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Figure 5. (a) Stereo view of the channel structure in the vicinity of the heme. The cross-section of the enzyme is
oriented to include the main channel and region of undefined electron density (F, — F. modeled at 30 and shown in
red), the modified heme, the Trp111-Tyr238-Met264 adduct, Arg426 adjacent to the large cleft, and the metal ion. The
second funnel-shaped channel adjacent to the metal ion leads very close to the cavity created by the movement of
Arg426. Some undefined electron density is visible in the F, — F. map in this cavity. The region of the enzyme molecule
that is included in (a) is indicated on the ribbon diagram of BpKatG shown at the top. The surface feature map gener-
ated by the program VOIDOO is presented in green. (b) Stereo view of the main channel leading to the heme. The
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Figure 6. Two stereo views of the adduct formed among the side-chains of Trp111, Tyr238 and Met268. The 2F, — F.
electron density map at 1o is shown in blue and the model of the residues is superimposed. The view in (b) is rotated
approximately 90° from that in (a), so that the reader is viewing the model towards the tyrosine ring OH. The inter-
mediate sp2—sp3 nature of the bonds of the adduct on the phenyl ring of Tyr238 is evident in the deviation from pla-
narity of the substituents on the phenyl ring in (b). The F,-F. electron density map at 3o is shown in red. Note the

extra density on Trp111.

as a second catalytic center besides the heme. This
possibility is reinforced by the fact there is a region
of undefined electron density located in the cavity
vacated by the Arg426 side-chain in direct contact
with the oxygen atom of the side-chain from
Tyr238, the central residue of the covalent adduct.

Access channels and potential binding sites

Despite the apparent structural similarity to
plant peroxidases, the larger subunit size of
BpKatG (more than twice as large) results in the
active site of BpKatG, including the resident
heme, being buried more deeply within the sub-
unit. The most obvious access route to the distal
side of the heme, the active site of the enzyme for
reaction with H,O,, is provided by a channel posi-
tioned similarly to, but longer than, the access
route in peroxidases. The channel in BpKatG has a
pronounced funnel shape and is narrowest near
residues Ser324 and Aspl41, about 14 A from the

heme iron atom (Figure 5). In peroxidases, the
channel is not as constricted, and the peroxidatic
substrate benzhydroxamic acid® binds to HRP in
what is the equivalent of the constricted region of
BpKatG closer to the heme. Substrate hydrogen
peroxide entering the distal side cavity of BpKatG
through the constricted portion of the channel
would immediately come into contact with the
active-site residues Argl09, Trplll and His112
(Figure 5(b)) for generation of compound I in both
the catalatic and peroxidatic modes of reaction, or
for reduction of compound I in the catalatic reac-
tion. Indeed, a continuum of water molecules is
evident in this channel (Figure 5(b)). The mechan-
ism by which organic substrates serve as electron
donors for the peroxidatic reduction of compound
I remains poorly defined.

Most peroxidases have a second access route,
approximately in the plane of the heme, leading to
the distal heme cavity, but the equivalent route in
BpKatG is blocked by loops in the larger protein.

2F, — F. electron density map of the water molecules in the channel (modeled at 1o in blue) and the F, — F. electron
density map showing the region of undefined density (modeled at 3¢ in red) are shown. The interaction between the
side-chain of Ser324 and the heme propionate group is indicated by the broken line. The surface feature map indicated

in green was generated in the program VOIDOO.
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Ala114

Met264

Figure 7. (a) Stereo view of the 2F, — F. electron density map modeled at 1o in the vicinity of Arg426 with the model
for both partial orientations of the Arg426 side-chain shown. The approximate proportions of the two orientations are
indicated by the 30% and 70% designations. The main-chain atoms of Trp446 and other residues interacting with the
Arg426 are included. (b) Model of the residues in the environment of Arg426 with the interactions indicated by broken
lines and associated distances between atoms indicated in italics.

However, there does appear to be at least one other
access channel providing direct access to the core
of the protein in the vicinity of the single cation
and to a region that encompasses two other struc-
tural features with possible functional significance.
The first is a dramatic cleft in the side of the sub-
unit formed between the two domains of the sub-
unit that wraps around the protein. At one end of
the cleft is located a well-defined, U-shaped region
lined with polar residues (Figure 5(a)). Anionic
residues, including the side-chains of Glu270,
Asp587 and Glu589, and the carbonyl oxygen
atoms of Ala262 and Ