 30).

The AhpR mechanism of action is well studied. The enzyme
consists of two subunits named AhpC and AhpF (4. 5. 21 37
38). The genes coding for these subunits are widely distributed
(3. 4). Genetic analysis of several bacteria has shown that mu-

* Corresponding author. Mailing address: Laboratery ol Biotech-
nology, Chulabhorn Research Insttute, Lak Si. Bangkok 10210, Thas-
land. Phone: (662) 574-0622. Fax: (662) 374-2027. E-mail: scsmk
@muce.mahidol.ac.th. .

* Present address: Laboratory of Genetics. Gent University. Gent
B-%000. Belgium. :

tations in these genes lead to an organic hvdroperoxide-hyper-
sensitive phenotvpe, and this confirms their roies in protecting
against organic hydroperoxides (2. 40, 43). Other bacterial en-
zymes, such as glutathione peroxidase (33), glutathione trans-
ferase (34). and peroxidases {12). can also use organic hy-
droperoxides as substrates with varying degrees of efficiency.
However. these enzvmes have not been well characterized bio-
chemically and genetically. Also. their distribution in only cer-
tain groups of bacteria (33, 34) raises a question as to whether
they plav important physiological roles in the protection against
organic hvdroperoxide toxicity.

In this paper, we report the isolation and charactertzation of
2 possible new organic hvdroperoxide detoxification cnzyvme
with a novel regulatory pattern.

MATERIALS AND METHODS

Bacterial cultures and media. .\l Vundiomonds s1rains were grown serobrcally
at 28°C in 5B medum as previcusly descnibed (6. 333 To ensure the reproduc-
ihility ot results, all expenments were pertormed on cultures at sumilar stages ot
arowth. All Eschenchia cofi strans were grown aerotwally in Luna-Bertann (L13)
broth at 37°C. Microacrobic growth conditions were achieved hy placing the
plates 1in an anzerobic sar with a Camprivbuceer gas pack {Oxowrd) and incubating
them at 28°C.

Nucleic acid extraction and unalysis. cloning, and nucleotide sequencing.
Restricnon ¢nzvme digestions were pertormed according (o the manutacturers’
recommendations. Molecular clonmg. gel clectrophoresis, and nucleic aaid hv-
bndizauon were pertormed as previously described (23} Nucleonde sequencing
was done using ABI Prism dve termunator seguencing Kits on an ABL 273 auto-
mated sequencer. £ cofi and Nuathomenas were transformed by a chemueal
method (28) and by electroporauon (30). respectively. Genomic DNA extracuion
trom Xanthomonas spp. was Jdone ascording to the methpd of Mongkolsuk et al.
{30). Total RNA was isolated by a hot-phenol method (30). pUFR-ahpCF was
generated by subclontng a DNA fragment containing Xanthomonas campestrs
pv. phaseoli ¢hpCF (24} into pUFRO4T.

2636
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FIG. 1. Localization of ofr. The open boxes represent X campestrs pv.

phaseoli penomie DNA cloned in the indicated plasewmds. and the shaded hoxes
represent the ofir gene. The arrow indicates the direction of ofir transcription. Bs.
BuNL R Apal: No Newll R, EcoRE N Abal: ~. growth of TA4315 harbonng the
plasmid v LB-ampiciilin plates contaiming 100 uM (BOOH: -. no growth,

Construction of an ohr mutant. An oftr mutant was created by marker ex-
<hange berween a mutated copy of ofir and o functional genomic copy. Specifi-
cally. a ter gene (rom pSM-Tet (32) was digested with EcoRI and HindI!I and
cloned into sumilarly digested pl18Not (10}, resuiting in pNot-Tet A mutated ohr
gene was then constructed by insertion of a Motl-digested ref gene from pNot-Ter
into a4 unique Notl site located in the okr coding regton of pohril (Fig. 1). This
resulted in a recombinant plasmid designated pohr-tel. phAr inactivauon was
contirmed by loss of the ability of pohr-tet to confer resistance 10 rert-butyl
hvdroperoxide (tBOOH) in £. coli TA4313 (dahpCF [40]). The plasmid was
clectroporated into X, campestris pv. phaseoli. and transformants were selected
on $B plates containing 20 pg of tetracycline/mt. Tet® colomes appeared afier
48 h of incubaton at 28°C. These colonwes were picked and scored for Ap'
phenotvpe. Those transformants which were both Tet' and Ap* (a double cross-
vver resulted in marker exchange) were selected for further characterization.
Marker vxchanges between the mutated ofir and the functional copy of the gene
i putative mulants were contirmed by analvsis of hybndization pattcrns of
gsenomic DNA digested with restret:on enzvmes and probed with ohr,

Effects of oxidants on growth and killing. Effects of low concentrations ol
oxxdants on Xunthomonas growth was tested with log-phase cells. Essentially,
overnight cultures of late-log-phase cells were subcultured as a 3% inoculum inta
fresh SB muedium and allowed to grow for | h. Oxidants were then added at
appropnate concentrations, and the growth of hoth mnduced and uninduced
cultures was subsequently monitored specirophotometncally. Quantitauve anal-
veis of the hilling cffects of high concentrations of oxidants on vanous Xerthomeo-
nas strans was pertormed a3 previvusly Jdescribed 130). Quahtauve analvsis o)
levels of resistance to vanous reagents was done by using a Killing zone method
(31 Essenually log-phase cells were mued with 5B top agur and pourcd onto 5B
plates. After the top agar had sohdihed. b-mm-diameter discs contaiming appro-
pnate concentrations of oxidants were placed vn the cell lawa. and zones of
growth inhibition were measured atier 24 h of incubation at 28°C,

High-level expression and purification of Ohr for antibody production. High
levels ol oftr expression for Ohr punfication were achicved by using a gene fusion
CXPression vector system in £, cofi. One vhigonucleonide pnmer corresponding to
the 3’ region of ol ffom the wecond vodon (37 TACGAATTCATOGGCCTCA
CCC 37) and a secend pomer corresponding 10 the whr transtalion lerminauon
cadon (3" TCCAAGCTTGCATTACGCCA 37) were used 1o amplity ohr from
pohrli. A PCR product of 300 bp was then digested with EcoR1 and HindlI. gel
purified. and cloned o pMAL-CZ vector { New England Biolabs [ne.) This was
expected 10 result sn the frame fusion of wir with mahose binding proreim.
Transtormanis with correct inserts were sercencd fur high levels ot expressien of
the fusion protein by sodium dodeevl sulfate (SDS)-polvacrylamide eel clectro-
pharesis. A clone Jesignated pMalohr showed high levels of expressiwon ol the
lusaan prodein, and (0 was chosen tor large-<cale protein punsication

ACZO0-ml ulture of pMalohr was grown and induced with 2 mM PTG
tisopropyl-B-n-thiogalactapyranosidey tor 1 h. The cells were subsequently pel-
leted, and the pellet was resuspended in 30 mM phuosphate butfer. pH 70 The
suspensien wis then senicated for 20 mun, with coohing inervals, Ohr fusion
prolein was purified [rom crude Ivsate by using amylose athmity columns accord-
ing 1o the manutacturer’'s recommendatons. The punfied fusion protein was
then cleaved with protease factor Xa. and Obr was repunfied trom SDS-polv-
acrvlamide gels. Punfied Chr was used to ranse antbody in rabbus.

Immunodetection of Ohr. Crude Ivsates lrom Xunthomonas were prepared
aceording 1o the method of Mongkolsuk et al. (30). and the wlal pratein con-
centration was determined by the dve-binding method (2), SDS-polvacndamide
zel clectrophoresis. bloting, Plocking, and antbody reacuon analvsis were per-
lormed us previously desenibed (31) except that an anu-Otr anubody was used as
a pnmary antibody at 1:3,000 dilunon. Antbody reactions were detected by a
goat anti-rabbit antibody conjugated to alkaline phosphatase {Promega) as rec.
vmmended by the manutacturer.

NEW ORGANIC HYDROPEROXIDE RESISTANCE GENE 2637

Expression analysis. A d0-ml mud-loyg-phase XL carmpesing pv. phaseoli cultury
was cqually divided among Four flasks and grown [or 1 h until the apuical density
at 60 ne reached 0.4, HLO5 1BOOH. or menadione ¢MDY at o 110 wM final
concentration was added, and the cultures were grown tor | h longer betore hath
inctuced and umnducced cuitures were harvested 1or Western analvsis of Obr, For
analvsis ot odrr RNA 1 similar inducnion protocol was perfarmed cxcept that the
sduchon ume was reduced (o 15 man, The velbs were harvested as before, snd
trai RNA was extracted by o hot-phenot method (304

Nuclotide sequence gccession number. The auclenthide sequence accession
number [ar oftr in GenBank 1s AFN36 160,

RESULTS

Isolation and localization of ohr. Qur objective was to isolate
the Xanthomonas venes involved in ourganic peroxide protec-
tion by suppressing the organic hvdroperoxide-hypersensitive
phenotype of an E. coli ahpCF mutant. An aliguot of an X
campestris pv. phaseoli DNA library in pUCI3 was electropo-
rated into TA4315 (AaghpCF [40}). Transformanis were se-
lected on LB-ampicillin agar containing 500 oM tBOOH and
! mM {PTG. After 24 h of incubation. 12 colonies appeared on
the plate. Plasmids were extracted trom individual transfor-
mants and retransformed into TA4315, selecting for ampicillin
resistance and scoring for concomitant tBOOH resistance.
There were eight clones which retained tBOOH resistance.
Restriction enzyme mapping and Southern analysis of plasmids
purified from these colonies showed that they shared a com-
mon 1.2-kb Kpnl fragment that cross-hvbridized (data not
shown). The plasmid. designated pohrtl. that contained the
longest X. campesiris pv. phaseoli DNA insert {3.8 kb) was
selected for further characterization. Subcloning and deletions
of pohrl1 were performed to localize the gene responsibie for
tBOOH resistance. The results are shown in Fig. 1. The gene
which was able 10 confer organic hvdroperoxide resistance
upon the E. cofi mutant was located on the 890-bp Kpnl-Bsr X1
fragment (Fig. 1. pohrl2).

The Xanthomonas DNA in pohrl] trom Kpnl to BstXI was
completely sequenced (Fig. 2.A). Analvsis of the sequence re-
vealed manv open reading frames (ORFs) in the region that
could have conterred IBOOH resistance on TA4315. An ORF
{designated ORF-A) with a sirong nbosome binding site 6 bp
upstream ot a translanon initiation codon and with a coding
capacity for 142 amino acids having a total predicted molecular
mass ot 145 kDa was a candidate for the (BOOH resistance
gene. To confirm this. primers corresponding to DNA se-
dquences 1i) bp upstream from the translation initiation codon
of ORF-A (53" GAGAATTCCTTGGCGCGGGAT 37 and 20
hases downstream of the stop codon of ORF-A (3 GCATCA
CGOCCTGGCCT 3') were used to amplify orf-+4 from pohrll
in a PCR. The 560-bp PCR product was cloned into pBlue-
seript KS. resulting in pohrt3. which was transtormed into
TA4515. Transtormants showed high levels of tBOOH resis-
tance compared to that of TA4313 harboring the vector alone
{Fig. 1). This confirmed that ORF-A was responsible for the
organic hydroperoxide resistance phenotvpe. and it was there-
fore Jdesignated ofir.

The coding potential for oftr was contirmed by determina-
tion of pohrl3-encoded proteins by using a coupled in vitro
lranscription-translation E. coli system ( Promega). The results
(Fig. 2B) showed that pohrt3 cacoded a polvpeptide of 14.3
kDa. wlenucal to the caleulated molecular mass of Ohr.

Sequence analysis. The predicted Ohr amino acid sequence
had the highest homology (637¢) with an unknown protein
trom Acinetobacter calcoacericus (36). Moderate homology
(407%) with two unknown proteins (YklA and YkzA) from
Bactllus subtilis was observed. There was lower homology with
OsmC (an osmotic inducible protein) from E. coli (319% [18])
and an ORF of unknown function trom Mvcoplasma genitalium
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1 GAGCTCCTGGCGCGTCCCATTGCACACGTCGTACA
47 Tmmnﬁmcccnummcccﬁmmcmg -
35 ACCATGGCCTCACCCGAARAAGTCCTCTACACCECCCACGCCACTGOE kDa | .
1 M A S P E X VY L YTATGHGAT A
143 ACCGGCGGCCEOGAAGGCCGTECCETGTCCTCGGACAAGGOGOTCOAC
. 16 T 6 G R E G R AV S § D K AL D
191 GCAAAGCTGTCCACCCCG CGGOGGCOATGGC 46—
32 A K L 5 TP RGETLTGGATGE GODOG
239 ACCAACCCGGAGCAGCTOTTCGOGGCEGETTACGCTGCCTCOTTCATE
48 T N P E Q L F A A G Y A A C F I 30 T
287 GGCGCGATGAAGGCCGTGGCCGCACACEACARGC TCAAGCTGCOGRRE )
64 G A M X A V A A QD R L K L P G
) 135  GAAGTAAGCATCGACAGCAGUITCGGCATCGGCCAGATCCCGEGOGGT
80 E ¥ 5 I D § 5§ v G I @ G I P G G
183 TTCGGCATCGTOGTGGARCTGCGTATCGCEGTGCCCGGCATCGACAAG
i 96 F G I ¥V V E L R I A ¥V P G M D K
431  GCCGAACTGCAGACGETGGTCGACARGECCCATCAGGTCTGCCOGTAC
112 A E L Q T L v D K A H Qg Vv C P Y 14—
479  TCCAATGCGACCCGOGGCAATATCHACGTCACCCTGACCCTGGCGTAA
128 S N A T R G ¥ I D ¥ T L T L A =
527 TGCAGGCCAGGCCGTGATGCGCAGCGOGTGTCACCGTTTCAACAACGS
. 575  CCOGGOGCATGCGTCGGGCOGTTATGLG T IGTGCT CAAGAAGATTGCT
§23  GGCTCGUGEATGS
N FIG. 2. Nucleolide sequence 1A} and in viro translation products §B) of ehr (A) Nucleotde sequence and a predicted translation product of efir. A putative

bosome binding site for nfir 13 shown in boldface. (B) [nvitro transiation of plasmid-vncoded proteins with £ coli 5-30 extracts. A vector contrel ur pohri3 was added
- » §-30 eoupled 10 vitro transcripuion-translation Ivsates as descnbed in Matenals and Methods. The radioactvely labeled translation products are shown. Lane 1.
rotein molecular mass markers: lane 2. pUCHE: lane 3, pobrlS. The arrow imdicales in vitro transiauon preducts of ofr. The second hand at araund 30 kDa 1s the
roduct of the ampiaillin resistance gene.

body (Fig. 4A). In addition, genomic DNA from five Xantho-
monas species was digested with a restriction enzyme, blotted,
and probed with ofr. Under high-stringency washing condi-
tions, positive hybridization signals were detected in all strains
tested (Fig. 4B). By contrast, Southern blots prepared from ge-
nomic DNAs from Pseudomonas aeruginosa and Burkholderia
cepacia did not cross-hybrdize with ofir probes. even under low-
stringency washing conditions. Furthermore. Western analysis
of cell lysates from these bacteria did not show anv proteins of
a size similar to that of Ohr that specifically cross-reacted with
the anti-Ohr antibody (data not shown}.

Construction and physicai characterization of a Xanthomo-
nas ohr mutant. The role of oAr in protecting against organic

31% [14]). The multiple alignment of these ORFs is shown in
“ig. 3. It was siriking that all four proteins were similar in size
ind had two highly conserved redox-sensitive cvsteine residues,
-uggesting they could be important in the structure and func-
idons of Ohr.

Structural organization and distribution of ohr. The copy
. number of ofir in X\ cumpestris pv. phaseoli was determined.
- X campestris pv. phaseoli genomic DNA was individually di-
gested with five restriction enzyvmes, separated. blotted, and
subsequently probed with the coding region of ohr. The results
showed hybridization patterns consistent with okr being a sin-
gle-copy gene (data not shown).

To determine the distribution of vhr in Xanthomonas and

various other bacteria. both Southern and Western analysis
were performed. Western blots prepared from total-protein
lvsates from six Xanthomonas species each showed a 14.5-kDa

hvdroperoxide toxicity in Xanthomonas was evaluated by con-
struction of an ofr inactivation mutant, as described in Mate-
rials and Methods. Essentially, a gene conferring Tet” was

protein that specifically cross-reacted with an anti-Ohr anu- inserted into the coding region of ohr and the recombinant

JHE - EP e MASPEKVLYTAHATATGGR - EGRAVSSDHALDAKLSTPRELG - GAGGDG

DRFL-AC . M.L.Q. VL. R SO T U NETLLIRLTVLU R ML - ML -
YFLA B85 . MSQP.F..TVE.V LLKVI., .RV.ELDVAM.GTPRAKKLEKA
YKZA- 33 . MAL,F,.KV..®...-A.HIT.J3.CV..FDIVM.NAK--XE.QT.
NEMT - = o MTIHKKGO. . WEGDIX.GK.TVSTESGY.HQQPYGFNTR- -FE.EK.
DSM - MY . HLFNI?TKILSILINMAL:.KTV.QTET..-..SVKTL.-GFQT...F.KPD-‘LSVQTE
IONsSensLs 32 RRR T YA A KNS
SHR - AP 1B THNPEQLFAAGY TGAMYAVAAQDKLALDPGEVEIDSSVGIGQIPGGFGIV - - -VELRI

IRFI-AC 4B e L....F..TR..FML.KDAYVEGD....P..N....E~--.K.{dV

YYLA-85 SE e .05.LQL. .RTERV.VET. . TANV.LLKDEADQ.YKLG- - - .T.QV

YHZA-35 S .G. . LEH. .XEQNIEIDS, IEGQV.LMKDESD. . . K.G---.T.\VV

asMC =C i6 ... E.IG.AK oM. LSLMLG - EAGFT. TSIDTTAD. SLDKVDA. . A. TKIALKSEV

DSM- MY ST M. 5a. .59 50, VIV.#Q. HQFSFSKKPVVSVK. ELH. EN. L. H.X- - - AGVEL

consensus Ye-+3eA33333%% ¢ 3 A 34804 v aa

OHR.- XP 105 AVPGMDKAELQTLVDXKAHQVQPYSHATRGNIDVTLTL - - - - - A

ORTZ-AC 103 HL....TD.AKK...A. . L. 4o onnt N, ...DFEIVTDA- -

YELA- 35 103 HGE.VSAS..EA..X...G. 4. X..S5..0... EVAE-- - -

YKZA-BS 35 NTKDL.REKA.E..NA..EFY...K..... V.. K.E.--&---

JSMC - EC 105 ....I.ASTEDGIZIQ..KAGY. V. QVLKAE.TLD---------

OSM- MY 114 TTHNSM.QEVGKK.IQ...EMJ.F.RLI.NENFLG. .. NGIKL-

RO 33 A seAr AA3 3333 A

ol Ohr {OHR-XP [AF036166]), ORF2 of Aaneobacter (ORF2-AC [YOY102)). prowcins trom B. subnfis
¢ from £ coli (OSMC-EC [X57433]), and OsmC-like protewn from M. gerutaium (OSM-MY [U39732]),
m {43). Peniods represent amino acids identical to those found in Chr, astensks indicate identical amino
at least four amino acids in the sequences. Hyphens indicate gaps in the sequences. Conserved cysteine

COnsensus

FIG. 3. Multiple alignment ol .X. campesins pv. phas
{YKLA-Bs {AJO02571] and YKZA-Bs [AJOG2571]). Osm
Amino acid sequences were aligned by the Clustal W progra
acids in all six sequences. and triangles represent matches of
residues are shaded.
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FIG. 4. Detection of Ohir and ohr in vanious Neathomonas species. (A) West-
¢ analysis of Ohrin protein lysates from Y. campesirts pv. phaseuli (Ap). .hfn—
themonas onzae py. orvzae Xvo). Xuathomonas campesing py. glycing [AYIR
Xanthomonas campesons pv. malvacerum (X )., Xealizomonds onzae pyooriziKo-
lar (Xor), and Xanihomonds campesins pv. campestrs (Xe) Fifty micrograms ot
protein was loaded inte each lanc. After electraphuresis, the gei was blotted untu
a picee of polwvinyiidene difluonde membrane thal was reacted with an ant-Ohr
antbexdy. Protein molecular mass markers are shawn on the I_crt. The arrow
indicates the positien of Ohr protein. (B) Southermn analvsis of lpml LENOMIC
DNA digested with £coRL and probed with the coding region of ofir Hybrd-
tzation and high-stringency washing condinons were as previvusly descnibed (300,
Lane M contains DNA molecular swe markers; the sizes are shown on the letl

plasmid was electroporated into X. campesms pv. phaseoli with
selection for Tet® transformanis that also had an Ap® pheno-
tvpe. Subsequently. the levels of resistance 1o t(BOOH of these
20 Tet™ Ap® X. campesins pv. phaseoll transformants were
tested by the killing zone method. The results showed that ali
putative ofir murtants were less resistant to tBOOH Kkilling than
parental .X. campestris pv. phaseoli (data not shown).

An ofir mutant designated Xpl8 was selected for detailed
structural analysis. The tesults of Svuthern analvsis of \pls
DNA digested with restriction enzvmes and probed with ohr
are shown in Fig. 5. Hybridizauon of the ofir probe with
X, campesiris pv. phaseoli or .Xp18 DNA digested with either
BstXI or Clal showed that the pasitivelv hvbridized bands in
Xpl8 were around 3 kb larger than a corresponding bund dJe-
tected in similarly digested .X. campesins pv. phaseoli DNA
(Fig. 3A). The size increase corresponded to the size of the in-
serted rer gene. There were no additional positively hvbridized
signals in digested .Yp 18 DNA. These results indicated that the
mutated o/ir had replaced the functional vene. [nactivation of
ol in Xp 18 was also confirmed at the protein level by Western
blot analysis with an anti-Ohr anitbody. The results (Fig. 3B)
showed that the Ohr protein was absent from Xp |8

Physiological and biochemical characterization of the whr
mutant. The availability of the ofir mutant ailowed investiga-
tion ot the physiological role of ohr in the Xunthomonas oxi-
dative stress response. The effects of both oxidative and non-
oxidative stress on the growth and survival of the mutant were
evaluated.

In most bacteria. the mutation of venes involved in uxidative
stress protection leads to a reduced aerobic growth rate and a
lower plating ctficiency (26). We tested these paramelers first
on the ofir murant. The mutant showed an acrobic arowth ratc
and plating efficiency similar to those of a wild-type strain on
either rich or minimal media {dara not shown}. Next. the
effect of low oxidant concentrations on the arowth rates of
X campesmris pv. phaseoli and Xp18 was investigated. No dit-
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fercnces between the growth rates of these strains were g, !
scrved in the presence ot several concentrations of either H,(,
or MD (data not shown). However. a low concentration of
tBOOH had a significant growth-inhibitory ¢ffect on the muy.
tant. In the presence of 600 uM tBOOH. Xp18 had a doubling
time excecding 300 min, contrasting with a 140-min doublp
time for X. campestris pv. phaseoli (Fig. 6A). Cumene hydrg,
peroxide (CHP) produced a similar growth-inhibttory effect on
the mutant (data not shown). We then tested the sensitivity g
the mutant to killing concentrations of tBOOH. H.0,, agg
MD. The quantitative results ure shown in Fig. 6. The mutay
was more sensitive (over 100-fold) 1o tBOOH killing than th,
wild tvpe. but there were no differences in sensitivity to eithe
H.O-. or MD kiiling. Qualitative analysis of mutant and wilg.
type levels of resistance to killing concentrations of other oy
dants. such as diamide. V-ethylmaleimide. paraquat. and chen,
ical mutagens (N-methyl-N'-nitro-N-nitrosoguanidine apg
methyl methanesulfonate) were performed by the killing zope
method. No differences in sensitivity 10 these agents were de.
tected. Similarly, levels of resistance to nonoxidative streg
killing agents. such as heat or pH, were identical for the tw,
strains (data not shown).

Mutation in genes tnvolved in stress protection can oftey
lead to compensatory increases in the expression of other fup. |
tionally related genes (3. 39). Thus. basal levels of enzymes

involved in peroxide detoxification (AhpC, catalase, glutath;
one transferase. and peroxidase) or in oxidative stress protec.
ton (glucose-6-phosphate dehvdrogenase and superoxide dis-
mutase) were determined 1n Xp18. The results showed thy
levels of these ¢nzvmes were not significantly different between
the wild rype and the mutant (data not shown}).

ohr expression in response to stress. Characterization of the
ohr mutant suggested that ofr plaved an important role in the
pratection ot X, campesing pv. phaseoli from organic peroxide !
toxicity. In Xunthomeonas. as in other bacteria, exposure to low
levels of oxidants leads to a severalfold increase in expression
uf peroxde stress protective enzvmes. such as catalase ang
AhpR (7. 311. This inducible response likely plavs an importan
role in protecting the bactenum against stress. This knowledge
prompted an investigation into the regulation of ohir in re
spunse o varous oadants. The steadv-state levels of Ohrig
response 1o oxidant treatments was Jdetermined by Westen
analysis. The results in Fig. 72 show a fourfold increase in the
amount of Ohr after treatment with inducing concentrations of

(BOOH. Bv contrast. ontv a1 marginal increase in Ohr wa
Clal BsuiX 1
f" W M b hal E;
oz 3 4 w M
kb kDs
94—
17.7—
-

7.1

FIG. 3. Charactenzanon of an odre mutant ot DNA (A) and protein (B!
bevels (AL X campestns pv. phaseoh (W lanes 1 oand 3 und X campesos pr
phascoli ofir mutant (M: lanes 2 and 4) genomic DNAs were digested with Chl
tlanes 1 and 2y and 85tX1 (lancs 3 and 4} restnchon enzymes and Southen
blotted, and the membranes were probed with oAy, DNA molecular size markes
are shown on the left. (B) Western analysis of .X. campesiris pv. phaseoli (W) and
W X campestres py. phaseoli ohr muotant (M), The experiment was performed 5
descnbed in the kepend to Fig. 4A and Matenais and Methods, Molecular mas |
markers are shown on the lest.
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FIG. 6. Effects of peroxides vn growth and survival of \. campestns py.
phaseoli and an X. campesms pv. phascoll ofir mutant. The effiects at low con-
cenrrations of either IBOOH (000 uM) 1A) o H,O, (200 uM) (C) on the
growth, or of high concentratons of tBOOH (130 mM)y (B) or H.O. (30 mM)
(D) on the survival. of X\ campesis pv. phaseal 001, Xpl$ (@), and Xpls
containing pUFR-ohr (&) were measured as described in Moatenals and Merh-
ods. The surviving fraction 1s defined as the number of Living celis pror 1o 2
treatment divided by the number of living cells afier a treatment. The expen-
ments were done at least threc times. and representabive results are shown.

detected after exposure to H.O- and none was detected after
exposure to MD. Te confirm that increased Ohr levels were
due to increased o/ir transcription. the amount of ohr mRNA
was measured in a Northern experiment. Total RNA isolated
from uninduced and tBOOH-. H.O.-. and MD-induced cul-
tures was hybridized to of/ir probes. The results are shown in
Fig. 7B. Densitometer analvsis of hyvbridization signals indi-
cated that there was a greatly increased (13-fold) amount ol
ohr mRNA in response to tBOOH treatment. By contrast.
there was only a minor increase (2.3-fold) after H.O, treat-
ments and no increase after MD treatment. The difference m
ohr induction by tBOOH shown by protein and mRNA levels
was likely due to the high stability of Chr protein and its
accumulation in the induced .. campestris pv. phascoli.
Increased expression of ohr in Yanthomonas species. We
have observed that in Xenthomonas increased expression of
genes coding for oxidative stress protective enzymes ¢an conf_er
additional resistance to oxidants (24. 30). The levels of resis-
tance of X. campestris pv. phaseoli harboring cither pUFR-
ohr or vector plasmids (9) to H.O,. tBOOH. and MD killing
were determined. The results (Table 1) indicated thal_X.
campestris pv. phaseoli and other Xanthomonas harboring
the vector pUFR047 ar pUFR-ohr had similar levels ot

J. BACTERIOL.

kDa

FI1G. 7. Expression of oAr in response 1o vanous vxidants, (A Western anal-
wais 0f Ohr levels in X campesms pv. phaseoli uninduced (UNY and induged with
[ p M MD. H2O;. o 1BOOH was pertormed as desenibed 1a Materials and
Methods und in the legend to Fig. 4. (8) Northern blol of total RNA wsolated
from \" campesins pv. phaseoli uninduced (UN1 or induced with 100 oM of
tBOOH. H,0.. or MD. Growth and mducthion conditwnas were the same as for
pancl AL Electropheresis. blosong, hvbridization, and washing were performed as
previously descnbed. The membrane was probed with radicactively labeled ohr
probes. Ten micrograms of total RNA was Inaded i each fane.

resistance to killing concentrations of all three oxidants. West-
ern analysis with an anti-Ohr antibody confirmed that lack of
increased protection from tBOOH killing in strains harboring
pUFR-ohr was not due to aberrant expression of ohr by the
plasmid. In addition. the possibility that pUFR-ohr contained
a detective copy of the gene was ruted out by the plasmid’s
ability to complement an.\. campestris pv. phaseoli oir tBOOH-
hvpersensitive mutant to a wild-tvpe level of resistance (Table
.

Heterologous expression of pUFR-chr in various bacteria.
Unexpectedly. tncreased expression of o/ir from an expression
vector did not confer additionul tBOOH resistance on various

Xunthomonas strains tested (Table 1Y, This effect of ofir

expression on tBOOH resistance was tested in vartous oth-
¢r bacteria. The broad-host-range expression vector {9) con-
taining ohr (pUFR-ohr) was clectroperated into vartous
bacteria. The tBOOH resistance of transtormants harboring
pUFR-vhr was then compared to that of cells harboring the

TABLE 1. Summary of levels of resistance of vanious
bacteria o oxedants?

Zone ol nfubiton (mm)

Species and strain CHP \BOOH H.O-

(200 mMY (300 mAMY (SO0 mD

X carupesins pv. phaseoti;pUFRe47" 12 1} 15
X, campesiris pv. phaseoli/pUFR-uhr 12 11 13
X, campesins pv. campestrisspUFRO47 12 15 12
X campestris pv. campestns/pUFR-ohr Ll 14 11
X onzae pv. orvzae/pUFRO37 2u 31 11
X. orvzae pv. orvzae/pUFR-ohr 20 32 L1
E. coli TA4315pUFROST 28 ) 12
£. voii TA4315/pUFR-ohr 12 15 12
P aermginosapUFRO47 14 M4 12
P, aenuginosaipUFR-ohr 11 27 12
A rumefacensipUFR7 24 23 20
A, umefaciens/pUFR-ohr [EE 0 21

* Experiments were performed as described in Materials and Methods.
* pUFRM7 is 4 broad-host-range cxpression vector ().
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TABLE 2. Summan at levels ol resistance of wild-type
- ey o
X campestny pe. phascoll spd an ofr mutant o oxidants

Zunc ol inhibiion (mm)

Atran cup BOGH H.0. D
200 mMY A mMY I md sl mAy
N cumpestas pe. phaseoh 12 1 18 1
pUFROST
AR ohr mutant) 20 i Lt 11
pUFROAY -
Xp1%:pUFR-uhr 12 1 18 ND
XpiXpUFR-shpCF LS 14 i6 ND
AplIRpahpC 17 L6 15 ND
XpInipUFR-kax 20 19 12 ND

* Expeniments were performed as deseribed in Materals and Methods.
" ND. nat done.
C pUFRUAT 15 s broad-hos-range ¢xpression vector (9.

vector alone by the killing zone method. The results shown in
Table | clearly showed that expression of ofr in £. coli K-12.
P. aeruginosa. and Agrobacterium twnefaciens conferred in-
creased resistance 1o tBOOH killing. _

Compiementation analysis of the ¢hr mutant. We were 10-
terested in seeing whether increased expression of the genes
invalved in peroxide stress protection (those for catalase {kat]
and alkvl hvdroperoxide reductase [ahpCF]) or ofr could com-
pensate for the mutant’s hypersensitivity (0 tBOOH killing.
For this purpose, plasmids containing karX {(pUFR-kat [30]).
ahp C (pahpC [24]). combined ahp C and F {pUFR-ahpCF), or
ohr (pUFR-ohr) were electroporated into mutant Xp18 und
levels of resistance to alkvl hvdroperoxides were qualitatively
Jetermined by the killing zone method. The results are shown
in Table 2. As cxpected. pUFR-ohr. complemented the mu-
tant's increased sensitivity to alkyl hydroperoxide. In addition.
increased expression of uhpC alone partially compensated for
hypersensitivity 1o tBOOH killing. but the resistance achieved
was still below that of the parental X. campestris pv. phascol
strain. On the other hand. Xp1$ harboring pahpCF showed
resistance to tBOOH killing similar to that of wild-tvpe .\
campestris pv. phaseoli. Increased expression of karX provided
no protective effect agamst tBOOH killing.

DISCUSSION

From X. campesris pv. phaseoli we have isolated a new gene
{ofir) that is involved in organic hvdroperoxide protection, An
ohr mutant showed no significant growth defects under normal
conditions, indicating that the gene was not essential. Impor-
tant cvidence from analysis of its mutant and heterotogous
expression suggests that Ohr plays a novel role in organic
hvdroperoxide metabolism. First. in many bacteria. the muta-
ton of genes involved in oxidative stress protection always
results in increased sensitivity to oxidative stress (3. 11, 12).
Similarlv. ohr mutanis showed increased sensitivity 1o organic
hvdroperoxides. [t is worth noting that the sensitivity of the v/ir
mutant was specific t organic hvdroperoxides. unlike the mu-
tants of other known peroxide protective (11, 12) and nonspe-
cific DNA binding ¢29) genes. which often conferred increased
~easiiivity 1o several oxidants. The ubitity of ohr to complement
the organic hvdroperoxide hvpersensitivity of the Xpt8 muiant
confirmed that the phenotvpe was due (o 2 mutation in ofir,
The biochemical action of Ohr is not known: its abilitv to
increase tBOOH resistance in several unrelated bacterial spe-
cies suggested that it might function directly in detoxification
of organic hvdroperoxides. However, we have not ruled out the

NEW (JRGANIC HYDROPEROXIDE RESISTANCE GENE 2641

possibility that Ohr is inrvolved in the transport processes of
oreanic molecules.

The highest degree of homology (63%) was found between
Ohr and a protein of unknown function from Acinetobacter sp.
(36} which is known to have metabolic pathways for n1-alkane
oxidation. In this bacterium, the first step in the oxidation
pathway involves an attack by dioxygenase. which leads to the
formation of n-alkyl hvdroperoxides. These unstable interme-
diates are subsequently metabolized to various end products
(13. 27). Thus. Ohr-like proteins in these bacteria could be
involved either directly in the alkane metabolism pathway or
indirectly. by providing protection against the toxic effects of
alkvl hydroperoxides in a reaction similar to that of catalysis by
.L\h'pR, Some degree of homology (31%) with an unknown
ORF from Mvcoplasma was detected. Analysis of M. geni-
ralium and Mycoplasma pnewmonige gEnome s€quences sur-
prisingly revealed a fack of known genes involved in peroxide
metabolism (14. 20). This raises the question of how these
hacteria protect themselves from peroxide toxicity. It is feasible
that an Ohr-like protein in these bacteria could functionally
substitute for AhpR and peroxidases in dealing with organic
peroxides. The putative Ohr-like proteins had similar lengths
and amino acid sequence motifs. This implied that they be-
longed 10 a new family of proteins involved in organic hy-
droperoxide metabolism.

Ohr or Ohr-like proteins as well as AhpR were found in
Vanthomonas. B. subtilis. and E. coli. Both gene products seem
o be involved in organic hvdroperoxide detoxification. This
notion was supported by the observation that expression of
combined ahpC and ahpF complemented the tBOOH hyper-
sensitivity of the Xanthomonas ohr mutant to wild-tvpe levels.
Similarly. ofir complemented the phenotype of an arpC-ahpF
E. coli mutant. Thus. there appeared to be a functional comp-
lementation between Ohr and AhpC.

Examination of the regulation of oftr expression in Xan-
thomonas indicated that there are at least two regulatory sys-
tems for organic hvdroperoxide-inducible genes. We have
shown that in one svstem in .Yanthomonas. genes under oxwR
regulation (i.c.. the catalase gene and ahpC) can be induced by
trearment with Jow concentrations of H.O.. organic hvdroper-
nxides. or superoxide generators (7. 235, 31). The responses of
ohr to peroxides and superoxide generators clearly differ. since
thev can be highlv induced only by organic peroxides and only
weakly bv H,O.. In fact. the weak induction of ohr by HiOs
may be an indirect result of H.O. reaction with membrane
lipids that resuited in organic hydroperoxide production (22
44). Thus. regulation of ofir responds 1o a narrower but over-
lapping range of inducing stresses than does the global perox-
ide regulator OxvR (S, 41).

Another difference between Ohr and AhpC could be related
to cellular localization. Qhr has 31 homology with OsmC. a
well-characterized periplasmic protein (18], while AhpC is a
cvtoplasmic protein. This might explain the unexpected ob-
servation that increased ofir expression in wild-type Xanthomo-
nuas did not confer resistance to higher levels of tBOOH. In
wild-tvpe Xanthemonas., transport of Ohr to the periplasmic
space could be a rate-limiting step. If so. increased expression
ot oir from an expression vector might not resuit in increased
1BOOH resistance. We do not know whether Osm(C is involved
in organic peroxide metabolism. We are investigating this pos-
sibility.

The absence of Ohr-like protein sequences from many bac-
terizl genome sequences in the database (e.g.. those of Hae-
mophuus influenzae and Helicobacter pvlori) suggests that Ohr
may perform special tasks in organic hvdroperoxide detoxifi-
cation for a subset of bacterial species. Indeed. these observa-



642

MONGKOLSUK ET AL,

nons raise the possibility that Ohr and AhpC in Nunthemonas
may have similar enzymatic tunctions but differ 1n regalution
and ceflular localization. The differences imply Jisparate phvs-
wlogical roles in spite of similar biochemicat actions in or-
sanic hvdroperoxide detoxificaton. Until the physiologica!
substrates of Ohr and AhpC are known. a4 more definitive
svaluation ot their roles in orgamce peroxide detoxification
;annot be made.
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We constructed and characterized a Manthomonas campestris pv. phaseoli oxyR mutant. The mutant was
hypersensitive to H,O, and menadione killing and had reduced aerobic plating efficiency. The oxidants’
induction of the catalase and ahpC genes was aiso abolished in the mutant. Analvsis of the adaptive responses
showed that hydrogen peroxide-induced protection against hydrogen peroxide was lost, while menadione-
induced protection against hydrogen peroxide was retained in the oxyR mutant. These results show that Xl
campestris pv. phaseoli oxyR is essential to peroxide adaptation and revealed the existence of a novel super-
oxide-inducible peroxide protection system that is independent of OxyR.

Inducible stress responses are important components of bac-
terial survival under stresstul conditions. Exposure to a low
level of one stress can induce a protective response against
subsequent exposure to lethal levels of the same (adaptive
response) or unreiated (cross-protective response) stresses (3.
3 7. 23, 32). OxyR. a global regulator for peroxide stress
response, is a bifunctional protein that acts as a peroxide sen-
sor and a transcription activator in response to oxidative stress
2.31, 33). It regulates many genes involved in the scavenging
of peroxides (i.e.. catalase and alkvl hvdroperoxide reductase
[ahpR] [5. 30]) and the prevention and repair of oxidative
damage for macromolecules (i.e.. glutathione reductase and
dps) (5, 17. 19. 29).

The inducible adaptive and cross-protective responses
against peroxide killing could play important roles in plant-
microbe interactions. Active plant defense response against
microbes involves increased production of H.O.. vrganic per-
oxides. and superoxides (14). Thesc reactive oxygen species
can inhibit growth and kill invading microbes. During imtial
interactions. bacteria are exposed to low-concentration mix-
tures of superoxide anions and peroxides (14). These could
induce protection against subsequent exposure to higher con-
centrations of reactive oxygen species that prolong bacterial
survival in the plant and may affect disease progression. More-
over. normal aerobic metabolism also generates significant
quantities of reactive oxygen species (8 Y). which have 1o be
rapidly detoxified.

We have isolated and characterized an owR from Xun-
thomonas campestns pv. phaseoli (15, 22). The gene has umyue
organization and transcription regulation (1. 1o, 23). This tact.
coupled with observations that many aspects of Xunthomornas
oxidative stress response differ from those of other bacteria (1.
16), leads us to investigate OxyR function in .\, caripesins pv.
phaseoli.

Construction of the oxyR mutants. Inactivation of the ﬁ’-P'R
gene was achieved bv insertion of a Kpnl-digested gentamicin

* Corresponding author. Mailing address: Laboratory of Biotech-
nology. Chulabhorn Research Institute. Lak Si. Bangkok 10210, Thai-
tand. Phone: (662) 574-0672. Fax (6621 374-2027 E-mail: scsmk
«@muce.mahidol.ac.th.

3988

resistance gene from pUCGM (27) into a Apnl site located in
the coding region of oxvR on plasmid pUCIS (13). The new
recombinant plasmid. designated poxvR::Gm. was electropo-
rated into .X. campestris pv. phaseoh as previously described
{21). Transformants were selected on SB (0.3~ veast extract,
(.37 peptone. 0.3% sucrose. 0.1% glutamic aad: pH 7.0)
plates containing 15 pg of gentamicin per ml. Gm' colonies
were subsequently scored for an Ap® phenotvpe. Many colo-
nies had Ap” Gm" phenotypes. indicating an ¢\change of the
mutated ovvR for nts functional counterpart. hese colonies
were selected tor further characterization by both Southern
and Western unalyses. which confirmed that the mutated oxyR
had replaced the functional gene in these cells with un Ap®
Gm’ phenotvpe (data not shown).

Physiological characterization of the mutant. We noticed
that the oxvR mutants formed smaller colones than did the
parental strain on SB plates. Mutations in genes involved in
axidative stress response often tead 1o defects in aerobic plat-
ing efficiency ¢ 18. 33). All of the X. campestris pv. phaseoli oaR
murant strains tested showed a 10 decrease (n aerobsc plaring
cthciency on SB plates compared to that for the parental straun.
This effect could be reversed by the addinon of 10 mM sodium
pvruvate (18, 24. 34) to SB plates (Fig. 1), suggesting that
accumulation of peroxides in the owR mutants probably
caused the defecr. To test the hyvpothesis. plasmids containing
Nunthomonas genes iavolved in oxidative stress protection
were transtormed into the mutant and their plating cthciency
was determined. The results are shown in Fig. 1. A high level
of superoxide Jdismutase (pUFR-S0OD [23]) or microaerobie
growth conditions had no effect on the plating e¢tficiency of the
mutant. An increased level of enzyvmes directly involved in
peroxide metabolism (e.g., monotunctional catalase [pkat} {21]
and AhpR subunits C and F [pUFR-ahpCF}} restored the
plating etficiency of the mutant so that it was close to that of
the parental strain. An increased level ot catalase was less
etfictent than AhpR at complementing the defect. probabiv
due 1o the inability of catalase to metabulize vrganic peroxide.
Unexpectediy. increased levels of AhpF (pUFR-uhpF) ulone
restored the level of plating efhaiency simrar to the level at-
tained by overexpression of catalase, while high levels of AhpC
(pahpC [13]) alone were not as cffective (Fig. 1). Punfied
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FI1G. 1. Plaung efficiency of an oxvR mulant harbonng various cxpression
plasmids contaimng gencs involved 1 oxidative siress response or conditions that
afected oxidative stress. In all cxperiments, 2 mid-log-phase X. campesms pv.
phuscali oxvR mutant grown o SB was senally diluted and plated on 5B plates
with or without 10 mM pvruvate. Plaung ctficiency 1s detined as the number of
cells on SB plates divided by the number of cells on SB plates with pyruvate. Pyr.
X. campestmis pv. phaseoli oxvR mutant on 10 mM pyvruvate SB plates: Mic, the
mutant was plated on SB plates and incubated in an anaerabic jar under mi-
croaerobic conditions (Oxond gos generaung kit); UFR. XD campesims v,
phaseoll exvR mutant harboring only pUFRU47 (4) expression vector: C. pahpC
115% F. pahpF (abpF subumi of X. curnpesins pv, phaseoli [15] n pUFROTY CF
pahpCF (ahipC and uhpF [15] in pUFRO47), Kat pkat (21} Sod. psed (.Xan-
thormonas sod [28) coding region n pUFRO4T).

AhpC and AhpF car use both H.O- and organic peroxide as
substrates (25, 26}. On the other hand, we have observed in X
campestris pv. phaseoli that increased expression of either
ahpC (15) or ahtpC-ahpF in vivo does not increase resistance 10
H.O, killing. We interpreted these data as evidence that oxvR
mutants accumulate both H.O. and organic peroxides. consis-
tent with the observation in Escherichia coli that oxyR mutants
have higher levels of peroxides than a wild-type strain (9). This
fact and increased susceptibility to oxidative damage during
the early stages of colony formation when bacterial density 13
low (17) could have been responsible for the lower aerobic
plating efficiency seen for the mutants. :

Next we qualitativelv determined the sensitivity of the log-
phase oxvR mutant to killing concentrations of various oxidants
by a killing zone method (15). Essentiallv. & wl of indicated
concentrations of oxidants applied to 6-mm-diameter paper
discs was subsequently placed on lawns of cells. Experiments
were performed in triplicate. To ensure reproducibility. only
log-phase cells were used. The killing zones for H,O. (500
mMi, menadione (MD) (300 mM). tert butvl hvdroperoxide
{(tBOOH) (300 mM). and cumene hydroperoxide (CuOQOH)
(300 mM). respectively, were 13, 17. 11, and 16 mm for a
wild-tvpe X campesiris pv. phaseoli and 34, 42, 13, and 18 mm
for an oxvR mutant. The ov'R mutant showed increased sen-
sitivity to all oxidants tested. with MD and H.O. causing the
most severe effects. The high sensitvity of the u.r;'R mutant to
H.O. was expected. but the hvpersensitivity to MD implied
that its killing mechanism could partly be mediated via super-
oxade apion metabolism to H.O- (1. 12). By contrast to an £,
coli oxvR mutant. the .X. campesmis pv. phaseoli oxvR mutant
had only a minor increase in sensitivity 10 organic peroxide
killing. This could be due to presence of an additional novel
organic peroxide-protective svstem (o#r) in X. campesiris pv.
phaseoli that may functionally compensate for regulatory de-
fects of AhpC (20).

Regulation of oxidant induction of catalase and AhpC by
oxyR. We have observed in Yanthomonas that the peroxide-
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FIG. 2. Levels of AhpC und catalase activities in response to various oxidants
in X, campestris pv. phaseoli (Xp) and an X. campestris pv. phaseoli cxvR mutam
{Xp oxyR). Mid-log-phase . campestns pv. phaseoli or an X. campesiris pv.
phaseoli oxvR mutant grown in SB was induced with 100 uM H.O. (H) or
tBOOH (T) or 20 uM MD (M) for 30 min. Vanous concentrations of oxidants
were chosen o give maximum induction and minimal efects on X. campesos pv.
phaseoli growth. Uninduced (U) and induced samples were cotlected by centrif-
uganon. and lysates were prepared as previously described (21). AhpC levels (A)
were determined by Western immunoblotting with an anti-£. coft AhpC (22, 30).
Forty micrograms ol total protein was loaded into ¢ach lane. and immunaodetee-
tion was performed according to the method of Mongkolsuk et al. (22). At the
nght of cach panel 15 indicated whether lysates were from Al campesris pv.
phascoli or an X0 campesins pv. phaseoli cxvR mutant. Catalase levels were
determined spectruphotometricailv (21). (B} Closed and open bars represent
catatase acuvities of X campesins pv. phaseoli and the X, campesmis pv. phaseoli
owR mulant, respectuvely. Letters above the lanes {A) or below the bars (B)
indicate that lvsates were prepared from uminduced or oxidant-induced cultures,
respectively. Experiments were perfarmed three times. and tvpical results are
shown.

scavenging enzvmes. catalase and AhpC. are highly induced by
fow concentrations of peroxides and superoxide generators (1,
22). However, the regulator of these responses could not be
identified. Experiments were performed to determine catalase
and AhpC levels in response to low concentrations of oxidants
in .X. campesins pv. phaseoli and X. campesiris pv. phaseoli
oxwR. The results ure shown in Fig. 2. In X campestris pv.
phaseoli, H-C., tBOOH. and MD induced both catalase and
AhpC to high levels. consistent with previous abservations (1.
16, 21). However. induction of both enzymes by all oxidants
tested did not occur in the oxvR mutant. This finding is con-
sistent with o notion that OxvR is acting as a peroxide sensa
and a transcription activator of genes for peroxide-scavenging
enzvmes. These functions are conserved for oxvR in all bacteria
thus far studied {28. 31, 33. 34). An increase in the basal level
of AhpC in the oxwR mutant was observed. This could be due
to OxyR in its reduced form functioning as a repressor of¢
aipC: thus, in the absence of OxyR, this leads to an increase in
ahpC expression (20}. The induction of these peroxide-scav-
enging enzymes by a superoxide generator (MD) was likely 1o
occur via the breakdown of superoxide anion to H,O. that. i,
turn, activated OxyR. not via a superoxide sensor transcription
activator protein such as SoxRS (11. 12).

Basal levels of catalase and AhpC in the mutant appeared to
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FIG. 3. Adaptive and cross-protective responses agamnst peroxide halhing sn ¥
campesins pv. phaseoli and an X\ campestris pv. phaseoli onR mulant. Log-phase
uninduced X. campesis pv. phaseoli () and an X7 campesins pv. phaseol ooR
mutant (£) and oxidant-induced (30-mun treatment with either 100 uM H.O-
[AYor 30 M MD [B and Cl}.X campesiris pv. phaseoli (@Y and X cumpesis pu.
phaseoii oxvR mutant (&) grown in 5B were 1reated with killing concentrations
of either 30 mM H,O- (A and B} or 100 mM (BOOH (C7 as previously deseribed
(15). At the indicated umes. aliquots ot cells were removed and washed twice
before viable cells were counted (23). Experiments were repeated three umes,
and representative results are shown.

be sufficient for normal aerobic growth. The lack of an induc-
tion mechanism for peroxide-scavenging enzvmes and the in-
creased oxidant sensitivity of oxvR mutants support the inter-
pretation that up-regulation of these scavenging enzymes is
important to bacterial survival under stressful conditions. Con-
sistent with this notion, oxR suppressor mutants with high
levels of AhpC-AhpF and catalases have been isolated (10}

oxyR roles in adaptive and cross-protective responses. In
Xanthomonas. peroxide and superoxide anions induce protec-
tive responses to peroxide killing (23). These responses ure
mediated by OxyR in E. coli (32), and the oxyR mutant was
used to investigate whether the situation in Xantfiomonas was
similar. The results of the experiment are shown in Fig. 3.
H,O. induced protection against H.O, killing in wild-tvpe .\
campestris pv. phaseoli. This response was abolished in the
oxyR mutant (Fig. 3A). In contrast to previous observations
with other bacteria (6. 10. 18), MD could induce protection
against H.O- and tBOOH killing in both the parental strain
and the oxyR mutant {Fig. 3B and C). The data indicate that
OxyR is essential to peroxide adaptation and also to the exis-
tence of a novel superoxide-inducible peroxide-protective svs-
tem independent of OxyR. This novel peroxide-protective svs-
tem does not depend on up-regulation of the well-known
peroxide-scavenging enzvmes catalase and AhpR. since their
induction by superoxide anions was abolished in the axvR mu-
tant (Fig. 2).

It is noteworthy that resistance levels to peroxide killing in
the MD-induced oxyR strain were similar to those attained by
the similarly induced parental strain. even though the unin-
duced oxyR mutant was more sensitive than the parcntal strain
to peroxide killing. Thus. the novel superoxide-inducible per-
oxide-protective svstem is likely to play a crucial role in pro-
tection against peroxide killing in .. campesms pv. phaseoli.
We believe this system differs from the starvation-induced or
the general stress-protective systems (13). In Nunthomonas.
MD does not induce protection against itseif or against o
nonoxidative stress such as heat killing (23). We are mvesti-
gating the mechanism of this novel superoxide anion-induced
peroxide-protective system.
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Abstract

Hydroxyl radical. a product of H-O» metabolism in the Fenton reaction. 13 2 major reactive oxvgen species involved in H O-
killing of Yanthemonus campestris py. phaseoli (Y1, Compounds which absorbed hvdroxyl radicals protected Nunthomronus
tfrom H.O- killing. but not from killing by a superovide generator or an organic peroxade. Addivon ofiron potennated H.O.
killing. On the other hand. pre-treatment of Ap with an tron chelator showed no protectine effects and H.O: kilhng was
actually enhanced. Unexpectedly. resuspension ol .Up 10 either water or phosphate butler induced high-ievel resistance 1o H.O,
Killing. The unknown protection mechanism was independent of new protein svnthesis. € 1998 Federation of Eurcpean
Microbiological Societies. Published by Eisevier Science B.V. All nghts reserved.

Keywords: Hydrowwl radical; [ron: Peroxide killing

1. Introduction

H.Q- killing has been investigated in many enterc
bacteria [1-3]. The ability of H.O: to diffuse across
the cell membrane contnbutes to s toxicity. H-O»
itself’ has a relatively low reactivity when compared
to the hvdroxyl radical (OH). a highly reactve
but short-lived product of its reactuion with metal
ians in the Fenton reaction (HaQ.+Fe-~ — Fe’™+
OH™+"OH)[1]. "OH can react with all biotogieal
macromolecules within its diffusion limit, and s
known to cause mutagenesis and cell death [1.2]. In
biological systemns. there is no enzyme that specifi-
callv destrovs "OH. The most effective detense

* Corresponding author. Tel.: +66 (23 S7TH0617 ext. (401
Fax: +66 (2) 374-2027: E-mail: scsmked muce.mahidol.ac.th

against "OH-induced dumage 15 to reduce the intra-
cellular concentration ot components in the Fenton
reaction such as H-O- uand iron. This cun be
achieved either by enzvmes which directiy break
down H.0- such as catalases and peroxidases [3]
or by sequestration of transition metals tie. Fe )
and repression of iron uptake [4].

Xunthomonas campestris pv. phaseoli 1 Xp) 5 a buc-
terial phvtopathogen. During planc-microbe interac-
tions. bacteria such das Nunthomonasy are exposed to
plant-generated H.O- which 5 involved i wignul
transduction of the plant Jdefense response as well
as growth mhibion and Killing of bactena (5] In
addition. normal uerobic growth s known o pro-
duce significant guanotes of H:D, [6]. Bacleria
have evolved a highly elaborate vxidatve stress de-
tense svstemn [3]. We hasve observed that many as-

AXTR- (097798751900 « 1998 Federation of European Shcrobwological Socieues. Pubhished by Elsevier Saence By AT ngris rasened

PIL: SO "3-1097(vsn491.-7
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pects of the Vunthomronus oxidative stress response
ditfer I'rom other hacteria. particulirly the role ol the
peroxide global reguliior. OxyR [7] and peroxide-
scavenging enzvimes [8.9] Littde is known regarding
the mechanism of perovide kiiling in bacterial phy-
wpitthogens. The ability to detend aganst peroxide
killirg 15 hkely to be un impoertant factor in deter-
mining the vulcome of discase progression and de-
velopment. This prompted us to investigate the cf-

fects of "OH und iron on peroxide killing of

Yunthonronas.

2. Materials and methods

2.1 Bacteriad crowel and cxperonental conditions

Xp from our luboratory collection [7] was grown
derobically in SB medium [7] at 28°C. Cells from the
exponential phase (ODy V.31 were used in all ex-
periments. Unless stated. ndicated concentriations of
oxidants were added to a I-ml aliquot of \p in SB
[71. Ar timed intervals, samples were removed and
bactertal cells pelleted and washed once with fresh
SB medium betore being serially diluted in SB und
plated at appropriate Jdilutions. The ability of "OH
scavengers 1o protect Xp from H.O» kidling was in-

VN Vecrofpedooy foerters 1AY 1WA 235 260)

vestigated by adding (final concentrations) cither | M
ghveerolb or 4.4 M dimethyl sulfoxide (DMSO) 10
min prior W addition of the killing concentrations
of vadants. Excess iron condition was achieved by
adding ferrous chloride (5 uM final concentration) o
SB medium prior to peroxide treatment. The effects
of water and 30 mM phosphate buffer pH 7.5 on
H+O. killing were determined as described above
except that Yp cells in SB medium were pelleted
and washed once und resuspended in | ml of either
wuater or phosphate buffer betore being treated with
H.O.. Anron chelator. 2.2"-dipyndvl. was udded to
Xp resuspended in water 10 give a final concentration
of I mM [0 min before H.O. treatment.

The surviving fraction is defined us the number of
viable colomies ufter treutment divided by the num-
ber ol colonies prior o the treatment {9]. All experi-
ments were performed independently three times and
representative results are shown.

3. Results and discussion

I The effeets of "OH whsoriwrs on peroxide killing

The role of "OH radicals in peroxide killing of” Xp
was examined by adding various "OH scavengers
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Fig. I The cifects of "OH radwcal sanengers on H.OL lhoe of

Vpo Vp v pre-treated wuh O redical weasensers 11 M glhveerol @ ot

b4 M DMSO 51 prior o addition o kikng concentrations of 10 maL HAO: 0L 20 mM BOOK 1By and 200 mM MD (€). The results

were compared o untreated samples C 1 Survnng (racton s as defined in Seehon 2
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sount were perlemmed as Jesenbed in Sectien 2 oand n g

S uM o terrous chlonde 70 o0 oun prooe o addinen of HLO)
restment wath H .0 0 v
shveeral 1 20 and water plus 5 ulM ferreus chlonde and plus 1 omM

N o~

Ceneept i A where Ay was resuspended 1n either water (@) or water plus

Ve oresuspended in HaO plus 3 uM ferrous chlonide or H.O 1@ without
wos resbspended inoswater plus 2 U rerrous chlonde 7 water plus 5 uM ferrous chlonde and plus 1M
-dipyndsl @y (0 man prior o addison of H.O, C. Ve a3 resus-

pended 0 either water 17 or water and | mM 22 -dipaedyl () 10 mua pror o addinen of H,O». @ Untreated samples 1n .ither water

or owater plus | mM

te.g. zhveerol [10] or DMSO (1)) prior o the addi-
ton of Killing concentrations ol H.O- or rer-butyl
hyvdroperoxide tBOOH) or menadione (MD). The
results ure shown :n Fiz L
ther DMSO or ghveerol was [00-Iold more resistant
o H.O. Killing than untreated vells. Nevertheless.
these "OH scavengers did not completely block per-
ovide killing. The results indicate that "OH radicals
are the major. hut not the only, reactive oXy gen spe-
cies responsible tor H.O: klhng kg 1 Thas
consistent with observations 1in other bucterta [1]. It
1s leasible that these "OH scuvengers could rapudly
induce peroxide-scinenwing enzsmes which <ubse-
quently conterred protection avanst H:O. killing.
This assumption was tested and the resulls obtained
ruled out the possibihity. Both DMSO and glyeerol
4t concentrations which conterred protection agamst
H-O, killing did not induce expression of peroxide
protective enzvmes (ulkvl hyvdroperoside reductase
{AhpC). catalases or peroxiduses) tdata not shown).
DMSO and glvcerol did not protect agamst organic
peroxide (tBOOH) killing. This could be due to their
inability to absorb orgame radicals generated from

N

Ay pre-treated wath a-

Tedipeods b Surviomg Fracton s as detined in Section 2

organic peroxides. Surprisingly. both "OH scavengers
did not conter protection against killing by a super-
oxide generator (MDY (Fig. 1B.C). MD killing of
hacteria has been proposed to occur via several
mechanisms invelving the breakdown of intraceliu-
larly generated superoxide amons to H.O:» [12]. re-
duction of intracellular ron by superovide anions, or
leaching of iron {from iron-containing proteins [13].
These reactions generate important compoenents of
the Fenton reaction which lead 1o the production
of "OH radicals. The radicals then react with DNA
and other macromolecules resulting in cell death.
Additional evidence comes rom the analysis of per-
oxide- and superoxide-scavenging enzymes and their
regulatory mutants. both of which show increased
sensitivity towards MD killing [3]. Nonetheless, our
data suggest that MD killing of Yp could be medi-

aled via unknown mechanisms
mechanism

inolving

in

addition 1o
‘OH  production

the
proposed

above. Moreover. lugh catalase acuviey an Nunrho-

FHIEIEN

conters

protection

agamst

H_‘O;

nat

against MD killing [8.14]. suggesung thut MD kKilling

(s not mediated via H.O, production.
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3.2, Ferrous wn potentiates H20> kithng

Transition metals. especially (errous tons, are im-
portant compenents in hyvdroayl radical generation
from H-Q- in the Fenton reaction. The erfect ol in-
creased concertrations of ferrous jons on H.OQ, kill-
ing of \p wuas investiguted. The results are ~shown n
Fig. 2A.B. As expected. addition of 3 unl ot a ler-
rous salt enhanced H.O. Kihing. This effect van be
partiully reversed by addition of I mM 227 hpyndy |
or 1 M gheerol (Figo 2By This ~uzgests that the
enhancement of H.O. kithnge by gron v due 1o n-
creased hyvdroxyvl radical production. Howesver, we
also observed that addition of mwromolar concen-
trations of a ferrous salt had sigmificant toxiciy on
Xp. The treatment resulted i o small but sigmificant
reduction in viable ceil count in non-H .. -treated
samples (Fig. 2A B This etlect s probubly due o
imcreased tracellular concentrations of ferraus wns
reacting with H.O. venerated Itom normal metibo-
lism [6] resulting in ncreased producvon of “OH
radicals which induced celt death. The data support
the important role ron playvs n the H:O, killing or
bucteriy.

230 The eftects of hutfers and an ron chelator an
F00- Keilury

v redoction o ron avarlabihity s expected 10 de-
crease the potenay of HaA . killing of cells by imiting
production of "OH radicals. This efect on H. O kill-
ing was tested n Vpo In SB medium. 1T mM 2.2°-
dipyvrda b can ron chelatery had no etfects on H.O,
Kiilhing tdaty net shown) Several other concentra-
nons ol 2 2-dipyvadyl were also tested and gave sim-
war resules (data not showny, This s probably due to
the ligh ron content o complex SB medium. Ex-
permienis were repeated eacept that Ap cells grown
i SB owere washed once and resuspended in oeither
water or 3 omM phosphate butfer pH 7.3 Unexpect-
cdiv, resuspension o \p o water or phosphate bul-
fer tor 10 i prier o addinon of killling concentru-
-0 imduced  high levels ol protectuion
avainst H-Or when compared to cells resuspended
m SB omediam e 3AY 0 This etect could anse
Irom curbon starvaton-induced  protection agaimnst
H.O. killing {15). This hypothesis was tested by re-
peating expernmnents i the presence ol o protemn syn-
chloramphenicol) to

ttons ot

thesis antebitor 1130 ue ml
inhibit gene expression The rexelts show that chlor-
amphenicol had no ctfect on phosphate butfer- or
wiler-induced reststance (o H,O - killimg, suggesting
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that induced gene expression wus not mvelved (data
not shown}). [t1s possible thut phosphate bulfer und/
or water could induce alterations in \p membrane
components that resulted in less H,O., entering the
cell. If this is the case then the observation could be
a time-dependent event. The datu in Fig. 3B show
that increased resistance to H.O. killing correlates
with the length of nme Yp was resuspended in warer.
Alternatively. components of SB medium (ie. veust
extract, peptone) could react with H.O, and generuate
more reactive oxygen species which potentiate the
killing effects of H20O,. The mechanism ot resistance
1s being investigated.

Additional experiments were performed to re-ex-
amine the effects of an iron chelator on H-O- Killing
of Xp resuspended in water. The resuits ure shown in
Fig. 2C. Unexpectedly. treatment of Yp with | mM
2,2"-dipyridyl enhanced H-O- killing. This i1s a con-
trast to a previous finding where 2.2'-dipvridyl pro-
tected Escherichia coli from H,0. killing [16]. A pos-
sible explanation is that 2.2'-dipyridyl. a4 membrane-
permeable iron chelator, could pass through the cell
membrane and chelate intracellular iron. This as-
sumption is supported bv hndings in Fig. 2B that
the addition of excess iron could reverse the en-
hanced H,O- killing effect induced by 2.2°-dipyndyl
treatment. While addition of excess iron after treat-
ing cells with the iron chelator did not produce pro-
tective effects on H.O. killing. the data suggest that
enhanced sensitivity to H.O» killing by 2.2"-dipyndyl
treatment may result from inactivation of enzvmes
and/or regulatory proteins invelved n oxidative
stress protection (i.¢. catalases. SoxRS [3]) which re-
quired iron as a co-factor. These enzvmes m Ap
could be more sensitive to mactivation by iron de-
pletion conditions than £ cofi counterparts and thus
lead to increased H, Q- sensitivity. However. our pre-
liminary investigation showed that total catalase ac-
tivities in 2.2'-dipvridyl-treated and untreated cells
were similar. The results implied that catalase inacu-
vation was not the major mechanism responsible for
H.0. hypersensitivity in 2.2 -dipyridyl-treated cells.

[n summary. we have shown that "OH is the major
reactive oxygen species responsible for the Kilhing
effects of H-O.. Unexpectedly. killing effects of
MD uappeur not to be mediated via "'OH radical pro-
duction and possibly involve a novel unknown mech-
anism in .Y». lron concentrutions appear 1o play cru-

clal roles in entanang H.O. Niling, This sugeosts
that at the <ite of infection, concentrations ol irao-
sttton metals. plant-generated H-O- and compounds
produced hy plants which can asorb TOH coud
nfluence pathogen srowth and survival, henee aitedt-
myg the outcome o Jisease and s progression
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Modulation of peroxide stress response by thiol reagents and the
role of a redox sensor-transcription regulator. OxvR in mediating
the response in Xunthomonas
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Abstract

Pretreutment of Yunthomonas camposris v phasesii with low inducimg concentratons o thiol resgents such as -
ethylmaleimide ( NEM Y and dianude inducad resistance to H-0- Kilhag, In addinen. these compounds were mederate :nduocers
of peroxide detoxification enzyvmes such as cataiase and alksl hvdroperoxide reductase. For both vases. thiol reagent induced
responses required i funcuonal redox sensortrunseripion acusvator ovvR and were absentin an vy 8 mutant By contrast.
NEM pretreatment enhanced the kiling etfects of argunie perovide. The obsenved Vanthomenas phyvsiolovical responses to
thiol reagent pretreatment, and subsequent challenge with perozide stress. differed (rom other bacteria, <7 1999 Foderaten ot
European Microbological Societes. Published by Elsester Science BV All nghts resened.

Revuords. [nduced protection: »u B Catitase, Ho0- ) Oreanie perovide

1. Introduction logical responses. These changes couid lead to ab-

normul interactions between pathogens with thaer

Xunthomonas 15 2 soit bucterium and dnamportant hosts, thus altenng Jdiscase desclopment and progres-
plant bacterial pathogen. In the ¢nviconment. soil sioen.
bacterta are exposed o numeraus man mide chem- Oxidative stress is .an important component ol ag-
icals which are either Jdehberuteiv releused as pesti- thve plant detense avwinst microbal invaston [1] We
cides or acaidentally released v the rerm af industn- have shown that Vierndcmonas possesses induabic

al pollutants. Some of these chemucals can modin aduptive responses 0 ovidabive stress hilhing (203

bacierial responses to environmental conditions 21-
ther by introducing mutauons or by altening physio- of an oxidant lead 1o imducton of oxidaine

protective enzvmes and protection Irom o ~ubse-

Pre-exposure ot the bacteria ta fow concentranons

NN

quent exposure o kiling concentrations of the -

" Corresponding auther Laborator. Bm(ug:mm‘;n__-_\. dant ’] [n VNamntheononas, most osadant inducibie
- et Ok S Banohos 0t
%_f:”‘ljbr:‘m Rescarcn Instrtute. L = responses are mediuted by a redoy sensor and trun-
astand:

E-mul: sosmk. muce.mahudol.acth seripuon regulator, O R (4] Oxs R s exsentiul tor

DATRL N7 A9 RS0 o Pederanon of Dureresn SMicrobiowogies) Socielies Puchaheg s Thevier sormee BV VD aonte s

PIl. s>~ st T yauynal g
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M ovpenments were repeated three tmes and rep-

roseniabive fesuits are shown.

X Results
S NEM mduced prodccrion agamst HAO wilhing

NEM O pretreatment of Nanthomonas o ue py
arvZac - Veoninduces proteciion agaimst H: Q> hillhing
(21 Recentls. we have discovered sieminicant dufer-
cnees between Voo and Ypon mans aspects ot ov-
the effect of NEM
oretreatment on HxO: Killing in Ap was investigated.
The resuits in Frg 1y show that NEM pretrestment
induced tigh level resistunce (100-fold more resistant
than untreated cellst 1o H-O: killing.

Analvsis of an Ap xR mutant reveals that .
funcuoml ovvR o required for peroxide inducible
aduptive response [4]0 This s smular 10 obsen ations

Jative stress response. Henge.

i ather hacterta. Nonctheless, Up also possesses ox-
tdant :nducible resistance to peroxide Killing that s
Jependent of ovrR () We were cunous if OnR
medieted NEN inducaible protecuon against H:O-
smifling. The NENM induction expenment was repeited
aang oan Ve oove R mutant [4]0 The data in Fel |B
cearly <how that NEN did not induce resistance to
-0 Wby moan Ve oo R muatant. Onothe con-
rars. NEM pretreaument shehtly enhuanced H-0-
sithng of the mutant. Diapude pretreatment could
alseinduce protection o H-O: killing in Yp in an
ot A dependent tashion tFies 1A und B although
“he imductoon only occurred at o Jdiwmide concentra-
on it-toid higher than that required for NEM in-
Jduced rosestunce.

NIV st o perovxide derovinoation

LD RN

Fov Better understand the mechanism imvohved 1
NEM aduced resistance aguminst H.O- kailling. the
Heois o NEM on vanous perovide metabolizing

-
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Fig. 1. The cfects of NEM and diumide pretreatments on .0 Mlling i Ve and Vp oxrR. Uminduced Ap <AL 70 or &p oviR (B, @
grown m 5B or amilarh srown cultures but induced waith 100 pNCONEN in \p oAl Ty, Np oxvR B or | mM diwmide in Xp (AL s
Ap oxvR B ay were treated with 20 mM H-0: tor Ap and 10 mM HAO: tor Ap oarR. Samples were removed at mdicated tmes and
washed vnce with SB medium betore pluting on B plates. Surviving (Tactions were determined alter 48 h ncubation and caleulated ac-

cording (o Secuon I

enzvmes were investigated. Catalase 15 an important
enzyme for protectton against H-O- toxicity, In Moo,
a low concentrution of NEM moderatelv induces
catalase [9]. Simmlarly. results in Fig. 2A show that
in Yp low concentrations of NEM (30-100 uND
moderately  induce (2-fold) cataluse. At higher
NEM inducing concentrations (3K uM or greater)
no increase 1n the magnitude of catalase induction
was observed. Additionally. Vp rapidly lost viability
(data not shown). Diamide pretreatment produced
similar catalase induction at higher concentrations
than those required for NEM. By contrast. there

was a significant loss of viability after exposure ol
Xp to 3 mM diamide. In \p. oxidant induction of

catalase s mediated by OxvR [4]. NEM and diwmde
imductton of catalase also regquire funcoonal oxyR
{Fig. 2A and B).

Alkyl hvdroperoxide reduciase (AhpR} 1> another
peroxide metabolizing enzvme [7). Purified AhpR
can use both H-O- and orgunmic peroxide as sub-
strates (10} The enzyvme consists of wo subunits, o
catalvtic 22 kDa C subunit (AhpC) and a reductase
32 kDa F subunit. In Yp. ¢ipC 1s reguluted by
OxyR. High levels of «hpC expression confer in-

creased reswstance o orgunic peroxwde killing [11].
The effects of inducing concentrations of NEM on
«hpC expression were investigated by Western immu-
no biot analvsis using an anu-£. cofi AhpC anttbody
[7]. The results in Fig. 2C show that in wild-tvpe \p.
4 severil-fold increase in the amount of AhpC was
detecred after NEM und diamide pretreatments.
These mcreases were abolished in an exiR mutant.
We have recentlv shown that Up possesses 1 novel
gene. olro involved in protectng \p from organie
peroxide towscity 8], Analvsis ol oy expression by
Western immuno biot using an anu-Ohr anubody [§]
showed, at all concentrations tested. that NEM pre-
treatment had no effect on ofir expression (Fig. 2Dy,

300 NEM precrevtment enftaniced organic peroxude
Killing

In most buctena. the «virR dependent oxidant in-
duced H-O- resistance otten rcesults in concomitant
protection against orgunic peroside killing., Many
aspects of inducible resistance to oxidant Xilling n
Xp difter tfrom other bactena [2.4.9]. For example,
pretreatment with low concentrations of a4 sUperox-
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2. The eifects of erther NEM or diamide pretreatment on catalase. AhplC oand Ohran Ap and Xp oxvR Ap o) or \p o R (@) wer

erown gerobicaily sa SB medium. [ndicated concentratons of eicher NEM o) or Jdiamide (B) were added 10 these cultures for 30 mir

Sumple collecuon. Iyvsate preparabon and catalase cnzame assads were Jone gy described in Section 2

2. For Western immuno blot unalvs

alm AhpC or Ohr. 30 ug of jatal proten Irom sates of Up omaduced. NEM induced a0 300 100 M. digmide induced w10 2 mM ¢
AhpC analssis and NEM anduced at 00 uM and diamide nduced ot T omM for Ohre anals s were douded. sepurated using PAGE ge
and subsegquends transterred to PYDE membranes, Immunodetection was carred out usimyg an anu-AhpC oanabody oy [5] or 20 and-OF

anithady 1D R with subseguent Zotwecnon using o commerdad alhahine phosphatase it

ide generator, menadione. induces protechion against
both H»0O: and un orgame peroxide (tBOOH) kil
ing. Meanwhile, H-0> or i BOOH pretreatments only
induce protecnon against H-O» but not IBOOH kill-
g [4]. We wuanted 0 determine it NEM could in-
duce protection against (BOOH. Experiments werce
pertormed as described in Section 2. The results
are shown in Fig. 3 Surprisingls . NEM pretreatment
ephunced the kifling etfect of 1IBOOH. NEM treated
cells were ID-lold more sensitive to u Kilting cencen-
trauon of (BOOH than unwreated cells. We also
tested NEM pretreatment at severul other coneentra-
tions priog o IBOOH kiling. The levels of enhunced
tBOOH Killing showed a correlation with the induc-

ing concentrations of NEM (data not shown). NEM
Jid not induce protecuon to tBOOH killing for al

concentrittions tested.

4. Discussion

NEM and dimide induced resistance to H.O
Killing v Yp os simular 1o observanons in other bac
teria [12.13]. Here. we fturther elucidated that NEV
mduced resistance required 4 tunctional vxyR. Con
centrattons of dianude (1 mM) significantly highe
thun NEM were required to induce H-O- resistance
This could be due to the ability of NEM to cova

!
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Fig. 3. NEM pretreatment enhunced (BOOH kdimg. Xp untn-
duced (T or induced with 100 uM NEM 1@ were treated with
20 mM BOOH. At rndicated time samples were removed and
washed once with fresh medium. and plated on SB plates. Sur-
viving Itaction is as Jdefined in Section 2.

lently modify SH groups. unlike diamide which
forms non-covalent linkage with SH groups. The ob-
servation is consistent with un observation in £ coli
that an OxyR regulated gene required | mM diamide
to be induced [12]. Thiol reagent induced resistance
to H-O» killing is tikelv to be due to increased ex-
presston of OxyR regulated genes involved in perox-
ide detoxification, 1.e. catalase und alkyl hvdroperox-
ide reductase. This reasoning is supported by
observations that in an ovyR mutant NEM or di-
amide could neither induce resistance to H-Os killing
nor peroxide metabolizing cnzymes and also in-
creased expression of catalase alone 1s suthctent to
conter resistance to H-O- killing in Yunthomenas (6],
although it can not be ruled out that other OxyR
regulated gepes such as peroxide protective genes,
i.e. «ps (14] and/or macromolecule repair genes [15]
are also conurtbuting to peroxide resistance pheno-
type in NEM induced cells. These observations sug-
gest that thiol reagents must activate OxyR by con-
verting it to the oxidized form leading to increased
expression of peroxide detoxification. peroxide pro-
tective und mucromolecule repair genes. The ability
to directly or indirectly sense thiol reagent is an uddi-
tional role for OxyR. The guestion then remains of
how NEM activates OxyR? There are several possi-

bilities to explain the observation. Tiot reagents
could alter cellular redox balance by reacting with
Iree ntracellular thiol such as glutathione [16]. This
could result in OxyR being converted from reduced
to oxidized form. Alternatively. these chemicals
could directly interact with SH group of cvsteine
restidues of reduced OxvR leading to a confirmation-
#l change in OxyR [11]. This could result in the tor-
mation of oxidized OxyR that in turn activaies ex-
pression ot catalase and wipC genes [4]. Supporting
evidence Jor both alternuatives has been reporied in
£ coli thut both reduced glutathione and diamide
could convert OxyR from reduced to oxidized form
in vitro [11]. Lastly. NEM is known to cause changes
in intracelluiar pH [17]. This could [ead to activation
of OxyR by a similar mechanism where weak ucids
induce peroxide detoxification genes in an oxyR de-
pendent manner (18], These mechanisms are being
investigated in \p.

Unlike other bacteria., NEM pretreatment of Yp
enhanced tBOOH killing. Yet the expression of
whpC was induced several-fold by the pretreatment,
Apparently. this increased «fipC expression was not
sutficient to confer protection against 1BOOH killing
contriadicting a previous observation that in .Yp in-
creased afipC expression alone conferred resistance
to tBOOH killing [I1]. We believe that NEM could
directly interact with tree SH groups of cysteine res-
tdues of AhpC and Ohr. The highly conserved cys-
teine residues in both protetns are essential for their
catalytic activities [19]. Modifications ot these cvs-
teine residues possibly lead o inactivation of the
enzymes and resulted in enhanced tBOOH sensitivity
{[19] and an unpublished observation). This notion
was supported by the observation that the levels of
NEM enhanced tBOOH killing showed a direct cor-
relation with concentrations of NEM.

Our data clearly show that thiol reagents could
modulate Yp peroxide stress response. Thus. expo-
sure to these compounds in the environment could
have sigmficant effects on the uability of bactenal
pathogens 10 interact with their hosts and disease
oulcome.
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Absrract

Severul versions ot broud host runge (BHR). C-arabinose-inducible expression vectors were constructed  These cvpressaon
vectors were bused on 4 high copy number BHR pBBRIMCS-4 replicon that could replicatc m both enteric and noen-enterie
Gram-negative bacternid. Two sersions of expfession cassetics vontaning muluple clonmy ~ites either with of satho o
ribosome binding site were placed under transeripuional contrel of the Esclrerichut cofi BAD promater and i 2ene, Three
versions of vectors contaiming ampreillin or hanamycin or tetracsaiine resistance yenes as selectable markers were constructed
In all six new rL-arabinese-inducible BHR expression vectors containmye many ungque clomng ~ites. selectable muarkers were
made to lacilitate cloning and expresston of genes in various Gram-negutive bacterta. .\ Tn9 chloramphenmicol acety Liransierase
(eary gene was cloned into an expression wector. resulting i pBBudI8ACut rthut was used to cstabhsh spomal evpression
conditions taddition of 0.0 L-arabinose o mud-exponential phase cells for at deast 1o a0 Vantivonmones  amiposirss
phaseoli. Comparson of the Cat eazyme activies between umnduced and 4 I80-pun L-arabimoseanduced culture showed o
greater thun [30-rold increased Cat speaitic actsity . In addivon, -aradmese induction ot exponential phose colls harsonme
pBBadl3Acut yuve o higher amount of Cat than simlarly treated stationary phise cetls. The userulness o the exprossion seator
was abso demonstrated in both entenie and non-enterie Grame-nesutive bactera.  ~ 1999 Federaton of BEuropean Nicro-
biological Societies. Published by Elsevier Science BV, Al rights reserved
codi BAD promeicer

Revwords  L-Arabinose induction. Mufuple sclectable marker: Non-cntene expression vector: Escirorioni

[. Introduction . a cloned gene s very desirible for many reasons
Successtul expression ol o cloned vene tacthitates pro-
temn punbcaton, analyvsis of protem tunchion and the
~tudy of complex physological properues. Howeser,
some 2ene products are tovwe at hweh devels Tius
could leud o undesirable effects such as well geath.
growth nhibiunon. ~election of mutations i the

The ability to achieve a lugh level of expression ol
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Cloned cene and/or compensatory mutations in the
host, Even m ocises where products ol ctoned genes

are nol tosie. contmuous high kevel expression ol

these wenes could wlter bactertal growth properties

thit resulted in reduction ol cell mass. These unde-
sirable etects could be mimmized by using reguiated
capression systems where high levels o zene expres-
son can be induced. Many ol such systems have

beenn devcloped tor enteric bacterta [1.2]0 One of

the systems utilizes the Eschenichie coli BAD pro-
moter {Puap) and wraC o achieve ught reguiaton
and highlv inducible expression of cloned genes {2).
In £ coli. in the absence of inducer tt-arabinosel,
AraC binds upstream of Pgap to inhibil transcrip-

tion. addivon of L-urabinose leads 1o derepresston ar’

the promoter [2.3) The wraC-Prap system provides
repression ol transcripuon i the absence ot the in-
ducer and strong induction by L-arabmose. The sys-
tem 15 widely used in the enteric bactena but has not
heen used in other bacteria due to lack of & broad
host range ( BHR) replicon cantuining the expression
system. [11s only recently thut wraC-Pyap on u BHR
svstem has been reported {4, Here. we desenbed the
construction and charactenzatuon of ~siv BHR ea-
PrEssIOn veclors Conlaimimg Iwo aradl~FPrapn expres-
ston cassettes and  a choice  of  three  ~efectible
murkers. The induction -Kinetics and dose-response
o Puap by L-arshbinose were also characterized in

a Naunthomonas campesiris pvo phaseolt € Xp)

2. Materiuls and methods
20 Meda, vroserh conditions and crnsyine dsson

Xwithoronas strains were grown aerobically i nu-
trient broth (NBy at 28°C. In all experiments. an
overnight culture wis used as o sturting inoculum
to give 0] optical density at 600 nm (O, The
culture wias allowed o grow dor 3 hoor unnl the
“culure density had reached 0.5 ODw [3]. Then. -
dicated concentrations of L-arabinose added
and growth continues Tor | h hetore cedls were hag-

WOry

vested. For investigation ot 1-arabinose mduction of
the chiorumphenicol acetyi transterase wen fean Jur-
ing vanous growth phases. 4 exponential phiuse cul-
ture represented 3 h (ODwy 03y and o stationur
phase culture represented 24 I sub-culture (OD.«;.

RONuhoiwowadir ot ol RIS Vorobiddogy §ottery 18F - fng, O

AT

2.3 0020 1 carithinose wis added 16 these culitureg
and growth wis continued for {h helore cells werg
hurvested Tor Ivsate preparation. £ coli cells were
grown o LB at 377070 Lasate preparation and Cyy
CRZYMIC Gassay were performed spectrophotometr.
vally as desenibed by Monghoisuk et al. [6].

220 Gene transfer, molecular ofeming und Western

onriioblod analvss

£ coli (DH30) was transtormed using clectropo.
riton performed as previousiy deseribed [3]. Electro-
poratton was dlso wused to rranstorm plasmids imaI
Piendomonas aerugmong and Vpo Brieflv, exponential
phuse cells were cotlected and resuspended in the
clectroporanen butlfer and clectroporation was per-
lormed using a Bio-Rud muchine ux previously de-
seribed [3]. The followiny anubiotics at indicaledI
concentrations were used 1o select transformants:
E. colt tampiedlin 100 ug ml 'y, P uernginosa (car-
beniaillin 200 ug ml ™" und \p ccarbenicillin 250 g
my '3 Al molecular cloning and DNA manipula-
hons were done according to Maniaus et al. {7).

Protemn analysis was pertormed using sodium do-

decyvl  sulfute-polviacnylamade  cel  clectrophoresis.
Twenty-tive ¢ total protem was loaded nto each |

well and afier clectrophoresis. the gel was either
stained with Coomassie blue Jdyve or (ransferred o,
nitrocellulose membranes tfor Western immunoblet |
analssis. The membrane was subsequently reacted |
with a poivclonal ano-TaY Cat unubady (3723 com- .
Py ) wsing condinons presious desenibed 3] Anti .
hody reactions were deseloped using an alkaline
phosphuatuse detecnon kite performed according 10
the manutucturer < (Promesar recommendations.

S0 Comsirtecrteai of 0GBV Ter

voretrucychne resistance 2oy (Ter®y cassette was
vonstrudcted by polvimerase cham reaction (PCR) of
the 2ene rrom the plasimid pALTER-EXZ (Promegal.
Fhe following pomers corresponding to 3 (37-AG-
CTTATOATCGGATAANC-YY and 3 (3-GCCGC-
GGUTTCOCATTON-Yy o the 7oe™ zene were used
i PCR reactnons under the tollowing conditions:
denaturmg a1 4% for | ooan, anncling at 33°C
for 1 omin, extension at "2°C for 13 mun for 33
aveles, The 1346-bp PCR products were cloned nto
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TA cloming vecior pGENLT Easy 1 Promeea) aad
iranslormed e £ g sohedting Tor [y rc\_m;mcc,
The resultant acs recombinant plasnid s desig-
nated pGEMTer The vector has F0oR 1T ares Tl.tll[\'-
g the for gene

S ot o ot ABBGdIN 1t

The piasmd was constructed by clonme ol o oel-
purtfied Sucl- Viol-dhigested 0 vk b !'r;:;mcx;t contam-
mg the T cor from pSNEOAT2 (R) e Sucl-Safl-
digested pBBadIsAL The recombimant plasmid des-
rnated pBBADISACat was transtormed o £ cofi.
selecung for chiloramphenicol resistance on LB phates
contamnimy 020 earabinose. The recombanant plas-
mid was charactenized and then transiormed ino Ap
and P oercnneg by clectroporauon [

3. Results and discussion
S Comstructiom f CApressient veciors

Our i was to construct BHR oypression vectors
bused on the pBBRINCSA replicon [91 contanung
An £ cofe araC- Py avpression sastem wath difer-
ent <electable muarkers, Two versions of sxpression
cassettes contnimng raC-Ppygy with pBADIZ) or
without (pBAD =y 4 nibesome binding e and mul-
uple cloming ~ites aere used o the construction.
PBADIN and pBAD 22 were Jouhle-digested with
Clal and Scul and gup-tilled with Klenow DNA
pohvmerase The 2 Is-kb frugments contnnming the
ara C- gy expression  cassclte were  zel-purihed.
These fragments were ligated o the 408-Kb Trayg-
ment of pBBRINMCS-4 digested with ZoolCRI-Seul
The resulung  recombmunt  plasmds designated
pBBadIyA ind pBBad2IA were tramsiormed o
£ codi selecting Tor \p oresistance, The usefulness
of the expression vectors was expanded by construct-
INg aew wectors with two new  ~electable nuerkers
confernng  hanwmicnr  or  etracychne  resistance.
The 1.35-kb Ter™ cene from pGEMTet was digested
with EcoRID and cap-iilled. The 1.4-kb Kunamyom
resistance gene lrom pRRPIL [I0] wus  dJigested
with  HindlH and gup-filled. Both cusseties were
gel-purified und ligated into pBBadlSA and pBBad-
22A digested at a Seal site. Recombinant plusmeds

T

N M

were ranstormed into £ cofi selecting tor cither tet-
racyeline or Kanumsen resistance. The new plasmids
were designated pBBadinT. pBBad22T sconlerning
wiraarcline resistance) and pBBadISK. pBBad22K
teonterring kanamyain resistunce). These plasmids
were subseguently characterized at restriction en-
ame levels, The construction of )l BHR expression
vectors s summarcized in Fig. | The functionality of
all expression vectors. pBBad18A.  pBBadl8K.
pBBudIST. pBBud22A. pBBad22K und pBBad22T.
wias tested by cloning u TnY cur nto these vectors
and transtormants were checked tor L-urabinose-in-
Jucible expression of the cloned eene (duta not
showny In additen. all vectors were lranstormed
mto Vo oand plasmids re-solated and analvzed on
an agarose gel. This was o contirm thut these vee-
tors could rephicate us plasmids in non-enteric bac-
teria {data not showny, The six cxpression vectors
have muany umique restriction enzvme sttes locuted
in the multiple cloming site to facilitate gene cloning
tFig. ). The pBBRIMCS-4 replicon hus been shown
to lunction in & diversed group of Gram-negative
bacternia such as derohacteriom, many enternic bucte-
. Pseudemonas, Rhizobinm and Ywinthomonas {9).
Mobthzavon (mob) function on the plasmid allows
for conjugal transter of the plasmid tfrom £ cofi to a
variety of Grum-negative bactenu via the RK2 con-
Jugal transter tfuncuon [9]. These Jacts, coupled with
avatlability ot o varmety of vector selectable markers,
mcreased the usefulness of these expression vectors.

Y20 Establishme oprionad imducore conditions for

Nenthomaonas

The Funcuonality of the expression vector and op-
nmal c-arabinose inducing conditions were deter-
mined by momtornng Cat levels i Ay harbonng
pBBuadlSAcat. First. the optimum inducing concen-
trattons of L-arabinose were tested. The results i
Fie. 24 show that a sigmiicant induction of cur
wus  detected  at L-arabinose  concentrations  af
0003 or hugher, When the concentration of the
inducer was less than 00007, no inducuon was de-
tected, Addition of L-arabinose gt greater concentria-
tons than 0.02% did not result ina significant in-
crease i oot induction (Figo 3y Next. the induction
Kinetics were mnvestigaied. 00270 L-arabinose was
added 1o the culture. At indicated umes. cells were
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Fig, [ Summary ol constructiaon and maps o BHR . 1 rabimosendble RPN
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tds of plasmids coastrucuon were desenbed o Sectwin 3

—

removed and the amount of Cat determined. The
results are shown in Fig. 2B. At 5 min atter addition
of L-arabinose. a small increase in the amount of Cut
was detectable. When the induction ume increased
from > to 300 60, 120 and 180 min. a corresponding
increase in the amount of Cat protein wus detected.
This increase in the amount of Cat protemn correlated
with the Cat enzvme activity. Uninduced cells had a
Cat specific activity of 0.03 U mg ™' protein compar-
ing to +.63 U mg™' protein in a culture that was
induced for 180 min. This represented a 134-told
induction in Cat specific uctivity. However. the Cut
specific activity of a 3-h-induced sample was only
2-fold greater than Cat acuvity in 1-h-induced sam-

& A
%L A e S
Tarn S ™ Y Y P
| .

l--—qﬂ e oy — |
Cat 0.03 235 167 0.77 0.05 0.04

Fold 1 78 S6 26 L7 13
change B

Time
(min), 0 5 10 30 60 120 180
[

| »
| ~— ey e 4Ny

|

Cat 0.03 0.60 0.67 1.90 256 3.62 4.63
Fold 1 20 22 63 85 121 154
change

Fig. 2. A dose-respunse and Lime counse analysis of L-arabinose

induction ol cur expression. In AL Jose-response ol [-arabimese
and induction of cor expression. A \p harboring pBBadlIsAca
was split into wx tlashs and varous ©o
al-uray were wadded. Afer 1-h imeubations. cells were wollected

and lvsates prepared lor Cat Wueslern immunoblot anakyss and
In B. 0 ume

aceniratans vl L-aramnose

enzyme assuvs, UN represenis an umnduced culture.
course analysin of L-arabinese induction ol cad expressian. AL
time 0, {102 f-arabinose was added tooan uninduged cubtuce o
Ap harbonng pBBadlBACu A wdicated tmes. samples wer
withdrawn and lvsates prepared tor Cat Weslern unmunoeblot
analysis and enzyme ussavs, tn both A und B cullures condibions,
Western immunablot anaivsis and Cual enzyme dssays were pers

formed as Jdescribed in Section 2.

ple. Addition of glucose (.3 oy 1o crowth meamm
did not stgrubcantis repress the amimduced Cac levels
but instead reduced the derepression ol the prometer
by L-arabinose over fo-lold tdata not ~hown This s
similar o observauons o Aerobacterior 40 Thus
opumal inducing conditions of Puagy For Ve should

be the addition ot (.02%, L-arabinose far at least + h

a

33 Grewth phase dependent -arabinose fnduction
High level production of u recombinunt protein
depends upon many factors. Two ot these factors
are cell mass and the level of cloned gene expression.
Ideallv, i high level gene expression could be -
duced during the early stationary phase ol growth.
thys would maximize the product yield. The abiity ot
L-arabinvse to induce Prap during ditferent stages ol
erowth hux not been investigated. Experiments were
done to test L-arabmose induction of a cloned et
sene in A\p barboring pBBadIsAcat av ditferem
growth phases. The results are shown in Fig. 5. Den-
sitometer anulvsis indicates that additton ot L-arabi-
nose to exponential phase cells resulted in an over
20-Told increase in Cat. Moreoser, Western immuno-
blot unalvsis showed that a large quantity of Cat was
produced. At the stationary phasce. the hasal Cat
level was reduced 4-loid. Addition of -arabinose

Log phase Stationary phase
[ 1 L 1
UN 0.02 1 ! UN 002 2
o A - —

Froo 3 fnduction of e expression b vearahimese al the oapoes
neatial and stabonary phase ol zrosth v culture of Ay harhor-
me pBBadisAcat gronn m NB wan emuned S O DL e
For 4 exponential phuse volture and 24 B oD MREIE TS N
nonary phase culture, 0020 and 27 raarabinoss were added o
ese cultures and srowth connmued for [ VN epresend sul-
fures with no -arabmoese added. Ceolls seere harvesied o Bysates
prepared for Cat Western immunoblot anavsis as desweribed

Section 2
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Fro. 4. Induection of v expressor in varntoos hactert Mid-expo-
nenusl cultures of £ codis £ aerngriosa and o were induced
with 102 grabimose for | Lysates were prepared [rom n-
dueed 1hi and unimduced (U coliares for Cal Western immu-

neblor analyss as deseribed o Section 2

significant induced expression ot car (L0-foldy but
this Jevel was 3-fold less than the level uttained in
similarly induced exponential phase cells. To rule out
that transport of L-arabinose could be inethcient dur-
ing the stationary phase of growth, 50- and 100-fold
higher concentrations of L-urabinose were uadded
{1 and 24 These ireatments resulted in a less
than 0.3-feld increase in the levels of Cat companng
to the levels attained at 1102”0 t-arabimose (Fig 3)
We do not know the mechanism that causes a re-
duced basal und induced level ol expression of
cloned gene at the stationarv’ phase. Since £ col
FPgap 15 u heterologous promoter in V. reduction
in the level of the <igma tactor that recognized
Pgap at the statonary phase of growth could lead
to the observed effects on gene expression. The
mechanism 15 being investizated. The duta clearly
show that the growth phuse ol « culture s an im-
portant purameter tor oblamimg o maximum vield
from expression ol a cloned genc.

JA L-Arabinose awdnction of o cloned cene inovariows

huacter

The abthity ol L-arabinose 10 induce expression ol
@ cloned cur gene in the eapression veclor was inves-
ngated in £ cofi. Pooaeracinosa and \p. The results
are shown (n Figo 4 Clearly. L-arabinose induced
high level expression of cor gene in ull three bucteria,
A greater than 10-told induction was observed in
Locoliand Np. respectivels. In P.oaeruginosa, 2l least
a 3-fold mduction was observed. However. it is note-
worthy thut the uninduced Cat levels varied signifi-

RStk kit of ad PFEMS Vhierobaology Letrers 18] jubgy 2p7 202

cuntly. In £ coli. very litthe Cat was detected in the
uninduced culture, indicating a4 good repression of
the cxpression system. However. in Xp and 2. veru-
siitosa, significant levels of Cut in uninduced cultures
were detected. In these two bacteria, the regulation
of Prap 1s not us tight as in £ coli. The induced Cat
levels were similar in all bacteni tested. Full activa-
tion of Ppap requires CRP protein interazction
[2.3.10]. The duata suggest that heterologous CRP
protewns in £ aeruginose and Yp could function on
E coli Pyap. The c-arabinose-inducible cxpression
system is proved to be useful for regulating expres-
sion ot a cloned gene in various bacteria.
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Abstract

Analysis of the Nunthomonus campesiris pyv. phaseoli (\p) catalase profile using an activity gel revealed at least two distinct
monotunctional catalase isozvmes denoted Katl and Kat2. Katl was expressed throughout growth. whereas Kat2 was expressed
only dunng the stationary phase ol growth. The nucleotide sequence ol a previously isolated monofunctional catalase gene. \p
karE. was determined. The Jeduced amino seid sequence of 1p KatE showed a high percentage identity to an atypical group of
monotunctional catalases that includes the weil-charactenzed £ cofi ker£. Expression of 3p katE was growth phase-dependent
but was not inducible by oxidants, In addivon, growth of Vp m 4 carbon-starvation medivm induced expression of the gene. An
Xp Aur£ mutant was constructed. and analysis ot its catalase enzyme pattern showed that Xp Awr£ coded for the Kat2 isozvme.
Xp Aar£ muiant had resistance levels ssmilar to the parental strain against peroxide and superoxide killing at both ¢xponential
and stationary phases of growth. [nteresungly. the level of totul catalase activity in the mutant was similar to that of the parental
strain even in stationary phase. These results suggest the existence of a novel compensatory mechanism for the activity ol ip
catalase isozymes. < 2000 Elsevier Science BV All nghts resenved.

Kevwords Catalase mutant: Compensatory: AatE gene: Stavonary phuse of growth

and is bactencadal. Pathogenic bacteria must overcome
H.O, toxicity to multiply and colonize plant tissue. and
catalases are enzvmes employved for its detoxification.

Intreduction

Nunthomonas is an imporiant genus of plant patho-

genic bacteria. The bacteria are Gram-negative and are
obiigate uerobes. Aecrobic organisms are commonly
exposed 1o variety of reactive oxvgen species ( ROS) that
anse trom either normal aerobic metabolism or trom
external sources. Increased production and accumulation
of ROS ulso are a part of the first line ot defense against
invasive microbes in plants ( Keppler et al.. 1989). H,O.
15 released as a part of the active plant defense response
against microbial invasion. It inhibtts bacteriul growth

Abbreviations: Ap. ampicilhn: Gm. gentamein: H.0.. hydrogen
peroxide; Kuat. catalase; kb, kilobusets); MD. menadione: PB. sodium
phosphate burfer; ®, resistance; ROS. reaclive 0Xygen species: 3 sensi-
uve: IBOOH. tert-butvlihvdroperoxide: Yoo, Nanithomonas oryZue py.
orvzae: Xp. Nunthomenas cumpestris pv. phaseoli.

* Corresponding author. Tel.: +66-2-574-0623 ext. 140X
fax: +66-2-374-2027.

E-mutl address: skom@tubum.crior.th (5. Mongkolsuk)

They convert H.Q, 10 oxvgen and water. The typical
catalases of both eukarvotes and prokaryotes are heme-
containing proteins that share a high degree of umino
acid sequence identity { Loewen. 1997). Many prokary-
otes have multiple monofunctional catalase 1sozvmes
under differential regulation ( Miller et al.. 1997). Some
bactenz also possess bifunctional catalase-peroxidase
enzymes (Trggs-Raine et al. [988; Hochman and
Goldberg, 1991: Loewen. 1997).

In Xp. the protection against H.O. dumage depends
on both physiological factors and catalase levels.
Statuonary phase cells are highly resistant to H.O, and
superoxide anion ( Vattanaviboon et al., 1993). Exposure
ol Xunthonionus 1o sub-lethal concentrations of vxidants
induces catalases. which give an increased resistance to
otherwise lethal doses of H.O. (Chamnongpol et al..
19935b). A monotunctional catalase gene (Aar.Y') solated

0378-1119 M0 S - vee front matter & 2000 Elsevier Science B.V. All rights reserved.

PH: SU0378-1119199)100383-7



from N o Zae Py ory Zae 1 Ve i Mongkolsuk et ol
9967 has sxpresston caduced by onadants. cspccuu!l‘_\'
superonade aman O Mongkoluk et 1996 ). h.-l _[hls
report, we show that A possesses .l fedst two dlstm_ct
monotunctonal citabase ozymes. The KarE gene for
one of these mostmes s charactenzed. and 4 mutant
fching g funciional torm at the gene was constructed

tor cvamune s phvstelogeal role.

2. Mlaterials and methods
D1 Bucreriad strams, wrowth and transjormation

£l and Nanthonionas strains were grown aerobi-
catly at 37 and 28 Cin Luna-Bertant (LB) and Silva-
Buddenhuagen 15B) media (Chamnongpol et al.. 99321
respectively. The carbon starvavon medium was 4 M9
.alt without carben sources. The curbon starvation
cxpenment was performed by growing \p in SB unul
the culture reached log phase of growth (0.3 Hapa).
Then. cells were pelleted. and SB removed. washed once
and resuspended in M9 medium. Hall of the cells were
aliquoted into a curbon-starvation medium, while the
remaimng vells were placed into a new SB medium.
These cultures were altowed 1o grow tor an additional
Y beture cells were harvested for lysate preparation.
Oxidant induction of catalase in stationary phase cells
was accomplished by adding 100 pM ot H.O,. (BOOH
or MD for 0 wun prior to lysate preparaticn and
catalase assay.

LY

S0 Carabase assay and acriviny gel siaining

Preparation of el hvaates. determination of proten
concentration and catablise enzyme Jassay were done as
prestoush desertbed 1 Mongkolsuk et all 19960,
Visualization ol vatalase sozvmes on native PAGE gels
was performed by the method of Kim et al. ¢ 1994) with
~ome modifications as Iellowed. Atter gel electrophoresis
af X0 e ot protem loaded ineach lane. gels were soaked
i A20mM sodium phosphate butter «PBY. pH 7.0, con-
g Soug mboof horse-radish peroxsdase (Sigma.
USA dor 45 manan room iemperature. They were then
~outhed m PB contiiming 3 m>M H.O. for [0 min. Aflter.
brietlv washing twvice with disulled water. they were
mumednatey stamed with treshiy prepared PB containing
O Fave ml diaonino benzidine unul the background
seseme dark browns Catalase aetniviry sppeared as coior-
wss bands Peroxadase aconvity staimming was carmed out
as presviousty desertbed c Wavoe and Diaz. 1986).

D0 dnadienainve and guan iy deternunation of

USRI OISO

Resistance to ovdant killing of log phase cells or
~tationdry piase ceils was quantitatively determined. Yo

ol eitanaviboaon N Mgk onn

tierte D41 20dxE Z59 RS

and an \p AafE (Xpl3) mutant were grown aerobically
in SB at 28 C. Log phase cells (5 h, 0.3 .i.,,,) or station-
arv-phase cells (24 h. 3.3 4, were used in oxidant
killing expernmments. Oxidant treatments were performed
as Jdescribed by Vattanaviboon und Mongkolsuk (1998,
Surviving cells were vounted after 48 h incubation at
28°C. Surviving fractions are defined as the number of
culturable cells after the treatment divided by the number
of viable cells before treatment ( Vattanaviboon et al..
1995). All experiments were independently pertormed
three times, and tvpical values are shown,

(13
=
3

2.4 Construction of un Xp katE mucant

The strategy tor construction of Aw/E mutants is
shown n Fig. 2A. A 3.3 kb DNA tragment containing
katE coding region from Apnl-EcoRV of pXPkats
 Loprasert et al. 1996) was cloned into pBluescript K8
at Kpnl-EcoRV sites to create a plasmid pKSkatE.
Inactivation of the AatE gene was achieved by insertion
of a Smual-digested gentamicin resistance gene from
pUCGM (Schweizer. 1993) into an unique Hincll site
in the middle of the kar£ coding region. The resultant
recombinant plasmid (called pKSkatEGm) was electro-
porated into XYp followed by selection for Gm® and
scoring for Ap® phenotypes as previously described
{ Mongkolsuk et al., 1998). Putative exchange of the
mutated karE and its funcuonal counterpart gave rise
to the Gm®ApS phenotype, These colonies were further
analvzed by Southern hybrnidization against a Aar £ probe
(Sphl fragment of ka1 £ coding region) and by catalase
activity zels to confirm that the mutated Aar£ had
replaced the tunctional gene.

2.5 Molecudur cloning and nucleotide sequencing

The plasmid pUFRkatE was constructed by subclon-
ing of the 3.3 kb Kpnl-Yhal fragment from pKSkatE
into Apnl-Yhal-digested pUFRO47 (DeFeyter et al.
1990). pXPkat3 (Loprasert et al.. [996) was sequenced
in both orientations by the primer walking technique
with ABI Prism kits on an ABI 373 automated DNA
sequencer. Routinely. £ cofi was transtormed by a chem-
ical method, while Yunrhiomonas was transtformed by
clectroporation under conditions previously described
i Mongkolsuk et al.. 1996). The nucleotide and deduced
amino acid sequences ot \p Awtf have been deposited
in the GenBank database under the Accession No.
AF170449

3. Results and discussion

S Mudiiple monotunciional cataluse isozymes in Xp

Many bacteria have multiple catalase isozymes. In
most cases. the functions of the different isozymes are
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Fig. 1. Multipie catalase 1sozymes in Up at various stages of vrowih
Xp was grown aerobically in SB at 28 C. A1 the |nd|cu_[cd nn;w.: ceils
were harvested. und lysates were prepared us descrnibed in Sections 2!
and 2.2. Equal amounts of protem (80 pz) were appiied 10 wells of 4
7.5% nauve PAGE and subsequently stained for catalase actovity, Lane
[, early exponential {3 h): 2. mud exponential 5 by 3, early statonan
{12 h); 4. stationary ( 18 h); 3. late stationary £ 24 hi: and 6. fute stauon-
ary {30 h).

unknown. and this is true for \unthomonas. Thus. \p
cell lysates from different stages of growth were stained
for catalase activity using activity gels. The results are
shown in Fig. 1. During the exponential phase of growth.
an tsozyme. designated Katl. was detected and was
present throughout all stages of growth thereafter.

aithough there was a small reduction in the levet of

Katl activity a1 the stationary phase of growth. A
second higher molecular mass catalase isozyme. desig-
nated Kat2, was detected as cells entered and during
the stationary phase of growth. The levels of Katl
continued to increase in the stationary phase. whereas
the levels of Katl declined. No additional catalase
isozymes were detected even at the late stationary phase.
Densitometer analysis of catalase activity gels reveuled
that Katl was the major catalase of 1y during exponen-
tial phase of growth and that Katl and Kat2 accounted
for 60 and 40%. respectively. ot total catalase activity
at the stationary phase. Additional experiments data
not shown). using native PAGE gels and peroxidase
activity stain. showed that neither Katl nor Kat2 pos-
sessed peroxidase activity ( Wayne and Diaz. 1986). The
results confirmed that \p produced at least two mono-
functional catalase isozymes ( Kutl und Kat2).

-

3.2 Characterization of the kutE gene

We have previously reported the isolation of a mono-
functional catalase gene (AatE) Itom Xp (Loprasert
et al..1996). Southermn blot analysis of restriction-
enzyme-digested \p genomic DNA patterns probed with
A kat probe indicated that AarE was a single-copy gene
tdata not shown). A 4.2 kb DNA fragment containing
katE was sequenced. DNA sequence analysis showed an
open reading trame (ORF ) of 2106 bp that had a coding
potential for a 702-amino-acid protein with a moleculur
mass of 76 kDa. The sequence was used to search aganst
databases where a high similarity was found to mono-
functional catalases from bacterta and eukarvotes. There

A0S T uberouss ol oo FETae b N
LsesCatidases om0 Giroun T onogei i e
ATOUnd T3 o3 Koo annie tese o Cione s e e
HIAT masses areund S aDa N Sniatie ao L
MU cuzoead han Ve KRGtk oo neeg o G
mthe phalosencne tree desoniped B TR
Multiple ahenment ol Catiiese e o e o

wasdone uang the Clusial Woosreaan o Phosnpe,
CUoal 199400 Ay eapected. the doducad e oo
seguence of Vp Ktk showed o haeh
Ao KatNo The pereentage sdentits aes srveund 5o
when Yo Katk was compared wuab 2o Kt ang
Pocudomonay putida CatC o Ve KarE dso shoswed o nen

R EA AT ST S [ S

percentiave dentty o catalases rom sukaryotes ndtug-
Ing marze (42% 0 NI2IENG bovine 33 Poodily pg
human (42% . NO3Th) (data not ~hown

Eooli KatE s an atbypicad catalase hecause 1t ik~
A0 NADPH binding wite and contans beme d instead
ofherne bt Loewen 19970 Amino acid residues i olved
m the catakise uctive site and heme binding site of £ o
Katk are all conserved 1in \p Katl (datd not ~howm
The binding of NADPH 1o catalase has been demon-
strated for bovine hver cutalase (BLOC ) Karkmuan and
Gaetani, 1984). The Kev residues proposed to be impaor-
tant for BLC interaction with N ADPH were not present
i either £ voff KatE or Ap KatE Thus st s hikels that
Ap KatE does not lind NADPH.

v Consiruction of an Xp kat E neant

a

dp karE mutants were constructed tas Jdeseribed in
Section 2 and depicted o Figs 24 o aimvestigate the
physiclogical role of AarF and 1o deternune whether Ap
had multiple monofuncuonal cataluse zenes. Resulis
from o Scuthern blot analysis usmy o Aar probe wath
presumptive AadE mutants of Gm® and Ap® phenon pes
dre shown in Fio. 2B, Sphl-digested DNA ITom one ol
the Aar& mutants designated Vel s ~howed o positinehs
hyvbndized fragment of 2.7 Kb, winch corresponded 1o
.8 kb in Y plus the mserted gentamioin resistiance gene
(0.9 kby in the mutant. This contirmed that the non-
ftunctonal, mutated vopy ot awrd had repliced the
functional zene copy Vel 2 s the hirst catalase mutant
constructed in Namhomionas,

S AW E coddinge Tor the KatZ ~ozvme and veviddaiion o

HE CXPression

To study the etfects of vark distuption on cutalase
isozvme patterns. gels of cell hosates prepared from o
stattonany -phase culture of the Vol 3 mutant and the b
parental strain were stuned  for o catalase activi
cFrg. 2Cy) Only the Katl sozsme s detectable o
Ap 13 stanonary-phase cell hvsates. Katl i Ypld was
restored by expression of a functional Kar£ on g broud-
host-range plasmud vector, pUFRAKE Thus, we con-
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vird codinyg remon dlane: oand 2 oCo Catalase nozyvmes i Vp wald tope tlane 2 Ypl3 clane 3 and Vpl3-pUFRAME (lane 1. Experiments

sere perfermed s desenbed mothe Frao 1 lesend. but anly late stanonars -phase cells (3000 were used. and o Yl 3-pUFRKGE. onh

Sreten vere ioadaed,

chuded that Aar£ coded Tor Kat2 monotunctionad cati-
Lse wsozvme and that the two monofunctonad catalase
wozvmes e powere produced by disunct genes. Thus.,
hercalter. the Kuatl designation is changed 1w KatE.
Morcover, far £ oxpression was growth-phase-dependent
e 2 amilar to reports in severad other bacteria
cNBulvey et al 1990 Miller et al 1997y, The expression
Sl Sar £ durnng ~stauonary phise of zrowth could be Jue
woodepletion of nutnents. This idea was tested by com-
parnyg the Tevel or Kok i log-phase ceils arownin rich
medium oSBy and g mediuny N Y
salts annus o curbon sourcey. The results are ~shown n
e R was oot detected i log-phase cells srown
e nch medium, Nencthelesss carbon starvanon o \p
Yor i omduesd o This suggests tha
nutrient hmntanen dunny the statonary phuse couid be
the mduemyg sional Simnlar obseryations of ~tanonirs -

carbon stamvanon

CAPIressIan.

ohise-dependent and carbonr-~tarvanon-mduced CAPTeS-
SO Gl sar enes have been reported m £ o and B
s I these bactena, wur genes are regutated by
stationary-phise strma tactors. rpoS i Mulvev e al..
Y0 Hengge- Aromis, 1993 and rpe B« Engelmunn ot ul.

1 ag or

Brge SoCiialase aconvann ged ol carbonsstaranon-mduced Ao £ oypres-
S0 e cudiure corrdiines, Ivwate prepratien and catalase acivary 2ol
were pertormed s deserntbed mothe Bl 1 lceend and, Seetions 200 and
2.2 sumples were prepared 1vom og-(Logh saionary- Statonar |
phises o zrowth and 20 3 arfter carbon stan ation of log-phase eells
PSLrauond.
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19951, respectively. Although. a rpoS homologue has
not been identiied n Vunthomonay, the expression
pattern would be consistent with rpoS regulation.

We have previousty investipated oxidant regulation
of catalase enzymes in \p (Chamnongpol et al.. 1995a.b:
Loprasert et al.. 1996) and shown that exposure to low
levels of oxidants leads to over 10-told increases in total
catalase actrvity. This induction depends on a transcrip-
tion regulator uand the peroxide sensor. OxyR
(Mongkolsuk et al.. 1998). In Yuo. oxidant induction
of katY has also been observed (Mongkolsuk et al,
1996). Here. we investigated the role of oxidants in katE
induction during exponeniial and stationary phases of
growth. We found. using activity-stained gels, that the
KatE activity did not change significantly after 100 uM
H.O, or 100 uM MD (a superoxide generator) treat-
ments at any stages of growth (data not shown). even
though the total catalase activities did increase during
the exponential phase and stationary phase respectively
(Table 1'). The total catalase activity also similarly
increased in the Ypl3 ka/E minus mutant in response
to H.,O. or MD at the exponential and stationary phases
of growth (Table 1). Thus. Aar£ does not seem to
respond to oxidant induction, but a direct assay is
required for confermation.

It 1s remarkable that Yp katE and Yoo katX. two
highly conserved genes (over 90% homology) from
closely related organisms. should have such different
patterns of regulation. \p karE is growth-phase- and
starvation-regulated but not oxidant-inducible. while
Xoo karX is not growth-phase-regulated but is oxidant-
inducible ( Mongkolsuk et al.. 1996). The phvsiological
significance of disparate regulation of these genes is
being investigated.

Next. the etfect of the kut£ mutation on catalase
acuvity was investigated. Unlike many other bacteria.
catalase levels of Yuniftomonas decrease as ceils enter
the stationary phase of growth (Chamnongpol et al.
1993a.b). KatE uccounted for 40% of total catalase
activity during the stationarv phase of growth.

Table | .
Induction of catalase speaific actuviny 1n Ap and A\pi3

Unexpectedly Yp and the Xpi3 mutant had similar
catalase specific activities at both the exponentiul (5.0
and 5.1 U/mg protein) and stationarv phase of growth
3.9 und 3.7 U’mg protein). Thus. a 1oss of KutE did
not cause a reduction in total catalase activity., Analvsis
ot the cutalase profile of the mutant from the stationury
phase of growth showed a compensatory increase in
Katl isozyme levels (Fig. 2C). These data implv the
presence of a novel compensatory mechanism for cata-
lase 1sozymes. Such a compensatory response would be
very important in determining the effect of gene muta-
uon on cell physiology. and an understanding of this
novel process might prove useful to other bucrerial
systems. The regulator mediating this response is being
investigated. Alternatively. the catalase activity during
stationary phase could be limited by the amount of
another co-factor such as heme. The catalase activity
observed in the mutant could represent the maximum
value of acttvity due to co-factor limitations.

3.5, Physiological characterization of the \pl3 karE
mutant

The physiological roles of vartous catalase isozymes
is unclear. and the availability of an Xp kar£ mutant
should help 1o clarify the situation. Inactivation of
oxidative stress protective genes often results in altered
aerobic growth (Mongkolsuk et al.. 1998). Thus, we
investigated the growth of the mutant and found that it
had similar aerobic growth rates to the parental strain
in both complex and mintmal media (data not shown).
The role of AarE in protecting \p against H-O, and
other oxidants during the stationarv phase of growth
was determined, Yp from log- and stationary phases of
growth were treated with killing concentrations. 10 and
30 mM. respecuively. of H,O.. Ypl3 was as susceptible
to H.O, killing as the parental strain at both log- and
stationary phases of growth (Fig. 4A and B). Also.
Xp13 resistance to 30 mM (BOOH or 200 mM MD was
not significantly different at any stage of growth (data

Expenential phase

Stationary phase

Cuatalase U'* mg protein Fold mnduced Catalase U® mg protemn Fuoid induced
\p
Uninduced 3.0+1.1 19+1.0 -
~100uM H.O. 139+ 1.4 28 6.6+1.2 1.7
+100uM MD 422+36 5.4 83+1.0 2
Y13 (Xp kat£)
Uninduced o 37+1.1 -
+ 100uM H.O. [23=1.3 2.4 6.5+1.3 1.3
+100uM MD 40.3+-41 79 3.3+1.2 2.3

* One unit of catatase is defined as the amount of enzyme required 10 hydrolyse 1 pmot of H.O, per min at 25°C. pH 7.0. Data represent

mean +5.D. of three independent experiments.
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Fig. 4. Survival curves for \p wild type and the \p har£ mutant (Xp 131 against H.0; Killing. log phase cells (A) or stationary phase cells (B) of
wild tvpe « ~ 3 and A\p 12 mutant (@) cultured n 5B medium were treated with [0 or S0 mM H,O.. respectively.

not shown). Thus. disruption of A«rE did not have any
adverse effects under oxidative stress conditions. These
results were consistent with our { Vattanaviboon et al..
1995y and other ( Kolter et al., 1993) previous observa-
tions that stationary phase bacteria are highly resistant
to oxidants including H.O.. organic peroxide and super-

oxide. This resistance does not correlate with levels of -

various oxidative stress detoxification  enzvmes
{ Vattanaviboon et al., 1993). so other tactors such as
alterations in membrane structure and non-specific DNA
binding proteins may be more important for the response
{ Kolter et al., 1993). Furthermore., 1p AutE showed
compensatory increase in total catalase acuwvity. This
mechanism would minimize anyv etfects of the Aark
mutation on H,O,-resistance levels. None the less, the
compensatory increase in Katl levels in the Yp AarE
mutant suggested that it might be necessary for 1p 1o
maintain the catalase activity during stationuary phase.
We uare investigating the physiological significance of
this catalase compensatory reaction.

4. Conclusions

I. \p produced ut least two ditferent monotunctional
catalase 1sozvmes ( Katl and Kat2) from two distinet
zenes, The expression of Katl was detected through-
out growth. while Kut2 was expressed onlv at the
stationary phase,

2. Analysis of the \p KaitE amino acid sequence showed
that it belonged to the NADPH-independent. Group
[I catalases. It shared a close homology with £ coli
KatE at the active- and heme-binding sites und lacked
an NADPH-binding site.

. katE showed growth phase-dependent- and starva-
tion-induced expression. but it was not induced bv
oxidants. -

'J-l

4. The total catalase spectfic acuivity of the Xp katE
mutant was similar to the parental strain. indicating
a novel mechanism for catalase compensation.

The mutant did not show any increase in susceptibil-
ity to killing concentrations of H.QO., tBOOH, and
MD when compared to a parental strain at exponen-
tial and stationarv phases of growth.

La
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A spontanecus Xanthornonas campestris pv. phaseoli H,O,-resistant mutant emerged upon selection with 1
mM H.O.. In this report, we show thal growth of this mutant under noninducing conditions gave high levels
of catalase, alkyl hydroperoxide reductase (AhpC and AhpF), and OxyR. The H.O, resistance phenotvpe was
abolished in oxyR-minus derivatives of the mutant, suggesting that elevated levels and mutations in oxj-;R were
responsible for the phenotype. Nucleotide sequence analysis of the oxyR mutant showed three nucleotide
changes. These changes resulted in one silent mutation and two amine acid changes, one at a highly conserved
location (G197 to D197) and the other at a nonconserved location (L301 to R301) in OxyR. Furthermore, these
mutations in oxyR affected expression of genes in the oxyR regulon. Expression of an oxyR-reguiated gene, ahipC,
was used to monitor the redox state of OxyR. In the parental strain, a high level of wild-type OxyR repressed
ahpC expression. By countrast, expression of oxyR5 from the X campesiris pv. phaseoli H,0.-resistant mutant
and its derivative oxyR5G197D with a single-amino-acid change on expression vectors activated akpC expres-
sion in the absence of inducer. The other single-amino-acid mutant derivative of oxyR5L301R had effects on
ahpC expression similar to those of the wild-tvpe oxyR. However, when the two single mutations were combined.
as in oxyRS5, these mutations had an additive effect on activation of ahpC expression.

Xanthomonas belongs to an important group of bacterial
phytopathogens. In response to microbial infection. plants in-
crease production and accumulation of reactive uxvgen species
(ROS), including H.O.. organic peroxide. und superoxde an-
lons, as a component of active plant defense responses (2. 14).
Moreover ROS are generated by normal aerobic metabolism
(9). Exposure to high levels of ROS leads to inhibition of cell
proiiferation. Thus. the abiliev to increase ROS removal could
be advantageous o bacterta (7).

OxvR is a peroxide sensor and transcription activator that
regulates both catalase and alkyl hvdroperoxide reductase (4.
5. 20). OxyR can be converted from the reduced to the oxi-
dized form after exposure to oxidants by formation of a disul-
fide bond between the highly conserved cystetne residues C199
and C208 (1. 21). This oxidized OxyR then activates transcrip-
tion of genes in the OxyR regulon (6. 7. 20). In Yunthomonas.
oxvR not only regulates oxidant induction of both catalase and
ahpC but also mediates the oxidant's inducible H, O, resistance
phenotype (17, 18). Xanthomornas ahipC and oxvR have atypical
gene arrangements and transcription organizations. whipC s
transcribed as a monocistronic mRNA. while a/ipF-oxvR and
orfX are in an vperon (13, 17). :

We have isolated and partially characterized a spontaneous
Xamthomonas campestris pv. phascoli peroxide-resistant mu-
tant. designated .YpHR (8). The mutant is highly resistant to
killing by peroxide and has vver a 30-fold increuse in the
peroxide-scavenging enzymes catalase and alkyl hydroperoxide
reductase subunit C {AhpC) (8). In this paper. we characterize
the rofe of OxyR in the mutant .XpHR. The results show not
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only that the level of OxvR is elevated but also that there are
several mutations in the protein. These factors contribute (o
constitutive activation of genes in the oxvR regulon and to the
H.O. resistance phenotype.

Increased levels of AhpC, AhpF, and OxyR in XpHR. The
jevels of AhpC, AhpF. and OxyR in uninduced XpHR and its
parental strain were compared by Western analysis (Fig. 1).
AhpC. AhpF, and OxvR levels in YpHR were over 20-fold
higher than in the parental strain. In Xanthomonas. exposure
to oxidants leads to a severalfold increase in OxyR levels (17).
The OxyR ievel in XpHR was threefold higher than the OxyR
level in an oxidant-induced culture of the parental strain (data
not shown). [n addition. two forms ot OxvR were detected in
the mutant. One form (designated N for normal) comigrated
with OxyR from the parental strain, whiie the other form
{designated S for slow) had slower migration. In X. campesiris
pv. phaseoli. cancentrations of catalase, AhpC. AhpF. and
OxvR are increased only in response to oxidant treatments.
Elevated levels of these proicins in unincduced cultures of
XpHR were highly unusual and suggested deregulation of the
peroxide stress response.

Construction of an YpHR oxyR mutant. To determme
whether the high level of OxvR in the uninduced growth of the
mutant was responsible tor the H.O, resistance phenotvpe. a
marker-exchanged oxyR mutant of .YpHR was constructed as
previously described (18). XpHR oxvR had resistance levels to
H-O-, organic peroxide. and menadione killing similar to those
of X. campestris pv. phaseoli oxvR (Fig. 2A). We extended these
observations by determining the levels of the peroxade-scav-
enging enzymes catalase and AhpC in these bacteria (Fig. 1B
and C). The increases in catalase activities and the amount ot
AhpC in XpHR were abolished in the XpHR oxvR mutant {Fig.
2B and C).

Detection of mautations in XpHR oxyRS. PCR of axyR trom
the XpHR mutant (oxyR5) was performed, using primers lo-
cated at the 5° end (5 ACGCGCCAGTCGTTCCCCG 3) and
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FIG. 1. Western shatvas of AhpC. AhpF. and OxwR o ApHR and the pa-
rental ~trmn. Y. campesin pv. phaseolt L) and ApHR were zrown aerobically
to mid-log phase 0 Siiva Buddenhagen 15B) medium at 28°C. Cell lvsate prep-
sraton. gel clecirophoress. bletiing (o mitroceliulose membranes. and anubody
(eachiuns were pertormed as previousiy Jesenbed (17). Anubody reacnons were
wubsequently detected with an anu-rabbst antbodv comugated to alkafine phos-
phate. Total proten (30 jg) was loaded mto cach lape. Wesiern blots were
treated with an anti-AhpC tAhpC), un anti-AbpF {AhpF). and an ant-OxvR
1OwR) anubady, respeciively.

at the 3' end (3° ACCACAGCCAAAGCGATCGCA ¥) of
the oxvR coding region. with Pfu polymerase for 23 cycles. The
960-bp PCR products were claned into pGEM-T easv i Pro-
mega). and their nucleotide sequences were determined with
ABI Prism kits on an ABI 310 automated DNA sequencer.
oxvR from XpHR. designated oxyR3. showed three nucleotide
changes from the parental gene. The first change. at nucteotide
position T213C of the oxvR sequence. resulted 1n 4 silent mu-
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tation, The second and third single-base changes. at positions
GS500A and TIN2G. resulted in two amino acid residue changes
at the highlv conserved position G197 (to D197) and the non-
conserved L30] (to R301). No other mutations were detected,
To ascertain the cffects of these mutations on gene expres-
sion, two additional oovR5 vaniants. each with a single-amino-
acid Jifference from the parental gene, were constructed.
avRSGI97D, with o single-amino-acid change. was cop-
structed hy partial digestion of poxyR5 (0oxyR5 in pBluescript
KS) with Xl and X&al. A 150-bp fragment from the intemnal
portion of oxvR was removed and replaced by a 150-bp Xhol-
Ybal fragment from poxyR (1&). This replaced the mutation at
L301R in oxeRS5 with a wild-type sequence. oxvRSR301L, with
a single-amino-acid change. was constructed by partial diges-
tion of poxvRS with £coRI and Xhol. The 380-bp fragment
containing mutated G197D was replaced with a 380-bp EcoRI-
Xhol tragment from a wild-type oxvR. All constructs were
sequenced to confirm the mutations.

Mutations in oxyR affect gene expression. The effects of
different oxvR mutations on the expression of an oxvR-regu-
lated gene. a/ipC. were determined. In Xanthomonas, ahpC has
a unique pattern of regulation. Iis expression can be increased
S0-fold in response to oxidants in an oxyR-dependent fashion
(17. 18). Moreover. expression of the gene 15 affected by both
oxidized and reduced forms of OxyR (18: S. Mougkolsuk,
unpublished data). High levels of reduced OxyR lead to re-
pression of aipC (Mougkolsuk. unpublished), while oxidized
OxvR activates expression of aapC (18). Thus. expression anal-
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FIG. 2. Resstance too - ; svels of N :
© Ml concentm;:\jm nt(;ji]g, Mrrlllé?i:r‘d Iu:,l;om Pcroxldc-scavcngmg enzvmes i ApHR and its parental stran, (A} Qualitaove Jetermination of levels of resistanc
SR; M. NPHR (B, snd XpHR vk (B, Eseent . und rere-bued fvdroperaade 1t BOOH in X. cumpesns py. phaseolt 4Xp: 2). X. campestrs pv. phaseoli anR B
oL the mdicaed concontratars ot oxnda.an- o 14 ti.dog.-ph:»e gclrls were muted with Silva Buddenhagen (5B) (op agar and poured onto 5B piates. Six microliter
ncubaton (161, Expenments wore eated o Spo hc on paper disks and piaced on top of cell lawns. The zone of growth inhibivon was measured after by
ittt AREC Ioeels i ar \_p " a ea;t threz imes. and representative data are shown. (B) Catalase levels of various Xanthemonas strains. (C) Wester,
h 10us Xanthomoenas strans. Forty micrograms of total pratein was loaded into each lane. Westlern analvsis and catalase assays wer

performed as previously descnbed (17),
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F1G. X Effects ot vamous mutations inond on evels of Ahpt guring unm-
duced and menadione-induced gristh Western anilvas of AhpG Yevels A
campesins pyv. phascol ow R harbanng vanous on R gencs o an Capression
vector from a parcntal strnn pBBRow RE) the ApHR mutant (pBEBRen RSy
and the yene with one amino aod chaneed (pBBROwRIGINTD and pBAR
L‘“Kq_(]]Ri These cuetls were wrown unmduced (U silva Buddenhazen

(SBY medium or snduced with 100w M menadione () tor 3 muin Lol prorein
(20 pe) was loaded inte cach lane Lasate preparatien, el clectrephoress, and
antibonds reactions were pertormed s desonibed presiousto 1017 and i the freead
to Fig |

¥vsis of the gene would also give an indication of the redox
status of the cells and OxwR. In XL cumpestns pv. phascali
upder noninducing growth conditions, a/ipC s expressed at
low levels. By contrast. w/ipC s expressed at high levels in
XpHR without anvanducing signuls ¢ Fig. 1. We tested whether
mutations in oK were responsible for the altered whpC oex-
pression. An X, cwmpestns pv. phascali R mutant was trans-
formed with expression plusmids contaiming pBBRoxyR3, pB-
BRoxR 1. pBBRoxvR3G1V7D. and pBBROxRIL3NIR, und
the AhpC levels were momtored (Fig. 33 The owR mutant
harboring pBBRoxvRS vhowed o greater-than-30-1nld increase
in AhpC levels in the uninduced state. On the uther band. cels
harbonng pBBRoxvR | ~howed fivetold repression of AhpC
levels. The OxyR mutant harboring pBBROWRSILINR re-
pressed AhpC tevels in o fashion simitar 1o that of cells har-
boring pBBRoxvR]1. while the mutant hurbornng pBBRoxy
REGIY7D produced AhpC at levels 20 nmes higher than these
of a controt strain in the absence of inducimg venals. None-
theless, AhpC levels in ~trains harbonng pBBRo\wR S1eTD
were sull ubaut twotold less than the level attned o cells
harboring pBBRoxvRS. Next. we examuned the cifects ot an
exidant vn mutant OxvR protems. The levels of AhpC owere
monitored in X0 campestny py. phaseoli owf cells harboring
various oxvR-contaimng plasmids grown under nomnducing
and inducing conditons (100 WM menadiones (Fig. 33 AhpC
levels in cells harboring pBBRoxvR) or pBBROYVRILMIR
showed strong induction aiter menadione treatment. By con-
trast. cells harbonng pBBRoxwRS or pBBRoxyR3GIV7D ex-
pressed wfipC at constitutive high levels, und menadiene treat-
ment did not result in further snereuses in the amount of AhpC
(Fig. 3).

These results raised the question of the mechamsms respon-
sible for this deregulation. Expression of oxyRS from XpHR in
X campestris pv. phuseoli oaR led ta activation of alipC ex-
pression in uninduced cultures. (ndicating that mutauons in
oxvRS5 were responsible for unregulated gene expression. oxeR3
had amino acid changes at two positions. G197D und L3GIR.
G197 is a hlghlv conserved position found in all OxyR pro-
teins (15, 21). The vbservation that Xanthomonas harboring
PBBRoxyR5G197D activated ahpC expression in the absence
of inducing signals confirmed the importance of this mutation

3. BACTERION.

I producing wtered gene expression. The posibon of this
mutation is in close proximity 1o the redox-active cysteine 199
(211 and mav be responsihle for the conversion of OxyR rom
1 redueed 0 an oxidized form in uninduced cells. In Esclie-
nchea colic mutations located close to redox-active C194 fi.c
HLLONY. RZ0TC, and C208Y) (131 produce constitutively .ic-
tive proteins similar 1o G197D in Numthomonas. Oxidation ot
OxvR oceurs at C199 via o suiphenic intermediate and subsc-
quent tormation of o disulfde bond with C208 (1. 21). Alse,
the highlv conserved basic residues (H198 and R291) could
vnhance the activiry of C199 (13). Thus. an amino acid change
from a neutral G to an acidic D could alter OxvR structure so
that cither the C1Y9 is more easily accessible 1o cellular oxi-
dants or the charged residue promotes and stabilizes the fore
mation of sulphgmc intermediates. Alternanvelv. the presence
ot i carboxviate group at D197 close to the SH group of C1u9
couid result in proton transter from the SH group to the
carboxvlate group. resulting (0 thiolate formauon. Thiolate
Lroups are more reactive than SH groups and can subsequentiy
react with carboxyl groups to form relatively stuble thiolester
honds. The sccond mutation, at L301R. introduced a basic
restdue that had no effect on the transcription activation ac-
uvity of OxvR. The mutated protein can also be activated by
expasure to oxidants (Fig. 5). However., when L3011 R was com-
bined with the mutation at G197D, as in owRJ3. the double
mutation enhanced the ability of OxvR o activate transcrip-
uon of wipC w levels greater than the levels attained bv
oxvRIG197D, The carboxy terminus regions of OxyR and a
subclass of LysR transcription activators have been shown to
he crucial 1o protein binding to DNA (12, 19) and in tetramer-
ization or oligemerization of OxvR (12} Mutation at L301R
did not scem to affect the ability of mutated on'R to repress
whpC oexpression. Thus, mutation at L301R might possiblv
atfect tetramerization and might enhance the DNA binding
of OxvR. Together with G197D. 1t may ¢nhance binding of
OxvR> and recruiting of RNA polvmerase to the promoter.
We are attemptng (0 purnfy the mutated proteins and examine
their ubilities to bind to the promoter.

G 197D mutation was responsible for altered OxyR mobility,
We next compared the protems from several OxvR vanants to
Jdetermine 1f the mutations in oxvR were responsible for the
altered protein mobility. The Y. campesrs pyv. phaseoll oxvR-
minus mutant was trapstormed with a broad-host-range ex-
pression vector (pBBRIMCS-3 [{1]} containing various con-
structs of oK. OxyR Western analvsis ot Ivsates prepared
from these ceils were performed. and the results (Fig. 4
<howed that wild-tvpe oxvR produced a single OxvR form (N
form) that reacted against an ant-OxvR antibodv. By con-
trast. oxvR3 from \pHR (pBBRoxyR3) produced both S and
N forms. This finding was similar to that shown in Frg. 1.
Results for oxvR variants with single-amino-acid changes
(Fig. ) showed that cells harboring the plasmid containing
pBBRoxvR5G197D) produced S and N forms of OxyR with
the S form sccounting for greater than Y% of the otal OxvR.
while cetls harboring plasmids containing pBBRuxyRAL30TR
produced OxvR with mobility similar to that of plasmids con-
taining wild-tvpe oxvR. We believe that the 5 form anises trom
oxidation of mutani OxvR protemns in the pelvacrviamide gel.

All members of the LysR familv. including oxvR. are auta-
regulated (19). In Xanthomonas, unlike other bacteria, OxvR
increased severalfold in concentration as well as changing torm
in response to oxidants (17). Preliminary data suggest that
axvR expression s activated by the axidized torm of the protem
{Mongkolsuk, unpublished). This autoregulation could ac-
count for the high levels of mutant OxyR detected in .YpHR.
We are investigating the autoactivation of Xaunthomonas oxvR.
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EI 2 Efects of mutations 1 onv® on protein mobihey, Cell growth. lvsate
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Mutation and deresuiation of R lead o uncontrolled gene
activation in XpHR that is responsible for the H,O,-resistant
phenotvpe. [n an analogous situation. a Bacillus subulis H,O .-
resistant mutant (10} has been shown to arise from deregula-
tion ot a peroxade repressor. perR (3).
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Exposure of Phytopathogenic Xanthomonas spp. to Lethal
Concentrations of Multiple Oxidants Affects Bacterial Survival
in a Complex Manner
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During plant-_rnicrobe interactions and in the environment. \anthomeonas campestris pv. phaseoli is likely (o
be e.qa_osed to high concentrations of multiple oxidants. Here, we show that simultaneous expusures uf the
bacteria to multiple oxidants affects cell survival in a ¢complex manner. A superoxide generutor cmenadiones
enhanced the lethal effect of an organic peroxide (fert-buty] hydroperoxide) by 1.000-foid: conversely, treatment
of cells with menadione plus H,O. resulted in 100-fold protection compared to that for cells treated with the
individual oxidants. Treatment of X. campestris with o combination of H,0. and rert-butyl hyvdroperonide
elicited no additive or protective effect. High levels of catalase alone are sufficient to protegt cells against the
lethal effect of menadione plus H,0, and rert-buty! hydroperoxide plus H.Q.. These data suggest that HL(Y, is
the lethal agent responsible for killing the bacteria as a result of these treatments. However. increased
expression of individual genes for peroxide ralkyl hvdroperoxide reductase. catalase)- and supernxide 1 super-
oxide dismutase)-scavenging enzymes vr concerted induction of oxidative stress-protective penes by menadione
gave no protection against killing by 2 combination of menadione plus terz-butyl hydropernxide. However, 1.
campestris cells in the stationary phase and a spontanecus H,O.-resistant mutant \X. campestris pv. phaseoli
HR) were more resistant to killing by menadione plus tert-butyl hydroperoxide, These findings give new insight

into oxidant killing of Xanthomonas spp. that could be generally applied to vther bacteria.

Xanthomonas spp. are soil bacteria and important bacteriat
plant pathogens. Active plant defense response against micro-
bial invasion involves increased production and accumnulation
of reactive oxygen species (H.O.. organic peroxide. and super-
oxide} (1). Reactive oxygen species serve several physiological
roles. including killing microbes and serving as signals for tur-
ther activation of the defense response (). Many chemicals
found in the environment are strong oxidants. These can mod-
ulate microbial physivlogical responses, which in turn atfect
their interaction with the host and their ability to survive in the
eavironment. These changes might alter disease Jevelopment
and progression. To survive in the environment and proliferate
in plants. Xanthomonas spp. must protect themseives trom the
harmtul effects of oxxdants. We have shown that several uspects
of the oxidative stress responses of Xunthomonas spp. Jitfer
from those ubserved in other bacteria (4. L1, 15, 16 tor ex-
ample. we have isolated and characterized a gene coding for a
transcription regulator and a peroxide sensor. oxvR (14, To).
OxvR mediates peroxide-induced adaptive responses and reg-
ulates expression of genes for peroxide-scavenging enzymes
(14, 16). In contrast, superoxide mediation of cross-protection
against peroxide killing is governed by an unknown regulator
(16). We have ulso identitied a gene. o/tr. thatis responsible tor
organic peroxide resistance. and it has a novel pattern of reg-
ulation in response to oxidative stress (13). These andings
suggest that .Y, camipestris has complex defense mechanisms
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against peroxide tOXICIEY, DrOMPtng us o nvestigate fturther
the protective mechanisms aganst oxidant killing.

All previous studies of axidant Killing of microbes were per-
formed with one oxidant at a ome. This does not truly reflect
the conditions that bacteria encounter i nature: nonetheless,
the etfects of simultancous exposure of bacteria to Killing con-
centrations of muluple oxidants have net previouslty been in-
vestigated. Here. we report the results of experniments with V.
campestriy pv. phascol undertaken o investigate the interag-
nons of various oxidants in terms of bacrenal survival and the
insight vained :nto the protecuve mechunisms which somue
bacteria emplov o protect themselves trom these harmitul
chemicals.

MATERIALS AND METHODS

Bacterial strains, growth, and electroporation conditions, 1l
phascol was wrown aerobically m Silva-Budaenhagen «SBy mediom 100377 e
SrONe, DLATH veast extrat, 037 peptoac. 01T clutamee acid [pH T 0 o I o
Overmight cultures were subcullured snoo Tresh 3B medium o wne an by, a0 |
Bacterial srowth was monitored spectrophotometnically ot Ly, Both loepoase
A o LS Ofter 4 hand s@lonan -phase o4, o 5 5 adter 24 R cella were wsead -
i the expenments 30 2UY X Conpestm sermns wore SRnsbermed with plasamnds
ty clectroporation performed as presiousty Josenbed 15

Quantitative determination of resistance to ovdants. uantitatine Ljelermi-
Aslions of resisfance Of Y campesias Lo odanis aere performed o cxposing
celts 1o lethal concentrations of mensdione MDD 3 mA D em-Pund Budioper-
oade (BOOH: 13 mMi, and H s 20 may The siecis o0 comamanis ot
sudants on W campeams ~sunonal were Jetermuned By tfesting cells woarn Smad
MD plus 15 mM (BOOH. 20 mM MDD prus 20 mAM H-O . and Z0mA H O plus
13 maBOOH. Avindicated tmes. cells were remosed trom the cuiture sessel,
wished twice with tresh 3B medium. snc tnen plated onte SH avar, In ine case
ot oadant Killing under anaerobic conditiens, cells irom leg-pRase sulfures o034
sumpesins erown serobically in 3B medium were peileted and rosuspended on
avvgen-depleted S8 medium. The suspenmons wery phice 300 an anacrsbic g
wilh an anzerobic gas-generatime iz 1or 30 min bofore addition of e o Gdants
After additon of oxdantist, cuilures were relurned WO the anaerobic jar Al
quots of cells were removed after a further J0-mun :ncubauon. pdty dduicd
with oxvgen-depleted $B medium. and pelleted Cell peliets were resuspended in
SB medium, washed once. and prated o0 3B apgzr olonies were counted aiter
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FIG 1. Killing of.X. campesens pv. phaseoh by multipic oxidanis, V' empesins cultare growth and oxadont trestment were performed s descnbed tn Matenals and
Methods. (A L\ !-'umpe.st cultures were exposed w A mA ND @3 15 mM l_BO()H 1A MM MD plus 13 mMBOOH (2. and 40 mM MD plus 13 mM iBOOH
under anagrobic condilony 17 (81N cumpesms cultures were exposed 1 30 mAE MD @) 20 mM H.O- (@) 4 mM MD plus 20 mM HOL (L), and 30 mM MD
plus 20 mM H.Qs under anagrobie condimons (7 1OV campesias cultures sere exposed 10 15 mMIBOOH (&), 20 mM H3O? i), and 13 mM (BOOH plus 20 mM
H.O. D). The Jata shown dre means of lour independenty pertormed expenments. Error bars indicate the sandard error of the mean,

45 h ot iacubation at 28°C. The lethal concentrations of indimvdual oxadunts bave
heen established previousiy (7. 201, All expenments were pertormed indepen-
Jently four nmes. The data shown represent analvsis of the four expernments,
Statistical analysis. The wigniticance of differenves among oxidant freafments
was slansheally Jetermined by using the Student < 1 otest when companng W
conditong and one-wav analysisy ol vananee and a pest Boe Pams e comparisen
with the leust sizmifcant diference (LD weat when mose han wa vonditiens
were compared. Stanstical anadvas was performed onl with resilis obtimed
atter 20 min of treatment. and 3 sigmibcant diference s tahen us 7 0008

RESULTS AND DISCUSSION

Simultaneous exposure to lethal concentrations of multiple
oxidants. The cffects of exposure w combinatons of oadants
an X campestris sunvival owere nvestigated. Bacteria were
treated with lethal concentrations of a superoxide pencrator
(MD). an organic peroxide 1 tBOOH). H.0O-.. and combinu-
tons of these oxtdants (MD plus tBOOH. MD plus .0, and
tBOOH pilus H.O.). The results are <shown i Fieo |0\
carnpestris was resistant to MD killing, but was highhy and
moderately sensitive to H-O. and tBOOH. respectnely. Treat-
ment of X carmpesins with MD plus 1BOOH tor 30 min ¢on-
hanced the killing by more than LOUDD-told compured o treat-
ment with the individual oxidants (Fig. 1A Experiments were
then repeated under anaerobic conditions ta ceduce the rate of
superoxtde production. In this case, MD plus IBOOGH Jid not
enhance killing compared with the individual vxdants (Fig.
LA). These results support a direct role for superoxide amons
wnntensifving the lethal effects of IBOOH: however, the of-
fects of MD plus tBOOH are not specific 10 these chemicals,
We have determined the response o other superoxide vener-
atars. such as paraguat. in combinanon with tBOOH or
cumene hyvdroperoxide. Regardiess of the combinauoen of su-
peroxide generator and organjc peroxide. these combination
treatments alwavs enhanced the fethal etfect compared
treatment with the individual sgents (data not shown). There
are several possible explanations for the obsenvations, Qreanic
peroxide is metabolized to the corresponding afcohal by aiky !
hvdroperoxide reductase. an NADH- or NADPH-requiring
enzyme (3). MD is an intracellular redox cveling agent. an
activity that generates high levels of toxic superoxide anions.
which in turn promotes axidation of iron and inactivation of

superoxide-sensitive enzymes. such as aconitase (7) and many
enzvmes involved in amino acid biosynthests (2). These effects
could alter the intracellular ratios of small antioxtdant mole-
cules, oxadized glutathione reduced glutathione. NAD ' NADH,
and NADP NADPH. making the cells more susceptible to
orzanic peroxide killing, In addinon. exposure 10 superoxide
amons has been shown to result in increased production of
organie peroxade and organice radicals (3). which could act
svnergistically with MD plus tBOOH to kill the cells. In con-
trast. treatment of X cumpesins for 30 min with 3 combination
ot MD plus H.O. gave a 100-fald increase in protection com-
pared to killing by H.O. alone (Fig. [B). This increased pro-
tection, resulting from MD-plus-H.O- treatment. was elimi-
nated when the experniment was repeated under anaerobic
condinens (Figo B The results support the dea that super-
oxide amons are responsible for induced resistance following
MD-plus-H.O. exposure. We have shown that MD pretreat-
ment induces neither resistance o MD killing nor superoxide
Jismutase. an enzvme responsible for dismutation of superox-
ide amons ¢8), Nunthomonas spp. are naturally very resistant to
supcroxide anions, while they are susceptibie 1o H.O. (4. 11),
suggesung that intracellular superpade anions are converted
1o H.OL by cither enzvmatic or nonenaymate reactions, and
that H.O- iy responsible tor Naadhomonas killing. We have
shown that exposure of X0 carrrpresrrs py. phaseoli to low cons
centrations of MD induces high-level resistance to H.O. by
tncreasing levels of catalase inan OxvR-dependent fashion (16.
170 Moreover. Al campesiny pyv. phaseoli also has an additional
OxvR-independent. MD-inducible resistance to H,O- killing
{iok Thus it is Iikely that MD-induced resistance to H.O.
hithing was responsible tor the observed increased resistance to
MD-plus-H.O. killing. This idea is supported by the data pre-
sented in Fig. 24 showing that high levels of catalase conferred
protection against MD-plus-H-O. killing. ‘
Treatment of the bacteria with 1 combination of {BOOH
plus H.O, ncither enhanced nor protected them from the
lethal effects ot these agents. AJthough high concentrations of
H.O. are known to cause formation of organic peroxide (8)..
no additive Jethal edects ansing from tBOOH-plus-H.O.
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treatment were obsenved  The survivad atter treatment with o
wombination of these peresides was similar (o the sunosal
absened toflowime Ho0b rreamment done (Fre 1C), This sy
gesty that H.O. was responsible tor balhing the bacteria, The
results i Figo ZH shose o mich feveds o catalase conderred
protection aganst the tBOCH - plus-H O reaement, which s
COMs st with s tdeas

The effects of hagh levels of ovidant detovification enomes
on axidant khitling of Y. campests py. phuseadic. The ditfferent
FESPONNCS MDY e O and tBOOH Kalhing
prompted estitate proetocine moechanisms agiinst
these oxadant treaaments Jhichsicnel cypression of cenes tor
oNIdative stresseprotedinge snames Bas been shown o proedt
Nantdiomonas spp troam oagant bailine 13 140 Thus, the role
of catafase o procecting oM rom MD-pius-HLO) o and
IBOOGH-pius-H O - teatments was mvesticated, X campesom
pvophaseol harborning the phasoad pOFRRKav oL ) o the sector
Slone cpUFROST hud catshase-spoditic activanies of s and o0 s
Umye ot protemn, respecinels These cells were treated with
MD plus HLOL and (BOOH plus HLO L The results (Fie 208
and By show that v ampedns harborine plUFRKatwere more
than 1K) todd more ressstini o \“)-[‘IIU\-H:(): and tBOOH-
plus-H-O. wailling than the Sacternia harbarnine the vector slone
The ability of Catalase alone (o citicentiy protect Xl cdmpesir
from these treatments supports the wdeds that 4 S0 owas respens
sible tor lhing the bacterw Additonal support for thes con-
clusion came tram e observanon that X campesins p
phascol harbornye the recombinans plasmd i pUFROWR T 014
had high Jevels of cotaiase 300 L my of protainy and was more
resistant to MD-plus-H.0O . und tBOCH-plus-H O« reatments
tFie, 2A and By than the straun carnang only the clonmg vector
pUFRU37. However, ' cumipestns strans harborning pUFRRat
or pUFROxvR were ao more resistant to MD-plus-lBOOH
treatment (2 = 0035 4t M) min of treatment) 1 Fig. 2C) than the
host strain with or without the clonmg vegtor,

These tndings ramed the question ot how N campestny cells
protect themselves trom MD-plus-1BOOH kithng, We deter-
mined the ctfects ot high-fevel expression ot genes involved in
scavenging superoxide anions {superoxide dismutase, sod (19])
and organic peroxides (alkyl hvdroperoxide reductase, whipCF
[14]) and the organic hydroperoxide resistance gene (odr [15])

caused Ty

U~ oy

Mo pnaseoi et Narbunag pUFRST (), pUFRKat ot 3 and pLFRov R 1@y ¢ 14)

snoniratens of oudacts, A mMa NMD plos 20 mM HO- oA 1S mMOBOOH plus
e independentdy performed cxpenimenis Error bars indicate the standard

on MD-plus-tBOOH kitling. X campesins py. phaseoli cells
harbormye pUFRO47 (5), pUFRsod (16 pUFRuhpCF (14), or
pUFRohr 115) were treated with MD plus (BOOH., and the
rercentage of survival was determined atter 30 min. The de-
grees ot sunnval of all strams tellowing MD-plus-tBOOH
(reatment were essentially the same. indicating that high-level
axpression ol individual genes for oXidant-scavenging enzvmes
s not sufficient to confer protechion agmnst MD plus 1BOOH
tdata not ~hown ). In X cumpesins. MD induces resistance 1o
perovde Killing by coordination of both awR-dependent and
o Randependent acoivation ot perovde stress defense genes
vlar Accordinely, we tested whether there are concerted in-
creases in perovide and superoxide detoxiticauon enzvmes and
other protective proteins upon exposure o o low concentration
of MD 200 w N and whether these responses can protect the
bacteria trom MD plus tBOOH. The results indicate that vn-
induced and MD-induced cultures had ~similar levels of resis-
tance o the treatment 1data not ~showny, Hence. the mecha-
nism of MD plus 1BOOH liling ot XD campesms appears not
ta be o simple additive lechat etfect ot indeadual oxidants.
Cells in the stationary phase of growth and an H,O,-resis-
tant mutant were resistant to multiple oxidants. Y. campesots
<ellsin the stationary phase are highly resstant to peroxide and
superoxide killing (Z0). In general. the degree of resistance 1o
axidant killing shown by stationary-phuse cells does not corre-
late with the fevels of oxadant Jetoxibcanion enzyvmes, suggest-
ing that other protective mechanisms are imvolved (4, 200
Hence. the effects of MD plus tBOOH on cells from ditferent
stages of growth were investigated. Stanonanv-phase cells were
tound to be 30-tfold mere resistant o MD-plus-(BOOH killing
than log-phase cells after ) mun ot rreatment (£ = 003 (Fig
3A0. The data suggest that resistance 1w multiple-oxidant kill-
ing requires growth-phasc-dependent products andsor strue-
tural changes. Increased expression of a DNA binding protewn
(Dpsy that protects DNA trom oxidants and alieranons n
membrane structure and composttion that reduce oxidant per-
meuabiity have been shown 1o be involved in stattonany-phase
multiple-stress resistance (Y. 12). This conclusion 1s supported
by previous findings that. during the early stages of growth,
bacteria are most susceptible to oxadative stress killing (Z0).
Stauonary-phase resistance and ~starvanon-induced resistance
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F1G. 3. MD-plus-t1BOOH killing of cells. (A) Log-phase cells 1) or station-
arv-phase cells () of \. cumpesms py. phaseoli were treated with 0 mM MDD
plixs 15 mM (BOOH. a3 described an Matenats and Muethods. |l_'}l X camipestnis
pv. phascoli (21 and a spontuneous HOs-reststant mutant, X carnpesing py
phaseali HR 1@), were grown to log phase and treated with ) mM MD plus 13
mA (BOOH. s Jescribed in Matenals and Methods. The duta shuown are means
of four independently perdormed expenments Error burs indiwcate the standusd
error ot the mean.

to multiple stresses are important survival mechanisms and
have been observed in many bacteria (9).

A spontaneous multiple-peroxide-resistant  mutant  t.\C
campestris pv. phaseoli HR) has been isolated and character-
ized (6). When in log-phase growsth, the mutant is more resis-
tant than the parent strain t H.O» and tBOOH Xilling, but not
1o MD killing (6). Therefore. experimants were undertaken to
determine the effect of MD-plus-tBOOH treatment on sunaval
of the mutant. Log-phase cells of the mutant and the parental
strain were treated with MD plus tBOOH. The results in Fig.
3B show that the mutant is 1.000-fold more resistant o the
treatment than the parental strain {£ << 003}, We have shown
that X. campesins pv. phascoli HR has mutations in oavR. In
Nanthomonas. upon expuosure o oxidants, OxvR not only
changes from the reduced to the oxicized form but also in-
creases in concentration (15). These mutations in’ the ow R
gene change OxvR structure so that the proten appears ta be
in an oxidized torm in uninduced cells. This might be expected
to activate expression of oxvR and genes in the OxvR regulon
in the absence of an inducing signal. This results in over 100)-
fold-higher levels of products of OxyR-regulated genes such as
the @ipC and catalase genes (18). Thus. the mutant has 2
significantly increased capacity tor detoxification of vrganie
peroxides: therefore. it is likely that in the HR mutant. tBOOH
1s detoxified before its concentration can reach toxic levels, and
hence MD cannot exert a svoergisuce Killing effect.

In the case of most microhal pathogens. in vitro sensitnviny
to oxidant kiling shows no direct correlation with abitiny to
survive in the host. One of the reasons for this discrepancy s
that. during interactions with the host, bacterta are exposed 10
multiple ovidants. A major concern raised with respect 1o ox-
idant Killing of microbes in vivo 1s whether concentrations of
oxidants zenerated by the host would be sutficient to kill the
bacteria. since the results of in vitro studies indicate that bac-
teria are resistant to high concentrations of oxidants. Qur oh-
servanons that MD potentiates tBOOH killing of Y. campesins
suggest that individual concentrations of oxidants need not be
very high to kill bacteria, given that some oxidants act syner-
aistically. Depending on the combination of oxidants, simul-
taneous exposure may act antagonistically, as in the case of

AppL. Exviron. MICROBIOL.

MD plus H.0O.. or synergistically. as in the case of MD plus
tBOOH. These preliminary findings could be generally useful
in helping us to understand the oxidative killing of other mi-
crobes. Oxidative killing of bacteria and the roles of the various
venes involved in protecting bacteria from this process need to
be reevatuated and to accommodate the interactions of differ-
ent oxidants. More important, common well-characterized
bacterial stress responses such as adaptive or cross-protection
and induction of oxidant-scavenging enzymes did not protect
log-phase cells from killing bv combinations of oxidants. This
suggests a target for a novel treatment strategy to control
proliteration during the carly stages of bacterial growth.
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Molecular and physiological analysis of an OxyR-
regulated ahpC promoter in Xanthomonas campestris

pv. phaseoli

Suvit Loprasert.'’ Mayuree Fuangthong.'""
Wirongrong Whangsuk.' Sopapan Atichartpengkul’
and Skorn Mongkolsuk'~*

‘Laboratory of Biotechnoiogy. Chulacnorn Researcn
Institute. Lak Si. Bangkok 10210, Thatand.
“Department of Biotechnology. Facuity of Science.
Matgoi! University. Rama & Road. Bangkeok. Thaiana

Summary

in Xanthomonas campestris pv. phasecli, a gene for
the alky! hydroperoxide reductase subunit C (ahpC)
had unique patterns of regulation by various forms of
OxyR. Reduced OxyR repressed expression of the
gene, whereas oxidized OxyR activated its expres-
sion. This dual regulation of ahpC is unique and
unlike all other OxyR-regulated genes. The ahpC
transcription start site was determined. Analysis of
the region upstream of the site revealed promoter
sequences that had high homology to the Xantho-
monas consensus promoeter sequence. Data from gel
shift experiments indicated that both reduced and
oxidized OxyR could bind to the ahpC reguiatory
region. Moreover, the reduced and the oxidized forms
of OxyR gave different DNase | footprint patterns.
indicating that they bound to different sites, The
oxidized OxyR binding site overlapped the 35
region of the ahpC promoter by a few bases. This
position is consistent with the roie of the protein in
activating transcription of the gene. Binding of
reduced OxyR to the ahpC promoter showed an
extended DNase | footprint and DNase | hypersensi-
tive sites, suggesting that binding of the protein
caused a shift in the binding site and bending of the
target DNA. In addition. binding of reduced OxyR
compiletely blocked the 35 region of the ahpC
promoter and prevented binding of RNA polymerase.
leading to repression of the gene. Monitoring of the
ahpC promoter activity in vivo contfirmed the location
of the oxidized OxyR binding site required for

activation of the promoter. A mutan! that separated
OxyR regutation from basal ahpC promoter activity
was constructed. The mutant was unable 1o respond
to oxidants by increasing ahpC expresston. Physio-
logicaily. it had a slower aerobic growth rate and was
more sensitive to organic peroxtde kiiling. This
indicated that oxidant induction of ahpC has impor-
tant physiological roles in normal growth and during
oxidative stress,
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D orotect themselves rom KOS (Lograsen &7 3, 25396,

The aoity lo detoxidy Jrgarmc oerawuaes s .mponant ©o
cell survival Trganic Dercxiges Darlic.Date n o free fagical
FEACHONS Thal masyll N ongreased Sroduchon ot the S
3oicals. Alky) nyarceeonde 1A0uliase AhpRY § the Dest-
INArACIenzZed rganic D&roxice Ielomhicalon snivme N
caciena Demple "991  Storz ang miay 2399
20Ivme 20NSists Cf nwo sufuerits. ke 22 xDa sataivtc

suDuMl *hat ~educas XrZans Jeroxiues 1o J0resrenTin:

nSINQls P2oe. 998, ang he 6 ~0Da ecuctise

2,00 that 5 Nvchvad o cSGenaraglion O SXIILIeT Sri

st 2ather NACPY o MJADH ss roraltors P el
Soas 2B Pptea ARCR cap 1SS L8e D e
LLpalate Mamora ororn 0 A2 2o CaGA gese”
T T T o A PR LS SO Talo B L T TR Whats BEANNET oo i LA
A0TSA D Zhae 2 3h40 TRy Sl TEvs Tl
iET. 08 CTOCHER! SresRe oA Tes Llutabans L
SSLT M ATIRASET senmst. LTI CTAP D Ternwils s
2T a0 alErss tvardil Swucaie e (egs cesss e
20§00 TER9 Aerzimgrn o e TS Foar s el




\.‘\
~ - o

. - N . -~

Al gt oy : N

~ o > o ~ N

T 3 Ny ~ ~t 1
~ N\ ~ W
- X - ~h T —

I MO MO N

Fig. 1. "lortnern anarsis of ‘ne zifas 0 Ta, A -

Tota, RMA AS 50118 1AMk D3mDesies ov o angses -
secf mugtant c Xo cxvAh ¢ Cgmmpesee o gs

soogA widavpe SxvA on CBRRITIC L2 5 o e
“Lhtaung muotaleg covA TUFIS on 3BRC A 1
agrmoicaly in 38 adner Lonaucea (U 30 vaw sy -
~eragwone by Tnese AMA zamrgies nLers Laog:
Zrped wath 3000 as descrpeg 1 Swoscmentar o
3UISraTIDGranns show VDN Zar T o Inol
FMA 3aMDES 1A and 031N LATTILEed 3N T L T3y S5A L geep o)
=8

expression have profound effects on bactenal pnysiciogy
For example. in Mycobacternum tuparculosis. anoC
promoler mutations confer resistance 'o the anniotic
isomazid (Sherman et al., 1996; Wilson and Collins, 1996,
Heym ot a/.. 1997). In Xamthormonas. a multinle peroxide
resistance mutant has an unregulated high-ievel expres-
sion of ahpC (Fuangthong and Mongxolsux, 19971 in ail
bactenal systems studied thus far. 1npC 2xporession 3
oxidauve stress ingucible in a manner Jependent on
either OxyR. a peroxide sensor and ranscrplion regulator
N Gram-negative bactena. or PerR. a peroxide 3tress
regulator 1n Gram-positive bactena (Storz of al. 1990
Bsal ot al, 1996; Dhandayuthapan et ai, 1997 Mon-
gkolsuk et al., 1998a: Storz and Imiay. 1999 OxyR can
2x151 10 two forms: in uninduced cells. OxyR axists n a
reduced form., Upon exposure 0 oeroxide, OxvR
becomes oxidized by the formaton of a Jisuipruge 2ong
at the hignly conserved C199-C208 cvsieine resiques
(Zheng f al.. 19981, In general. oxidizeg OxvR activales
2hoC expression. whereas reducec OxvR does nof
interact with the gene promoter region (Tolegano ar /.
1994). Detarled analvsis of moiecular nlerachons
petween OxyR and ahoC promoters have peen performead
N a few cases (Toledano 2r 3/.. 1994; Hattman ang Sun
1997). Results from these studies have snown vanation in
OxyR binaing sites ang in their effect on gene 2xprassion

in Xanthomonas. anpoC s uanscnped i1s 3 Moenocis-
tromic MRNA. The gene 15 iocated upsiream o the 3ros -
oxyA operon (Loprasernt 2f /. 1997 aneC 2xpression 3
ngucibie by oxidants 0 an OxvR-depengent manner
Mongkolsuk et 34 1997 1998a) Aere. we Jescnipe the

attects of ditferent redox sfates » OwR on anod
expression.  Molecuiar nteracnons oetween  Jifteren
rorms of OxyR  ang the anoC oromoler wvere 3189

charactenzed. In agdition ve 2xamined ‘he 2nysiological
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aroC wvas expressed clese o the maximum level after MD
reatment in both strans, As expected, MD induction was
Jependent on tunctional oxvA and was absent in the oxyA
mutant Jhongkolsuk et al. 1998ai. ahpC mRNA levels
1etecieq N the oxyA mutant represented unrepressed
ovels oul N wid-lype cells treated with oxidant. ahoC
Sagression was activated further This indicates that anoC
ot pe requlated ether negatively or positively depend-
ng on the redox sate of OxvR. This 15 umique to
\anttomonads anod in all other OxyR-regulated genes
novancus bactena. dfferent forms of OxyR  either
erressed Or achivaled gene expression. but not both
2mo he same  promoter o Toledano  er al. 1994
handavuthapam 2! 3/, 1957 dattman and Sun. 19871,

or
-

p

JAnrr cEZr o oroanpl o

Lmterstana cne mecnamisms 3 CxvR reguiation of

oG 1 was 2ssenhal 1o Jelermine ‘the ccaton of the
oL omeier Pamer 281ensin 2xpenments  were
Sty o goale 3hol ranscnplion stad sites. The
SRt Srezented N T I snow lwo major prnimer
ATENECT DIoJuCis lesignateg 2' oand P2 These
CATS I OLIr 1At 2ies oiresgonged 10 posihions -0 bp

S0 oam TIoptIr 2L Lpstrgam ol the anpC iranslation
Craron rzaon ATSY Fg 30 The Yarthomonas con-

SN e Lenles

[OPEIC !

are TTGTMNN 3t che - 35

region and T/GATNAA/T at the —10 region. although the
distance between these two sequence motifs varied from
16 bp '0 24 bp (Katzen et a/.. 1996). Examination of the
upstream region of the weaker transcnption start site (P1)
showed sequences TTGAGG and TACCAT at the -35
and —10 regicns of P1. respectively. and they were
separated by 17 bp. These two regions of the P1
premoter show five out of six nuclectides that matched
the promoter consensus sequences and have perfect
distance between the two conserved regions. The data
suggest that P1 probably acts as a strong promoter n
vivo. Cn the other hand, P1 accounted for less than 30%
of the primer extension products. Inspection of the region
upstream of the start of the major primer extension
product (P2) revealed no promoter-like sequences that
had homeiogy to Xanthomonas promoler coOnsensus
sequences. We suggest that the P2 product probably
corresponds to premature terminaton of reverse tran-
scriptase caused by the presence of poly(C) residues (13
C out of 18 residues) (Fig. 51 upstream of the P2
ranscription stan sile.

Next. we examined whether the :ncreased amounts of
ahoC mRNA 1In response 1o the oxidant treatments shown
in Fig. 18 resulted from increased transcription imtiation
of the gene. Primer extension experiments were per-
formed on RNA sampies extracted from uninduced ana
MD-induced Xanthomonas cultures «(Fig. 2). In the
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achieve differential effects on a single promoter. DNase
footprinting experiments were performed to iocate OxyR
binding sites (Fig. 4). Clearly. binding ot the reduced and
oxidized OxyR to both top and bottom strands jave

- - - -—— - - -

GACGAGTTOATAUTC v ZaGGCTA TL_"T"{I ITANTT

- - % o

- -18
CCATOCAATUGATEERSBEGATOTATCUAN O T UL

CACCOCAUGAGGAAACTC AATGITUTUTEA T AN

RBS Vet =—=» \hpt

Fig. 5. Mucleotide sequence of 1he reQuidtory reqQions o Jhpd
The posilions of the anoC promoter 0 ang 35 reqions are
snaded), regions orotectad by oxidized lop strand ana
DOttoM stranc) ang reduced = = — 'op strand and
----- vottom stranay CxyR. conserved monts for OxvR Dinding
sie (Y ¥ Y1 proposec ifth mont '«avoived in redquces QxyR Dinong
1 O®®), 3 ranscrplon stat sile (¥). a nboseme oinding site (RBS)
the ranslaton nmalion codon of 310 and the Clal sile used tar
makng gelelions and the anpCE mutant are snown

[P0 |

Fig. 4. DMlase | orulection assay 1o oeale
Cy R nindineg wies Expenments were

- perormed as fescnbed 0 Expenmentar

orocedures Lanes 1 -6 were OMase |-
Higesied orooes tor top and gottam strands <t
N 3npC aromates wath or sihoul ey R 306G
2TT 5 A T and £ sequence ladder Solr
WACKEIS AICAles 190ns oroteclad by Sayit
joted hne ndicates reqion of parma
stotecnnn oy SeyROANows snow OlNase |
yneitensihive sitasg

PP

papay

mstinct tootonnt patterns On the cortom strand. binding of
»adized OxyR protected a region from -30C to -34G,
wnereas »nding of reduced OxyR showed an extended
‘oolpnnt covenng the reqion -87A 10 — 247 In aadiion. a
sartal OMase ! protected region trom -80C to -67A was
alsc detecteg 1Fgs 4 ana 3 Major ang minor DNase !
nvpersensiive sites n the mugdle of the regucea OxyR
orotected reqgion 3t 324 - 53T ana -48C. respectively,
~ere ilso observeg (Fig <) 2n the top 3trands. binding
ol reduced or oxiagized OxvR protected DNA from - 7BA to
28T ano 'rom  T3A 0 - 15C respectively.

The Jdata are consisient with the dea that oxidized
JxvR binds 1o tour successive Major greoves on one face
Jt the nehx, whereas reauced OxyR binds to a pair of
mags Jrooves separated ov one hehcal turn (Toledano
2021, 1994) Binding ©f reguced OxyR ntroduces tending
n the larget DNA that resuits in DNase | hypersensitive
sites These opservauons are sumilar to DNase | tootprints
ot regucea OxvR nigh-athnity inding sites i two other
promoters. Sschenchia con oxviR (Toledano ot al.. 1994)
and the Mu phage mom coeron 1Sun and Hattman, 1996;
Hattman and Sun. 19973, 10 which [he protein represses
2xpression rom ooth promoters.

OxyR has extenced tinaing sies, and the proposed
consensus binding mouf tor £ Ccoir has twofoid dyad
symmetry with the 1oilowing sequence: ATAGntnnnanC-
TATannNrNNATAGAIANNanCTAT (Tanagha of af.. 1992

7 2000 Blackweil Science Lra. Moiacular Microtiology, 37. 15041514
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Fig. 6. Monitoning of sned sramoter ctiviies n X camoestis ov
phaseot strans contamning TnlP? and TnCP2 Transcription
activity 21 30DC Dromoter Cconstructs »as aetermined by ‘Western
anaysis of Cat trom e reporter jene Lag pnase unmnduced (Ul
and menaaone (Misnguced Sutures N Campestins py  phasech
strains containing TaCP* 1ng TnCPZ were usea tor ysate
Jreparauon Srolewny (30 Qi was .0aded w10 2acn ane Aler el
2ECIIOONOresis. Ne sepdrated orotains were dlciten 'o 4
MMrocenulose mempran: N3 <ubSecuently (2acles igainst a0 3n0-
Cat antibogv ana an akacne snospnatase-coniuaaled second anh-
rapnt antboay ’

Toledano et a/. 1994}, Examination of the putative
oxidized OxyR binding site (ATAGnxnnnanCTATAnANNN-
NATxxnxnnnanCxAT) upstream of the Xanthomonas
ahpC promoter showed a seguence motf that had 14
out of 20 bases matched to the consensus OxyR binding
site (Fig. 3. In addition. it also contained the highly
conserved LysR-binding motf. T-N.,-& (Schelt, 1993).
The proposed location o1 the binding site 1$ N agreemant
with the footprninting Jata. The gegree of homology of the
Xanthomonas ahpC  procmoter [0 the  CONSensus
sequence 1s similar to other bincding sites of OxyR-
regulated genes in £, con (Toledano ef al., 1994} Also,
the Xanthomonas OxyR pinaing site nas closer homol-
ogy to :he = o zonsensus seduence than to the
croposed shoner ainging site for Mvcopacternum spp.
iDhandayuthapam £t ai. 19397 The E. ol reduced
OxyR oinding 15 extended by one neical turn, and this 1s
responsibie {or axtendedc focolpnnts. This suggests that a
fifth contact point s =2ssential ‘or the reduced OxyR
oinding 1 Toiedanc €t ar.. 1994). We searched for a motit
:n the fifth region of :he anoC promoter and identfied a
CTAT mott 3 opases trom :he oxidizea OxvR binding
meuf. Examinaton 21 two other migh:athnity reduced
OxyR oinging sves showed that. 3 o0ases ‘rom the
axigdized DOxyR hinging sites, ‘here are motls CxAT for
mom and CkxAx for oxvA. The lccauton of s mouf
20rresponds o the Afth mont 3 ihe OxvR binding site of
*he £, con oxviA promoeter. The deletion analysis of the
OxyR mnaing site 2f the = colr oxvA promoter has
shown that remeoval of the nfth region affected reduced
OxyR cinaing (Toledano 2t 34, 18941

The reqon of partial DNase | protection and two DNase
[ hypersensitive sies caused by binging o1 the reduced
QxyR o the region are unusual. Closer axaminaton of the

© 2000 Slacwwall Scence LIS Motecutar Microbioiogy, 37 1504-1514
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protecied reqion revealed an alternative OxyR binding
site. The alternatve btinding site  (ATxxnntnnnxnG-
xATnnnnnnnATxxnxnnnanCTAT) matched at 13 out of
20 bases of the consensus OxyR inaing site :Fig. 57,
This site was protected from DNase | digestion oy
reduced OxyR. but not by oxidized OxyR fFig. 4). It s
possible that /n vitro reduced OxyR could bind to both
sites. leading to two DNase | hypersensitive sites and an
area of partiat DNase | protection. ‘We are examning
whethec the alternative OxyR binding site functions
vivo. Regardless. binding of reduced OxyR to erther site
comptetety blocked the —35 region of the ahpC promoter
leading to repression of the gene.

In vivo promoter analysis

The ability of a DNA fragment contaiming the ahpC
promoter and CxyR biding sites to direct oxidant-
inducible expression of a reporter cat gene in vivo was
tested. The experiment was performad to confirm data
from primer extension and DNase | footprinting expen-
ments. which located regions impertant for OxyR-depen-
dent. oxidant-inducible expression of ahpC. DNA
fragments containing the ahpC promoter either with
ipUTTNCP 1) or without {pUTTnCP2} OxyR binding sites
were transcriptionally fused to a promoterless cat gene
and subsequently cloned into a mini-Tns vector (De
Lorenzo and Timmis, 1984). pUTTnNCP1 and pUTTnCP2
had DNA fragments up to —209 and ~39. respectively,
plus the cat reporter gene and the rest of ahpC. These
mini-Tn5 constructs were mobilized and transposed into
the X. campestris pv. phaseofi chromosome. The ahpC
promoter activity in X. campestris pv. pnaseoli TnCP1 and
TnCP2 was determined by Western analysis of Cat
(Fig. 8). Densitometer analysis of the data showed that
MD treatment induced more than twofold increased Cat
levels in the strain containing TnCP1. Similar treatment
did not result in increased Cat ievels in the strain
centaining TnCP2. Oxidant-inducible cat expression in
the strain containng TnCP1 and lack of induction in the
strain containing TnCP2 confirmed the proposed binding
site of the oxidized OxyR required for 11 vive activation of
the promoter. Unexpectedly. basai Cat 'lavels in the strain
containing TnCP2 were threefoid less ihan ihose n ihe
strain contaiming TnCP1. The Clal deletion of the anoC
promoter removed most of the reduced OxvR omnaing
sites, hut ieft the promoter :ntact This should reneve
reduced OxyR repression of the oromoter. 'eading o
mgner levets of gene expression from the anpZ promoser
sirmilar 1o the higher levels of ahpC expression in the oxyS
mutant (Fig. 1). The contradictory results shown in Fig. o
suygestad that the anoC promoler might require regions
upstream of —35 for full urinduced activity. Interestngly.
the Clal gelenon of the ahpC promoter 1 TNnCP2) had haif
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Fig. 7. Construction and araiysis of the anpCE mutant that urcoupled OxyR regulation from basal expression of ahpC.

A. Construction of the ghpCE mutant and its marker exchange into the chromosoma of X. campegstns pv. phaseoli is shoyvn.

B. Nortnesn analysis of anpC expression in the mutant {Xp ahpCE) and a parental stran {Xp). Total RNA {5 ngj was loaded into 2ach lane after gel
electraphoresis: fractionated RNA samples were transferred to a nylon membrane and probed with radicactively labelled ahpC. The arrow

indicates the position of positively hybridized ahpC mMRNA,

the extended reduced OxyR binding site that contained a
CTAT palindrome sequence and a conserved LysR-
binding motif (T-N,,-A) (Schell, 1993) intact (Fig. 5). In
Mycobacteriurm, a shorter region containing one palin-
drome sequence and a conserved LysR binding site is
thought to be sufficient for OxyR binding (Dhandayutha-
pani ef al, 1997; Pagan-Ramos et al., 1998). This shorter
OxyR binding site has not been demonstrated to be
functional in Gram-negative bacteria. in order (o account
for the Cat levels in the strain containing TnCP2 (Fig. 6).
we proposed that, in the absence of normal OxyR binding
sites, it is possible that OxyR could bind to the half-
palindrome CTAT site, as exposure to an oxidant did not
effect this repression, suggesting that both reduced and
oxidized OxyR could bind to the half-site. The half OxyR
binding site and the conserved LysR-binding mouf are
iocated between the —35 and —10 regicns of the ahpC
promoter. Binding of either reduced or oxidized OxyR to
these sites prevents BNA polymerase binding to the
promoter by hlocking the —35 region. The resuits in Fig. 6
show that basal levels of Cat specified by TnCP2 in the
oxyR mutant were higher than the Cat level attained in a

o5,

A

parental strain. These results suggested that, in the
absence of OxyR, no reprassion occurred at the Clai-
deleted ahpC promoter.

Characterization of a reguiatory mutant of ahpC

Alterations in ahpC expression in various bacteria have
important physiclogical consequences (Antelmann et al.,
1996: Dhandayuthapant et alf. 1996: Sherman et al.,
1996 Fuangthong and Mongkolsuk, 1997; Rocha and
Smuth, 1999). The majority of known mutations are
located in promoter or structural regions. No mutants
have been constructed in genes for oxidative stress
protection that separated oxidant regulation from basal
expression levels without inactivation of efther structural
or regulatory genes. Such mutants would permit analysis
of the role of oxidant-induced alteration in gene expres-
slon on bactenal physiotogical responses. We were
interested 1In making an ahpC mutant that uncoupled
gene regulation {from the basai level of gene expression
without knocking out either ahpC or oxyA. This would
provide a unigue opporiunity to examine the physiological

Fig. 8. Phys:ological analysis of a X.
carngesins pv. phaseoli ahpCE mutant.
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A, Aerobic growth of X, campestns pv. phaseoli
(®}. the ahpCE mutant without () and with
150 uM tBOCH (x} in SB at 28°C was
mamtored spectrophotametncally at Agog.

B. The diameter of the zone of growth
inhibihon; 7 wl of the indicated concentsations
of tBOOH (500 mM)Y and H,05 (1 M) ware
spotted onto 6 mm paper discs before being
placed on the ahpCE mutant {shaded box} and
a parental strain (unshaded box} cell lawn. All
expenments were repeated tour times. Error
bars represent the standard error of the mean.

1M H,0,
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roles of oxidant induction of ahpC expression during
normal growth and peroxide stress. An ahpC mutant was
constructed by the insertion of an en/” at the Clal site
(Fig. 7A). This separated OxyR tunding sites from the
ahpC promoter. The mutated gene was transferred into X.
campestns pv. phaseoli and marker exchanged into the
chromosome, as descrided in Expenmental procedures
and Fig. 7A. This resulted in a X. campestris pv. phaseoli
ahpCE mutant (Fig. 7). The integrity of the mutant was
confirmed by Southern analysis {data not shown). Norh-
ern analysis revealed that ahpC was no longer inducible
by menadione in the mutant (Fig. 7B). The data confirmed
that insertion of an ery” gene between the OxyR binding
site and the promoter separated OxyR activation of gene
expression from normal promoter functions.

We have observed that mutations in genes involved in
oxidative stress response often resulted in altered aerobic
growth and sensitivity 1o oxidants (Mongkolsuk et af.,
1996; 1998a). Mutations in ohr, a gene involved in organic
peroxide protection in Xanthomonas, show increased
sensitivity to organic peroxide killing (Mongkaisuk et al.
1898b). Next, we determined the physiological conse-
quences of separation of OxyR regulation from basal
ahpC promoter functions. First, the mutant aerobic growth
rate was determined in a complex SB medium (Fig. 8A).
Under these conditions, the mutant had a slower doubling
time of 140 min, compared with 110 min for the parental
strain. Nevertheless, the mutant reached a similar density
to the parental strain by stationary phase. Next, we
examined growth of the mutant in the presence of a low
concentration (150 uM) of {BOOH. In the presence of
tBOCH, the mutant had a doubling lime of 170 min.
compared with 110 min for the parental strain (Fig. 8A).
We extended these observations by determining the
mutant resistance levels to killing concentrations of
tBOOH and H.O,. With killing concentrations of tBOGH
and H,0,, respectively, the mutant showed a growth
inhibition zone of 16 mm and 15 mm, compared with
10.5 mm and 19 mm in the parental strain (Fig. 8B).
Normal aerobic metabolism generated H,0; and organic
peroxide, which could induce ahpC expressicn via OxyR
{(Gonzalez-Flecha and Demple, 1997). In the mutant, the
inability to respond to increased levels of oxidant probably
led to the accumulaticn of toxic organic peroxides that
resulted in the observed slower growth rate (Fig. BA). This
deficiency was accentuated when the mutant was
exposed to exogenous organic peroxide, as shown by
severely reduced growth rate and resistance levels.
Unexpectedly, the mutant had small increases in resis-
tance to H,O, killing, which carretated with a small
increase in total catalase levels. The mutant had
3.5U mg~' compared with 5.6 Umg™' protein in the
parental strain. The small increase in catalase levels
could result from a compensatory response in the mutant
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for its inability 10 increase ahpC expressicn in response to
changes in the environment. A similar compensatory
response has been observed in Bacillus subtiis {Ante-
Imann et al., 1996; Bsat et al., 1998).

In the absence of exogenous oxidants or under growth
conditions in which fewer oxidants were being generated
intracellularly, ahpC expression would be repressed by
reduced OxyR. However, when cells are exposed to
oxidants up-expression of the gene can be achieved
rapidly by activation of the promoter by oxidized OxyR.
The dual reguiation of the ahpC promoter by both reduced
and oxidized forms of OxyR allows fine tuning of AhpC
levels. Analysis of the mutant that lacks OxyR regulation
ot ahpC expressicn physiclogical responses suggested
that fine tuning of gene regulation is important to the cells.
In the mutant, the gene basal tevel of expression was not
sufficient to protect cells from oxidants generated intra-
cellularly, as reflected by a slower aerobic growlh rate.
This deficiency was maore pronounced when the mutant
was challenged with organic peroxide.

Experimental procedures
Growth, culture and oxidant kifling conditions

All Xanthomonas strains were grown aerobically in SB
medium at 28°C. £. coli strains were grown in LB at 37°C.
For Xanthomonas, the following concentrations of antibiotics
wereg used; kanamycin 30 pgml”',  erythremycin
100 ng mi~'. To test the effects of oxidants on the growth
rate of Xanthomonas, overnignt cultures were diluted into
fresh SB medium to give Agsp of 0.1. The cultures were
allowed to grow for 1 h before oxidants were added to give
desired final concentrations. Growth was menitored spectro-
photometrically at Asgo. The Killing zone method for determin-
iIng the sensitivity of a strain to oxidant killing was performed
by adding 10® log phase cells to 3 ml of warm top SB agar.
The mixture was poured onto an SB agar plate. Then, 6 mm
paper discs containing 7 wl of desired concentrations of
oxidants were placed on the cell Jawn. It was essential to use
cells from similar stages of growth. as levels of resistance to
oxidant killing in Xanthomonas vanes with stage of growth
{Vattanaviboon et af, 1995). Zone of growth inhibition was
measured after 24 h incubation.

Nucleic acids isolation and analfysis

Genomic DNA extraction from Xanthomonas strains and
Southem blot expenments were performed as described
previously (Mongkolsuk et ai.. 1996). Total RNA was isolated
using the modified hot acid phenol method {Mongkolsuk et al.,
1996). For Northam blot experiments, RNA samples were
separated on formaldehyde agarose geis and subseguently
capillary transferred to nylon membranes. Radioactive
labelled ahpC probes were prepared from polymerase
chain reaction (PCR) fragments containing the ahpC coding
region {Mongkolsuk et af. 1997). PCR fragments were
puritied from agarose gels and radicactively labelled using
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2 commercial random pnme kit with [a-*P}-dCTP. The
orobes were boided and added (o hybridization bags.
Prenybridizanon. hybndization and washing were pedqrmed
unger hign-stnngency conditions as descnbed previously
iMongxrolsuk et ai.. 1996} 7

Primer axtension experiments were carmed out 10 deter-
mine ahol transcription start stes (Starz and Altuvia, 1994).
PE1 pamer (5 -TTGCCGTTGTGGRTACGCATT-3') lecated at
nucleotde position 80~99 of anpC (Fig. 51 was labelled with
T4 polynucleonde xinase and {y-*P]-ATP. The labeiled
pnmer was annealed with 5 pg of total RNA and incubated
further at 50°C for 30 mn. Then, 200 units of Superscript Il
MMLYV reverse lranscriplase was added o the reaction. and
ncubation was continued at 42°C for 60 min. The extension
products were analysed on séguencing gels next to

sequence ladders.

Purification of OxyA.

Plasmid pOXX {Mongkolsuk et al., 1998a) containing oxy}
was used as a tempiate in PCR reactions with primer A {5'-
CGTCTAGAAGGCTGCTGCATAT-3) and primer B {(6'-
TTGTCGACAGCCGCAACCGCCTT-3"), which covered the
5" and 3' regions of the gene respectively. The 840 bp PCR
products were digested with Sad and Xbal and claned into
pCYB4 (Biolabs) digested with Xhol and Xbal. The recompi-
nant plasmia ptNT-oxyR was transformed into an E. coli
GSO8 (oxyR <kan"=). The OxyR fusion to intein was
venfied using both anti-intein and anti-OxyR antibodies. For
punfication of OxyR, GSO8 harbouring pINT-oxyR were
grown in LB to log phase and induced with 2 mM IPTG for 6 b
at 28°C. We found that induced expression of oxyA at 28°C
gave better product yields. Cells were pelleted and washed
once with Tris buffer, pH 7.8. The pefiet was resuspended in
binding buffer (20 mM Tris, pH 8.0. 500 mM NaCl and
0.1 mM EDTA) plus 0.1% Triton X-100 before being
somcated on ice. A clear lysate was obtained after
cemntrifugation at 10 000 g for 10 min, and it was used to
bind to chitin beads for 30 min before the mixture was loaded
into a colurmn and washed extensively. Bound fusion OxyR
protein was cleaved by incubating the column content in a
cleavage buffer (binding buffer pfus 300 mM DTT) ovemight
at 4°C. Fusion protein was eluted by washing the column with
cleavage buffer. and 0.5 mi fracticns were collected. These
fractions were analysed by SDS—PAGE gels, and fractions
that contained a high concentration of purified OxyR protein
were pooled and dialysed against the binding buffer at 4°C
avermght. OxyR protein purity was greater than 90°: judged
by SDS~-PAGE.

Gel shift and DNase | foolprinting

Both gel shift and DNase | protection experiments were
pertormed as descrbed previously (Storz and Altuvia, 1994).
End-lapelled DNA fragments (205 bp) were used. Radio-
actively labelled DNA fragments were prepared by labelling
prmer PET with (v->PY-ATP and T4 kinase. The labeiled
onmer was mixed with plasmid pKSahpC and a second
unlabelled pnmer 127 (53-TAGGATCCACTGCGACTG-31 in
PCR reacuons performed for 25 cycles. The 205 bp labelled

products were purified from agarose gel and used in gel shift
and DNase | footprinting experiments. For DNase | footprint-
ing of the top strand, primer 127 was end labelled with
{v-2PJ-ATP and T4 kinase. The tabelied primer was mixed
with pahpC and primer 213 (5'-CCGACCTTGCGACGAA-3))
in PCR reactions. The 746 bp PCR products were then
cleaved with Nael, end labelled with a 270 bp fragrment
purifiad from agarose gels and used in ONase | footprinting
experimants.

The gel shift reactions were performed by adding 3 fmaol of
tabelled probe to TM buffer (50 mM Tris-HCI, pH 7.9,
12.5 mM MgCl;, 20% glycerol, 1 mM EDTA, pH 8.0, 0.1%
Nonidet P40 and 100 mM KCl). Purified OxyR was added to
give a final concentration of 0.5 x TM in 25 pl. To assay
OxyR binding under reducing conditions, 200 mM DTT was
added to hinding reactions (Storz and Altuvia, 1994). For
ONase | protection assays, the same labelled fragment and
OxyR binding conditions were used as described in the gel
shift assay. After 10 min incubation, 25 i of Mg?~ and Ca?*
and 0.5 U of DNase | were added. The reaction was
continued for 1 min before 200 wl of a stop solution (20 mM
EDTA, pH 8.0, 1.0% SDS, 0.2 M NaCl and 250 pg mt™*
IRNA) was added. The mixture was extracted with phengl—
chloroform and ethanol precipitated. Dry pellets were mixed
with a sequencing loading buffer and loaded onto a
sequencing gel. The DNA sequence ladder was performed
using fmoi® sequencing Kits {(Promega) and radioactively
labelled prirner 192 on pKSahpC template.

Molecular cloning of ahpC and promoter analysis

Study of regulated promoters on a multiple-copy promoter
probe vector often leads 1o deregulation of the promoter
caused by titrating out a limited amount of regulatery factors.
To avoid this problem, ahpC promoter activity was monitored
in ceils with transposons containing ahpC promoter fused ta a
reported gene integrated into the chromosome. PCR frag-
ments (895 bp} containing Xp ahpC trom —208 to +687 bp
were cioned into pBluescript KS. The PCR primers corre-
sponding toc 5 (5-TAGGATCCGGCGAAGCAACTG-3" and
3 (5-GTAAGCTTCCGGCACCGGCTC-3") of ahpC were
added to 0.5 ug of Xp genomic DNA, dNTP and buffer and
amplified using the following conditions; 96°C denaturing,
60°C annealing of primers and 72°C extension of polymerase
reaction. Taqg polymerase (2 U) was added at the start of the
reaction. PCR products were purified and cloned into pBlue-
scnpt KS. The recombinant plasmid pKSahpC was trans-
formed into dam™ E. coli. The promoterless chioramphenicol
acetyltransferase gene {caf) from pSM-catl (Mongkolsuk
et al., 1993) digested with BamHI and BgAl was gel purified
and cloned into pKSahpC digested with Bcfl. This resuited
in a new recombinant plasmid pKSahpCcat containing an
ahpC—cat transcriptional fusion. The plasmid was then
digested with Xhol—Hindill, and a 1.7 kb fragment containing
the ahpC-cat fusion was cloned into Sad—Hindlli-digested
pUC185fi, resulting in pUC188Sfi-anpCcatt (De Lorenzo and
Timmis, 1994). A second construct containing the Clal dele-
tion was made by digesting pUC18Sfi-ahpCcat1 with Clal. It
was then gap filled with ONA polymerase and Smal, foilowed
by blunt-ended ONA ligation. This resulted in pUC18Sfi-
ahpCcat2. The ahpC-cat fusions in pUC18Sfi were cloned
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into a mini-Tn5 vector pUTTnSlacZ1 (De Lorenze and Timmis,
1994). pUTTnSlacZ1 was then digested with SA. The vector
portion containing a mini-Tn5 and a selectable marker was gel
punfied and ligated with the Sfl fragments containing ahpC—
cat from Sfi-digested pUC1t8Sfi-ahpCcatt or pUC18SFi-
ahpCcat2. This resulted in two new recombinant plasmids
pUTahpCcatl and pUTahpCcat?. These plasmids were
transtormed into E. coli S-17xpir (Tp™ Sm™ recA. i, pro,
hsdA™M™ RP4:2-Tc:Mu:Km®™ Tn7, Apin and subsequently
conjugated inte X. campestris pv. phaseoli. Conjugants were
selected for Rif" and Kan®™ and scored for carbeniciline
sensitivity. To determine the n vivo ahpC promoter activity,
cells containing TnCP1 and TnCP2 were grown under
uninduced and menadione-induced (100 M) conditions.
Cat levels were monitored using Western blot analysis with
an anti-Cat polyclonal antibody. Experiments were repeated
four times.

Construction of an ahpCE mutant

ery” derived from pE194 was digested with BamHl and
EcoRV followed by gap filling with DNA polymerase !. The
blunt-ended 0.9 kb fragment was gel purified and cloned into
the Clal site (Fig. 5) of pahpC4.1 (Loprasert et al.. 1997),
resulting in pahpCE, which conferred Ap® and Ery®. pahpCE
was electroporated into X. campestris pv. phaseoli using
previously described conditions (Mangkolsuk et af, 1397).
Ery™ could arise from a single recombination of the plasmid
with the chromosome. Transformants were selected for Ery"
and scored for Ap®. Several putative ahpCE mutants were
characterized at both Southem (data not shown) and
Westemn levels. One of the mutants that showed correct
restriction enzyme patterns was selected for physiclogical
analysis.
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Catalase has a novel protective role against
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The abiiity of Xanthomonas campestris pv. phaseoli to protect itself against
lethal concentrations of man-made (N-ethylmaleimide, NEM) and
endogenously produced (methyiglyoxal, MG) electrophiles was investigated.
Pretreatment of X. c. pv. phaseoli with a low concentration of NEM induced
protection against lethal concentrations of NEM and MG. MG pretreatment
weakly induced protection against NEM but not against MG itself. NEM-
induced protection against electrophile killing required new protein synthesis
and was abalished by the addition of a protein synthesis inhibitor, By contrast,

MG-induced protection against NEM killing was independent of de novo
protein synthesis. X, ¢. pv. phaseoli harbouring an expression vector carrying a
catalase gene was over 100-fold more resistant to MG and NEM killing. High
expression levels of genes for other percxide-protective enzymes, such as
those for alkyt hydroperoxide reductase (ahpC and ahpF) and ohr, failed to
protect against electrophile killing. Thus, catalase appears to have a novel
protective role(s) against electrophile toxicity. This finding suggests that in X.
c. pv. phaseoli NEM and MG toxicity might involve accumulation and/or
increased production of H,0,. This idea was supported by the observation that
addition of 10 mM sodium pyruvate, a compound that can react chemically
with peroxide or hydroxyl radical scavengers (DMSO and glycerol), was found
ta protect Xanthomonas from electrophile killing. The protective role of
catalase and the role of H,0, in electrophile texicity are novel observations and
could be generally impaortant in other bacteria. In addition, uniike other
bacteria, Xanthomonas in stationary phase was more susceptible to
eiectrophile killing compared to cells in exponential phase.

]

| .
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INTRODUCTION

Xanthomonas spp. are important bacteral plant
pathogens. In the environment and on plants. bacteria
are exposed to a variery of chemicals, some of which
could modulate bacterial physiological responses.
Increased production and accumulation of reacuve
oxygen species, including H,O,, organic peroxide and
superoxide anions, are imperrant components of planc
active defence responses to microbial invasion (Levine et
al., 1994; Sutherland, 1991). Exposure 1o low concen-
Xrations of peroxide and superox:de anions atfects the
*presantad ess—:OepTa'Frme_nt'ofE'igre_cT\no@y, F3culty of Engingering,
saka University, Qsaka, Japan.
Abbreviations: MG, methyiglyoxal; NEM, N-ethylmaleimde: S8. Silva-
Buddenhagen.

stress responses of Nanzlroronas spp.in compiex wavs
{Loprasert e al., 1996; Mongkoisuk ¢¢ ai., 1997b,.
These alteranions in phyvsioiogical responses could atfect
disease progression and outcome. Undersianding com-
plex bacterial phvsiological processes not only con-
tributes to our understanding ot parhological processes
but alse might reveal new rargets tor drug development
to concrol bacrenal proliteration,

[n nature. bacteria are exposed ro toxie ziecirephiles
both from wichin the cell and trom their environment.
Methvlglyoxal (MG) s the major electrophile produced
intracellularlv bv bacrerial cells. Millimoiar concen-
trations of MG are produced during growth under
certain conditions (Ferguson et al., 1998b. 1999}. In
addition. electrophiles are reieased into the environment

0002-4295 & 2001 5GM
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mn the torm of herbicides and chemicals used 10 the
poultry indusery (Stevens e al.. 1995 Zablotowicz et
a2l 1995). The toxicinies of these compounds are helieved
to stem from their interactions with nucleophilic centres
of macromolecuics. Electrophiles react with amino acid
residues such as argimine. ivsine and cvstene Lo er al.
1994}, These compounds are known also 10 react with
DNA and are highiv murtagenic (Ferguson oer ol
1998a: Ferguson er .l 20000, Electrophifes must he
rapidly detoxined to prevent cellular and wenete dJam-
age. In bactenia. MG and NEM deroxincatnion involves
giutachione. MG s detoxitied by giutathone-dependent
glvoxalase svscems (Ferguson er af. 1995 MacLean ot
2f..1998). In addiuon, both MG and NEM glutathione
adducrs acuvate the porassium transport svstem, XetB,
KefC. resulung n aadificanion of the cveoplasm and
protection against ¢lecrrophile killing (Ferguson er a1l
1995).
L

Recently, we have shown thar electrophiles such as
NEM ¢an modulate the oxidative stress responses 'n
Xanthomonas spp. Mongkolsuk et 3L, 199™:
Varranaviboon er al,, 1999, Exposure to [ow concen-
tractons of NEM was shown to induce high levels ot the
peroxide-scavenging enzymes alkyvl hvdroperoxide re-
ducrase subunic C and cacalase in an OxyR-dependent
manner. This gives high-level protectnion against per-
oxide toxicity. Exposure of bacteria o low conden-
trations ot some compaunds can induce proecuon o
subsequent exposure to lethal concentranons or tae
same compound {adapuve! or of other non-reiated
compounds {cross-protecuon;. These responses are
imporrantsirategies for oacrerial survival under stressiu!
conditions. Thus, exposure to electroptules will arfecs
various phvsiological processes. Here, we determined
the etfects of pre-exposur: o low concentrations ot
elecrropniles on the response to subseguent exposure 1o
lethal concentrauons ot electrophiles. A novel protect:ve
mechanism against electrophile toxicity was also invesn-
gared.

METHODS

Bacterial growth conditions. All Numthomonas compesirs py
phaseoli strains were grown aershically in 3B Silva-
Buddenhagen) medium (Mongkoisuk er.zi., 1996 2028 7 T
ensure svnchronous exponenual growrth. overnight Cuitures
were subcultured into fresh SB medium 1o give OD.,,, o1 2 |
Bacrerial growth was monitored spectrophotomerricaity ac
OD g using 3 MAKE AND MODEL TO BE ADDED
spectrophotomecer. Exponenual-phase cells QD4 ot 975,
after 4 h of growchs and stauonarv-phase ceils OD Gy, ot 33
atrer 24 h of growth; were used in experiments, as ndicared.
Quantitative determination of resistance levels to oxidants.
The induced adaptive and  cross-protection  tesponse
expeniments were pertormed by adding either G017, wo v
MG, 100 uM NEM or 160 uM odoaceramide to exponennal-
phase X. c. pv. phaseols cultures. The cultures were allowed 1o
grow for 1 h before aliquocs of cells were treated with lethal
concenrrations of MG (0-'1% w/v) or NEM (1.0 mM). At the
indicated imes, samples were removed and washed rwice with
tresh SB medium before cells were plated on SB agar. Colonies
were counted after 36 h incubation a2t 2§ °C. Surviving

tracnions are dehned as the number ot ¢ f.u. recovered afrer the
treatment divided hv the number of ctu. prior w the
trearment. Totest the efect of sodium pyruvaie on electrophile
kiiling. expenmenss were performed as desenbed. =xcepr thar
cells were plated on 5B agar with and withour 10 mM sodium
pryruvate, The offecss of hvdroxvi radical scavengers aere
determined  as previously  Jeseribed  Vartanaviboon &
Mongkotsuk, 1998} by expasing X 2. pv. phaseoli cultures o
protecaing concentrations of DMSO 04 ML and giveeral
10 AL for 30 mun prior o exposure 1o lethal concentrations
oF NEM 1D mAM). All experniments were repeared at Jeast four
tumes and means and standard Jdeviations are shown.

Qualitative determination of levels of resistance to lethal
concentration of NEM, The levels of resistance against a lecha)
concentranon of NEM was qualitanvely determined by using
the mmbibinon zone metnod  Mongkolsuk er 2, 2000,
Exponenual-phase cells 19" c.tou. ml™ were mixed with SB
top agar and overiaid onte 5B agar plates. Then 6 mm
drameter alter paper Jises soaked with Ful of 10 mM NEM
were placed on top of the Nantionmionas ceil lawn. The zone of
growth :nnibition was measured afrer 24 h incubation.

Catalase activity gel and assays. Tortal caraiase acuvity wasg
assaved as previously descnibed (Mongkolsuk er af, 1996).
Preparanion ot cell lvsates ror enzyme 1ssavs and catalase
actiity geis were prepared according to Mongkoisuk er all
19965, Essenuallv, ceils were pelleted and washed once with
S0 mA sodium phosphate burter oH 70 and lvsed bv brief
sonivation foilowed by ventrifugation at 10660 g for 10 min.
Cleared lvsates were used for enzvme assav and catalase
aciviey zels. Caraiase sozvmes were visuabized on native
PAGE gels as Jdesenbed »v Vatanaviboon & Mongkolsuk
2.0 After ciecuopnorest gels were smmersed at room
temperature for 45 mun n 2 mM sodiem phospnate butfer
~H 0 contauning 30 ug miT! horseradish peroxidase Sigma)
and rhen 0 S0 mAt sodwm phosphate butter pH T 0 con-
tunine oM HLO, tor 10 aun, funtsequentiv, each gel was
washed fwice and Anaily created wien 3 mg ml™t dramino
Senzidine. taraiase acinory appeared as colourless bands
awamst o Jark frown cacxaround.

RESULTS AND DISCUSSION

Adaptive and cross-protection responses 1o
electrophiie kiiling

The srect of protreatment of No o PV DASEOL WIHLE 10W
CONUEnIranons o £.clITornLes ONsurvivai o subseguent
chabienoe warh lethal coocznmatons of the chemicals
was avesuated. Twvo modet slectirophiles were used in
tne studv, NEML 0 oanomade awent, and MG an
endoyenousiv ceneratea vompound. Pretrearment of X,
copy. pbasesa wioh 108 0M O NEM induced 3 more than
100-toid increase tn resistance when cells were subse-
quently exposed o a lethal concenrranion 10 mMY of
the same compound *Fre. 1ar By contrast, pretreatment
ot the bacrerta with 00t w v MG Jdid nort :nduce
proteciion against 4 'ernai concentrauon ot MG (Fig.
Lot Severai orher pretreatment concentranons of MG
were also tested, none o which induced protecuion
against MG killing {data not shownd, The abidity of the
clectrophiles 1o induce  cross-protection  agatnst
exposure to cher lethal concentranons was also invest-
gated. The results 1n Fig. b} show that NEM pre-
(reatment gave some prorection to X. ¢. pv. phaseoli

2



Electrophile-induced cell death in Nanthontosnas

(a)
Fig. 1. Electrophile-induced adaptive and
cross-protection  respenses  in X, ¢ pv.
phaseoli. Effects of pretreatment with
100 uM NEM alone [in {3) and (b); Al and in
the presence of 150 pg ml-?
chloramphenicol [in (3a) and (b); <], 100 uM
DTT (in'(a), A) or 001% w/v MG alone [in
(¢) and {d); O] and in the presence of 150
pg mi~' chloramphenicol [in {d); <] en
subsequent exposure to 1-0 mM NEM [in (a)
and (d)] and 01% w/v MG [in (b) and ()]
compared to urninduced cells [in {(a}, (b), (&)

10!
10°
S 109
o] [
2 g
= [
.C>. 107"
=107
5
wi
1073 1077 ¢
10~ . " " 103
10 20 30
1
10 10!
. 100
c N0
2
10°
- 107!
A=
2 1072
2
1 -2
0 1073 E
10-3 - . . o= { .
10 20 20 10

Time (min)

Time {(min)

and (d); ). Experiments were performed as
described in Methods. Values are means of
four replicates and error bars indicate $0.

30

against MG xilling, Conversely, pretreatment ot X c.
pv. phaseoli cultures with 0017 w. v MG nduced 2
small {approx. 10-fold’ increase 1n resistance to NEM
killing (Fig. 14).

In Escherichia coii, ovioplasm  acidificauon conters
protecuion againstelectrophile killing and s independent
of de novo prote:n svnrhesis ‘Ferguson et a2l 1993).
Accordingly, we tested whether the electreophile-induced
protection responses to MG and NEM killing required
new protein svathesis. Adapuve and cross-protection
experiments were repeated with addinon of chlor-
amphenicol at 130 ug mi™' {1 concentranon of drug
which has been shown o inhibic protein synthests in
Xanthomonas spp. (Mongkolsuk et al., 1997b}]. NEM
did not induce resistance to MG and NEM killing 1n
chloramphenicol-treared culctures (Fig. 1a. bi. This
suggests that the NEM-induced adaptive and cross-
protection responses require de novo protein synthesis
and probably result from NEM-induced expression of
stress-protective genes. By contrast, MG-induced pro-
tection against NEM killing was not atfected by addition
of chloramphenicol (Fig. 1d), implying that new gene
expression was not required. The dara clearly show thac
MG and NEM induce different protective responses to
electrophile killing.

The different electrophile-induced adaptive responses
were unexpected. They suggested that X. c. pv. phaseoli

has evolved the ability to mount an adaprtive response
against a man-made efectrophile NEM but not agawnst
an endogenously produced one, MG. The ability of
NEM ro induce hugh-level protection against both MG
and stself implied thaticis a potent inducer of a pathway
which can detoxify both NEM and MG. In contrase,
MG 15 rot an inducer of this detoxificauon pathway(s)
and s unable to confer procection against itself. Since
MG-induced protection against NEM was found ro be
independent of new protein synchesis, MG probably
effects some modificanon of existing cellular com-
panents that resules in an increase in resistance to NEM
killing. A likely mechanism tfor MG-induced resistance
is via the KefB/KefC svstem induced by MG/
glutarhione conjugates, resulting 1in cytoplasmic acidi-
ficanion and protection against NEM killing (Ferguson
etal., 1995, Ferguson, 1999). This process is independent
of new protein synchesis (Ferguson et uf., 1993). In
Xanthomonas, unlike E. coli, cytoplasm acidification is
not sufficient to confer protection against MG toxicity,
as shown by lack of MG-induced adapratien. In
addition, the inability of MG to iaduce high-level
protection against electrophile killing could be due o
the ability of the bacteria to merabolize MG effectively.
This could prevent the incracellular concentration ot
MG from reaching the critical level required to activarte
a protective pathway(s), while NEM is more siowly
metabolized ; so its concentration could increase rapidly

3
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Fig. 2. tffects of high-leve! expressicn of various Seroxige sirass
arotecuve genes cn NEM and G kiling X 70 Dv. ohaseq
strains harsouning the axpression vector pUFRGAT alcme | 1) or
containing genes .nvolved in peroxice protecucn, fatalase
(pkat, ). alkyl rydroperoxide reductase C and F supunits
(pahpCF., W) and Chr (pohr, A} were Ttreated witn lethal
concentrations of either NEM {a} or MG (b).

t0 the level needed 1o induce the protecrive pathways,
The data show that in Nuanehomonas, NEM and MG
roXICIY Arise from several routes and there are protecnuve
pathwavs igainst these compounds. Vanaoon o the
abiity of each ::u_crropmie 1o induce 2 proteciive
responsels) s likelv o have sigmboant povsoicmeal
erfecrs.

Catalase has important protective roies against
electrophile killing

We were interested 10 Jerermine [he mMechanisms re-
sponsible lor induced adapuve and cross-prorectien
responses to MG and NEM mllm We nave snown thar
eXpOosure of Nanrhononds Spp. 10 /oW ConCentrations of
NEM induces  cross-protecuion o H,O,  kiling
Nattanavibeoon ¢ /.. 1999 NEMNM jnduces 3 more than
t0-foid :ncrease ineach of the peroxide- scavenging
enzyvmes. catalase and alkyl Avdroperoxide reductase
seburat O AhpCin an OxvR ca zeroxide sensor anc
FTARSCIIDTION rezulator-dependent manner
Sattanaviboon ol 1999 This mechamsm o okeiyv ro
o responsidle tor NEMamduced cross-resistance ro
peroxide kalling. We have observed that 3 N o pyv.
orasecir HL,O L -resistant murane has 1 more than 200
tord increase .o Doth cataiase and aikvi hyvdroperoxide
reducrase acoviiies and s more TESISTANT [0 NEM Liiling
Fuangrnong & \Ionzhowu\ IS97 2 codd strams with
SUPPIessors of JxyA MUTING Which nave nigh levels of
caralasz and \lma. show reduced suscepuibriny to NEM
silling Greenbery & Demple, 19580 We sdspect that
peroxide- sCavenging ¢nzymes migne n;ip protect against
clectrophile xails ng. We rested this idea by det ermining
tne resistance ievels 1o MG and NEM kil ng:n X, pv.
phaseolr harbouring recombinant piasmlas contamning
genes for peroxide-scav enging enzvmes. X. ¢, pv.

Fig. 3. NEM-induced Kat! Catalase activity 32t displaying the
form of zatalase nduces oy C00 M NEM UNEMY for 1 h in
exponent:al-chase lells alsc shown are atalase profiles of
extracts of wrinducad ceils from exponential chase {Uninduced)
ana from statvonary pnase ‘Statiernary). Protemn (80 ug) was
loaded :nto each 'ang ang -atalase sCety was detected as
descrnibed in Methocos.

phaseol: harpouring oUFRUST wvecior alone:, pahpCF
‘conratming genes [or uRvi hveroperoxide reductase C
and F ~urcuni:s. .-r'mt',' ina 2 pF Loprasert ez af., 1997,
Mongkoisak » 4l08NT L skar ornimmming the mono-
unenonai Jitalase rN Mangkolsuk er al.,
CONIaI lene Jonierning organic
peroxide resierancs Monckonow oo 199831_,! were
treated cvicth rernal cond crs 00 MG oand NEM
The zesules Frol 2 =aowed tnat onlv cells
CXPIEssiny MEh wwveis wWero protected from
MG :nd NEM Xibing Siab-iove gxpression oI genes
zvmes tested had no
Jltalase o protect
sid NEM iling s 3 novel
smrortant in orher

1996 ronr

for all uther peroxtdessoaven
orofeciine ooedt Dhoe bl oo
pacrenia: cotls acainet MG
ANdIng g coul two lenerav
bacraria,

QUT fustily ~30w Tnar o conconitations of NEND are
POTERT NGV ST F Droloo g DIInA 2ty 10 anst glectro-
phte x:llng and oo - Lotaiise covme Frgs laloboand
3o There appedars o so oo o renween the

T0 itdues Catailse and o induce
sie. The rdea was

abimnes orelecrrorniies
Profectivn Jadiist sievirophig b

furtner tested oy ¥ s zrTolis o pretreatment
of Xoo ooy hen witn MU0 Laralase acnvity.
Severslirduang coneentratens o MG were tested. MG
dia nor samipoan SWINCC Catilase SToany Of the
CONCENITANONs fusicd Gali noCsnow s © T nus. the abilicy
of NEM to nduce Jardiase carreiztes warh s abiliry to
imduce resistangs to MO ana NEML 0 conrrast. MG s
unable ro induce caralase and Joes noc:nduce protection
against atselt. MGonduced resistance against NEM
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killing was independenrt of new protein synthesis and
appeared 1o involve some other protective pathwav(s)

There are at east two monofuncrional caralases and a
bitunctional catalase/peroxidase in X, c. pv. phaseol:
(Varranaviboon X Mongkolsuk. 2000). We have de-
termuned that NEM did nor nduce bifuncrional
catalase/peroxidase {data not shown). Thus, 1t was
considered important o derermine the form of mono-
tuncrional caralase induced by NEM. Analvsis of
catalase acuvity gels showed that Kacl, the major form
of catalase in N. ¢. pv. phaseoli. was induced by NEM
(Fig. 3). This inducuon was abolished in an oxvR
mutant (Mongkolsuk ez /., 1998b1. MG did nort induce
Katl (data nor shown). Addiuonal evidence for the
correlation of catalase induction and induced resistance
to electrophile killing came from the observaton thar a
Xanthontonas oxyR mutant (Mongkolsuk et al., 1998b)
that could not induce cactalase was more sensitive to
NEM killing than was the parent strain. The parental
strain had a zone of growth inhibition caused by NEM
of 27°0 mm, compared to 30-5 mm for the oxyR mucant
(zone ot inhibition experiments were performed as
described in Methods). These daca swrongly support che
conclusion that Katl is responsible for resistance to
eleccrophile killing. Nonetheless. we have not been able
conclustvely to establish the role of Karl in the mech-
anism of protection against electrophile killing due to
the lack of a knock-out mutant in the gene. Experiments
are in progress o isolate the gene and construce a karl
knock-our murant.

These observarions raised the question of how catalase
protecrs cells from electrophile roxiciry. H,O, is the only
substrate for monofuncrional caralase. It is unlikely that
the enzyme can react directly with either MG or NEM,
suggesting that MG and NEM toxiaty might retlect
accumulation and/or increased producuon of H,O,.
Studies on MG and NEM toxjcity in other bacteria have
not conclusively shown that H,O, is involved in
electrophile-induced rtoxicitv (Fergusoa et al., 1995,
1998a; Ferguson, 1999). Nevercheless, there is evidence
that oxidacive stress might be involved in electrophile
toxiciry. For example, expression of an oxidauve stress
protective gene (dps) has been shown to increase
resistance to electrophile killing {Ferguson et 2., 1998a).
Support for the role of H,0, in electrophile toxicity
came from two observarions. First, addition of 10 mivl
sodtum  pyruvate {a compound that chemically
imacuvates peroxide (Narth et al., 1995)] o the growth
medium increased X. c. pv. phaseoli resistance levels
more than 100-fold to MG and NEM killing (Fig. 4).
Secondly, H,0, killing of bacteria involves production
of highly reactive hydroxy! radicals. [n Xanthomonas,
compounds which absorb hydroxyl radicais protect cells
from H,O, killing: (Vatranaviboon & Mongkolsuk,
1998). The effects of hydroxvi radical scavengers
(DMSO and glycerol) on NEM killing was investigated.
The results in Fig. 3(a) show that both DMSO and
glycerol produced around 10-fold protection against
NEM killing. The question as t0 how exposure to NEM
or MG leads to an increase in the level of H,0, remains

Electrophilesinduced cell deach in Nanthamonas

obscure. Electrophiles are known to react with amine
acids 10 proteins, especially wich cystemne residues Lo ot
af., 1994), Many peroxide-scavenging enzymes, such as
alkyl hvdroperoxide reductase or the regulator or che
peroxide stress response OxyR, have cvsteine restducs ar
their active sites {Loprasert er wf., 1997 Mongkolsuk «
al., 1997a). Thus, clectrophiles could react directiv wich
cysteine residues ar active sites of these proteins and
mnactivate their biologreal funcaons. This,inturn, would
reduce the cell's ability to detoxify toxic peroxides,
leading to intracellular accumulation of these com-
pounds. Glurathione 1s an imporrant component of
electrophile-detoxificanion systems. High levels of gluca-
thione have protective effects against slecrrophile tox-
icity (Ferguson er al., 1995). Electrophiles could lower
the rario of reduced versus oxidized glurathione. De-
pletion of glurathione would direcrly affect the rate of
clectrophile metabolism. electrophile resistance levels
and the redox balance of the cell. The condition not only
reduces the rate of electrophile metabolism and the
associated resistance level but also the inducing oxi-
dative stress condition{s}. These factors mighr be
expected to combine to increase intracellular concen-
trations of H,O,. Thus, a thiol reagent such as iodo-
acecamide that causes depletion of glutathione (Kondo
et al., 1987) is expected to affect electrophile killing of
the bacteria. Xanthomonas cultures were pretreated
with 100 uM iodoacetamide prior o exposure to lethal
concentracions of NEM. The results clearly showed thar
iodcacetamide induced high-level {1000-fold) protection
against NEM killing (Fig. 5b). lodoacetamide caused
over 10-fold induction of total catalase activity (data not
shown). [n addition, we observed that a reducing agent
such as DTT parnally reversed the effects of NEM-
induced protection against itself (Fig. 1a). Thus, in cells
that produce high levels of catalase, or when grown in
media with high levels of pyruvarte or hydroxy! radical
scavengers (DMSO or glveerel), H.O, accumulation s
prevented. This resuits in the observed increase
resistance to electrophile killing.

Growth-phase-dependent resistance to efectrophile
kiilling

[n the environment, bacteria have a short period of rapid
exponenrtial growth when nutrients are plenutul tol-
lowed by a long stationary phase during snurrient
limitation. The abtlicy to survive stresses Jduring che
stationary phase is important tor bactenia in the en-
vironment. Bacrerial scress resistance varies greatly with
growth phase (Vattanaviboon er al., 1993; Ferguson et
al., 1998a). In general, stationary-phase cells are more
resistane than exponenual-phase cells to a vaniery of
stresses. Moreover, the level of stanonary-phase stress
resistance often does not correlate wich the Jevels of
known stress-protective enzymes, suggesting that other
factors such as alterations 11 meobrane structure,
altered metabolic activity 2nd non-specific DNA-bind-
ing proteins are more amportant {Ferguson et al..
1998a; Martinez & Kolter, 1997). Here, we iavestigated
MG and NEM killing during exponennial and stationary
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= 1073
s B Y——3 | FE
2o 10-3 Fig. 4. Effects of addition of 10 mM
10 pyruvate an NEM and MG killing. X. c. pv.
» phaseoli were treated with 1-0 mM NEM (a)
10-5 10 or 01% wiv MG (b). At the indicated times,
samples were removed, washed twice and
106 . ; 10-5 ) ! f plated on 58 agar with 10 mM sodium
10 20 30 10 20 30 pyruvate {@, W) or without addition (O, ).
Values are means of four replicates and
Time {min) Time {min) error bars indicate sD.
10!
(a} (b)
100
c
k=) . e e et e e e e
% 10 Fig. 5. Effects of hydroxyl radical abosorbers
= and a thio! reagent on NEM killing, In {(a),
2 exponential-phase uninduced celfs of X. .
E 1072 pv. phaseoli were treated with 10 mM NEM
g in the absence (), or in the presence of
2l hydroxyl radical scavenger, 1-0 M glycerol
R (A) or 0-4 M DMSO (). 'n (b), X. c. pv.
10 phaseoti cuitures were induced with 100 uM
iodoacetamide for 1h (V) or grown
- uninduced () prior to exposwe to 10 mM
10 ; ! N . ! ) NEM. Growth and electrophile killing
10 20 30 10 20 30 conditions were as described in Methods.
Values are means of four replicates and
Time {min} error bars indicate 5D.
10!
10°
c
% 10—\
e
g 1072
s
2
Fig. 6. Growth phase variation in resistance
1o levels to NEM and MG killing. Exponential-
phase (C, ) or ststionary phase (@, W)
cells were treated with 1-0 mM NEM (a) or
1075 01% wiv MG (b). Growth and electraphile

10 20 30 10 20 30 killing conditions were as described in
- . . Methods. Values are means of four
ime (min) Time (min) replicates and error bars indicate $D.

killing, a finding 1n contradiction to previous reports
(Ferguson er al., 1998a). In E. coli, resistance 1o
electrophile killing was found to increase during station-

phases. The results presented in Fig. 6 show thar
stationary-phase cells were over 100-fold more sensitive
than exponential-phase cells to both NEM and MG
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ary phase ‘Ferguson eral., (9982, The nroduc:s o zenes
in the 7pos regulon and 3 non-specine DN A Ainding
protein ‘Dps; have heen shown o contrbure ¢ the
staionary-phase  eleciropniic  resistance  shenorype
(Ferguson er i 19952 . [n f{.nm’;rmzmz.::..sncrrn-s:r:'
sensitvity to electrophiie killing during staniosare onase
cou!d be due 1o 1 Jdecrease in the sorai caraase jevel
Unlike other bacteria. in Nanthomonas tora) z2talise
acuvity decreases in the statonary phase "Loprasers or
al., 1996). .—‘malyys of vatalase acovity gels loaded with
lvsates prepared from a X. ¢. ov. phaseoli culture during
exponential and stationary growth phases shows that
the acuvity of rthe major form of monofuncionai
caralase (Kacl) decreased as cells entered statnonary
phase. Even though a minor form of zrowth-phase-
regulated caralase KatE increases during stationary
phase {Vartanaviboon X Mongkolsuk. 2000, the in-
crease in KatE actvity did not compensate for the
decrease in Katl acuvity, resulting in 2 lower raral
catalase  acuvity during the stauonary piase
{(Vartanaviboon & Mongkolsuk, 2000'. In addiuon,
while 1n stationary phase, cells are starved of autnients.
resufung in alterations in fux through various bio-
chem:cal pathways. This, in turn, could arfect the rauo
ot glutathione to glutathione disulphide. Lowering the
availability ot glutathione not only reduces the capacity
to detoxify electrophiles but also reduces the resistance
to electrophiles.
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A Xanthromonas Alkyl Hydroperoxide Reductase Subunit C (ahpC)
Mutant Showed an Altered Peroxide Stress Response and
Complex Regulation of the Compensatory Response of
Peroxide Detoxification Enzymes
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Alkyl hydroperoxide reductase subunit C (AhpC) is the catalvtic subunit responsible for alkyl peroxide
metabolism. A \anrhomonas ahp(C mutant was constructed. The mutant had increased sensitivity to organic
peroxide killing, but was unexpectedly hyperresistant to H.O, killing. Analysis of peroxide detoxification
enzymes in this mutant revealed differential alferation in catalase activities in that its bifunctional catalase-
peroxidase enzyme and majer monofunctional catalase (Katl) increased severalfold. while levels of its third
growth-phase-regulated catalase tKatE) did not change. The increase in catalase activities was a compensatory
response to lack of AhpC. and the phenotype was complemented by expression of a functional ahpC gene.
Regulation of the catalase compensatory response was complex. The Katl compensatory response increase in
activity was mediated by OxyR, since it was abolished in an oxyR mutant. [n contrast, the compensatory
response increase in activity for the bifunctional catalase-peroxidase enzyme was mediated by an unknown
regulator, independent of OxyR. Moreover, the mutation in ahpC appeared to convert OxyR from a reduced
form to an oxidized form that activated genes in the OxyR regulon in uninduced cells. This complex regulation
of the peroxide stress response in Xanthomonas differed from that in other bacteria.

Increased rates of producuon and accumulation of reactve
oxygen species (ROS). including H.O., organic peroxide. and
superoxide. are important components of active plant detense
responses to microbial mvasion (11). In additen, normal aer-
obic metabolism ulso generates large quantities of ROS (6. 7).
For successtul plant invasion. these ROS must be rapidly Jde-
toxified. Monotunctional catalases are major H-O, scavenging
enzvmes in Nuathomonas (20), while detoxification of organic
peroxides is more compiex. We have wentfied i Xanthomo-
nas alkyl hvdroperoxide reductase venes («apC oand ahpF |12
18]} and a novel family of vrganic perovide resistance genes
(ohr [17}) which are involved in organic peroxide protection.
Alkyvl hydroperoxide reductase (AhpCF) is the best character-
ized microbial enzvme involved in organic peroxide metabo-
lism. AhpCF consists uf u catatvtic 22-kDa C subunit (AhpC)
and a reductase 32-kDa F subunit (AhpF) (19, 24). The ahpC
gene has been highly conserved in evolution and s tound in
organisms ranging from bacteria o humans (3). Inacuvatton of
ahpC in various bacterial mutants results in increased sensitiv-
ity 1o vrganic peroxide killing und to spontancous mutagenesis
(1. 3. 8. 20, 29). In addition. since mutants show addirional
alterations in oxidative stress response that range trom in-
creased sensitivity to hyperresistance o oxidative stress (1. 3.
21. 29y, we have isolated and characierized Xunthomonas
genes tor both the catalvtic (whpC) and the reductase (etitpF)
subunits (12, 16). ahpC has a unique form of regulanon in

* Corresponding uuthor. Mailing address: Laboratory of Biotech-
nology, Chulabhorn Research Institute. Lak Si. Bangkok 10210, Thai-
land. Phone: (662) 374 0622, ext, 1402, Fax: (662) 574 2027, E-mail:
skom@tubtim.cri.or.th,

7 Present address: Section of Microbiology, Comell University.
Ithaca, NY [4853-3101.
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which reduced OxyR represses uhpC expression while oxidized
OxyR activates its expression (18).

Recently, we have shown that an a/ipCE mutant with OxyR
regulation separated from hasal ahpC promotcer activity has a
lower aerobic growth rate and increased sensitivity to organic
peroxide resistance {13}, However. the lack of an vhpC knock-
oul mutant in Xunthomonas has hampered analysis of the
sene’s physiological functions and its role in pretection against
peroxide stress. In this communication. we describe the con-
struction and physiological characterization of an afipC knock-
out mutant. The mutant showed atvpical alterations in resis-
tance to peroxide killing and deregulation of genes for
peroxide scavenging enzymes.

Censtruction ot an ghpC knockout mutant. An a/ipC murant
wus constructed by integration inte Nanthomonas campesots
pv. phaseoil chromosome of @ recombinant plasmid. pKSahpCl.
Essentiallv. primers corresponding to amino acid residue num-
bers 63 10 70 and 126 to 133 of dhpC were used o amplify a
137-bp DNA tragment containing an internal coding region ot
ahpC that was subsequently cloned into pKSKm (16). The
resultant plasmid. pRSahpCl. was clectroporated into X
campesiis pv. phaseoli, and transtormants were sclected for
kKm' This vielded the uhpCl mutant. Southern analysis of
genomic DNA digested with Sacll from the mutant and
probed with the a/ip(C probe showed a positive hyvbridization
band with an increase of 3.5 kb compared to simtlarly digested
DNA from the parental serain {data not shown). This pattern
was consistent with the idea that pKSahpCl had correctly
integrated and disrupted the gene. Result's of Western immu-
noblot analysis of Ivsates confirmed the lack of AhpC in the
mutant (data not shown). .

Altered sensitivity to peroxide Killing in the mutant. The
levels of peroxide resistance n various ahpC-minus mutants
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orvanic peroaide oy, A simular phenonvpe has been abe
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complemented alterations in peroxtde reststance levels in the
mutant. The mutant harbonng pahpCl had levels of resistance
1w 1IBOOH and H.O. similar to those of the parental strain
tFoge. 1

In all bagtena thus far studied. levels of peroxide resistance
stemiticantdy inerease in the stationary phase (10 27). Thus. we
Jetermined the {evels uf resistance to peroxide killing during
rthe stationary phase. [n the stationary phase, both the muzant
and parental strains were more resistant to peroxide killing
thun in the ¢xponenual phase (Fig. 1) Duripg the stationary
phuse. the mutant was also more resistant 1o H.O- Kilhing than
the parental sirain. However. differences in stutionunv-phase
oreame peroxde ressstanee fesels between the mutant and the
parental strain were joss pronounced than differences duning
the exponcential phase. The results suggested that AhpC was
net d4n impertant factor n Jdetermining organic peroxide resis-
tance levels durimyg the stanonary phasc.

Altered levels of peroxide detoxification enzymes in the aiipC
mutant. The unusual phenonpe of the mutant prompted us to
Jdetermine the activities ol varous enzvmes involved 1in oxada-
e sress protecton and perovide detoxafication. The results
i Table 1 show ntncate changes in the activittes ot these
snavmes. The activities of aspdative siress protection ¢nzyvmes
such us superexide dismutase, giucose-n-phosphate dehvdro-
senase. clutathione reductase. and Ohr were simitar in the
mutant and the parentat strwns, In contrast, mcreased activi-
ties of the peroxide detoxificaten ennvmes catalase i3-1old)
and perovidase rTH-toldy were observed in the muiant (Table
[y, Theseancreases were Jue o nactn atson of aapC and coukd
be complemented by pahpCooTable D Thus, lack of AhpC led
(0 COMPUnsalony NCrease e awmvities ot these cnzvmes.

We huve absenved severad torms of monotunctionsl cata-
luses i Nethonnonas v using catadase actnary wels 2000 and
analysis af cloned A genes indieates that sarous forms of
culafase are products or ditferent 2enes (200 5.0 Mongkolsuh.
unpublished datas Using catalase and peroxedase activiny vels.
we have shown that the leveis of a4 muer monotunctional
Catalases Katl 12000 micreased severattold o the wAapC ~trun
compured o those i the parental ~tram 1 Fres 23 Katl ae-
counts tor over SO0 o total catalase actvin, ax judged by
analysis of catalise actvy dels o Inereased Katl acniviny
Wit responsibic lor the obsenved merease inototal catalase
acuviy cTable Dy Analvsis of peronidase activity zets showed
onlv one positnve actvee band (Figo 21 The inrensity o this
band was severaitold higher in the mutant When o similar gel
was sunped for catalase acuving. a catalase activiy band was
observed at the same position as the peroxidase acuviry band
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tFie 20 Tlos suggested that the ename sas o intunchenal
cataluse and peroxidase Tndced. most o the bactersal perosa-
Jases are bituncthional catadase-perovidiese cnzymes 199 Anald-
v of catafase and peronadase ooy veds suggested that the
bifunctional cnavme vontnibuted less than 107, o total cata-
lase activiny pdata not ~howns Thus, the T-1old mcrease in
peroxiduse actvv  Table 1 conld be assigned wonereases in
actvity ot the catabase-perosidase bituncional enzvme. The
COMPENSUTONY INUTCases 1N dinvities of hoth cnzvmes were
abalished in the mutant harcborme pahpU The lesels ar g tned
torm ot grosth-phase-reculated - monotunctonal - catakiase
CRALE |26]) were similar sn the oo stcans cdata ot shown,
Increased catatuse actvan i the mutant could aecount tor the
increased H.O. resistancs Jdurning the exponential and ststion-
ary phises.

The compensatory increases in manofunctional and hifunc-
tional catalases were mediated by different regulators, Com-
pensatory alterations i zene aspression resulung from either
Zene mmactivation or adtered SCNC CAPIUSSION are Important
teactions lor hacteriadb sunonval snder stresstul condinons. in
almost all cases. the rezulaton of these processes s unknown,
OxyR is a peroxide ~ensor and o transerniption regulator (23,
25). Thus. the role ot OxvR ip regulation of the catalase com-
pensatory response in the whpC7 mutant was investigated. An
dhtpCl oo double mutant was constructed by ranstormation

NOTTES TR

sath chromesomal DNA trom an X wmpesirs py. phaseol
S RUGM matant (181 ino the whpt o muotant. Southern and
Wostern anidvses were bsed to contirm the mteerny ol the
doubiv nustant (dats not showny The fevels and lorms ol
catilases e the wipC] and the wdipd) o R mutants were
determined and are shown i Fies 2oand Table 1. The whpe )
ol double mutant <howed Tevels of cataduse stmular t these
ot the ow K mutant ¢Table 1 aad these vere T0-told less than
those v the whip? mutant. Thus, »n K mutation compleieiv
chiminated the compensatory imcreuse in total catalase i an
n the ahipCHmutam, Surprisingly, the aipClonR and ahipCl
mutants had comparable peroxidase levels, Both were 10-roid
higher than those of the parental stram and the o'k mutaat
( Table 1y Since oxvR mutation had no cffect on the compen-
satory ncrease 10 the levels o bfunctionad peroxsdase and
catilase i the ey C) mutant. the process had 1o be reculated
M oanother unknown regulator. Thus, the data suegested that
Venhomones has an least two recutators which responded o
changes i levels of peroxide. Dual revulanon of the catadase
compensaton responsc coeuld he o means of ensuring sustamed
ety even st one of the reculutors was incapacitated. and the
response could be vital wo bactenad survival in the absence of o
tunctional ahpt” sene.

Mutation in alipC altered expression of OxyR-regulated
genes. We wished to clucidate how OwR could acnvate cata-
Lise expression responsshle tor the compensatory response in
the wipClomuotant. OxvRocan exist 10 erther a reduced or
oxidized form (233, In unminduced cells. OvR o exasts in the
reduced farm (20 30y Upon exposore o H.O., highly con-
served evsteine resrdues of OxvR are eadized to torm a Jdisul-
fde bond, converpng it to the oidized torm (3 In Nun-
thomentas. ChvR s requited tor axidant-induced expression of
catdase and w/ipC ogenes (ES) Oxadized OxvR probably acti-
vates Aatf cxpression. Siace we could oot direcdy determine
the i vive redox status of OxvRoan alternative approach wis
uscd. This was based on the Tact that the w/ipC promoter in
Nantthemaonas s ramsenptionully acovated by ovidized OsvR
and repressed by reduced OxvR (13 150 Thus, wiipC promoter
activite can be used to reflect the redox status of OVR. An
expertment was designed o est whether the mutation in whipC
Altered the redox status of Oxy R This was done by monuitering
levels of o chloramphenical acenltrunsrerase genc (cur) used
ds L reporter ranserptionadly fused o the @ApC promoter in
the ¢/ipC7 mutant and the parental sttn. The a/ipC promuoter
fused to the cur gene was inserted into a mine- T/ transposon.
resultine in TrCPT 130, The construct was subsequently trans-
poscd nta the parental <tran., Chromosomal DNA of
campestns pye phaseolil TnCPT was extracted and clectropo-
ratcd o the whpC/ mutant, Integraten of TnCPL in the
mutant and the parcental strisn was contirmed v PCR and
Sauthern analyvsis tdata not ~howa . Results of car Northern
analvsis i strans contaming TaCP L are shown an Frgo 50 The
parentad stran containimgs TnCPY shoaed ow levels of umin-
duced car expression. We lunve absernved that menadione con-
sistenthvanduoced aApC expression i an owR-dependent man-
ner Lo 18h Exposure o S0 0 menadwene mduced high
lesels ot ca expression (Fig 33, This resutt was consistent with
the obsenvations that reduced OXvR repressed thy afipd pro-
mater and oxidized OxvR actvated o ¢ 31 However, even i
the absence of oxidant mductien, igh levels ot car mRNA
were detected in the a/ipCf mutant contiiming TndP L oFig, 3y
The high car mRNA leved in the unmduced mutant way simelar
w the car mRNA Tevel in the eadant-induced parental strain
contwmng ToCPL (Fig. 3y Complemenianon in the whpCd
TnCPl strain with pahpC resulted in uninduced cor mRNA
levels similar 1o those ot the uminduced parcatal ~rrain con-
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FI1G. 3. Narthern analvsis ot the zupd promoter Tused to cat i both the

ahpC T mutant and the parental struin, Al Nanhomeonas strains used in this study
contmined TaCP1 ¢13). Tatal RNA was extracted by 3 hot phenoel method trom
the mutant wipC? [nCPIL the mutant harbonng pahpC (ahpl! 1'_nL'P1
patpCl. the pareniai »train tAp Tn. uninduced [UN] ur induced with 50 g
menadione [IN]) and the parentl strun harbonng pabpC i TaCP1 pahpC
RNA (20 pg1 was then soaded o cach lane and separated on g formuldehyde
agarose gel. Gel electrophoresis. bioting hvbndizavon, washing, and prepara-
uon of the car probe were performed as previously desenbed (13).

tatning TnCP1 (Fig. 3). Furthermore. activation of the ahpC
promoter in the unmduced mutant required tunctional OxvR.
since it was eliminated in oxvR-minus derivatives of the mutant
idara not shown), These data und dara from Table 1 support
the idea that OxyR existed in an oxidized form in the unin-
duced vhpC/ mutant and that this oxidized OxyR was respon-
sible for activation of genes in the OxvR regulon, including
kar!. The question of how OxvR was converted to the oxidized
form in uninduced cells remains unanswered. The phvsiologi-
cal substrates of AhpC are not known. AhpC can metabolize «
wide range of organic peroxides. such as nucieotide peroxides
and lipid peroxides (19. 24). Our observations implied that the
altipC I mutant probably accumulated vartous organic peroxides
which converted OxvR trom the reduced form to the oxidized
form. This suggested. in turn. that vanous organic peroxides
could act as intracetlular signats o activate a vlobal peroxide
defense response via OxvR. We could not rute out that in-
creased organic peroxde levels could lead to a trapsient in-
crease in H.O- levels sutticient to activate OxvR. Additional
support for the role ot organic peroxides and not H.O, us the
signal tor activation of the OxyR-dependent compensatory re-
sponse in the «1pC/ mutant cume from the vbservation that
the mutant had cighttold higher catalase levels than the pa-
rental strain. High catalase activity should efficiently prevent
accurmnulatien of H.O. in the mutant. Moreover. addition of
sodium pvruvate to 5B medium did not afect the cat levels in
the ahpCl TnCP1 strain. A present, we cannot conclusively
prove this hvpothesis. because in our hands, the levels ot or-
ganic peroxide could not be accurately determined. Definitive
support tor the theory must wait tor accurate measurement of
all organic peroxides in mutant and parental strains. In Xun-
thomonas. OxyR can funcrion as a sensor for both H.O. and
organic peroxide. The proposed role of vrganic peroxides as
signal molecules 1s novel but not unigue to Xanthormonas., An
analogous observation has heen reposted in B. subnlis ahpC
mutants. Several groups have suggested that ahpC mutation
can lead to accumulation of organic peroxides and result in
inactivauon ot PerR. i peroxide-sensitive transcription repres-
sof (1. 3. 4). This can lead 0 icreased expression of genes in

! BACTERIOL.

the PerR reguton (4). The role of orgamc peroxides as signal
maolecules is likely 1o be senerally important in a wide range of
hacteria.
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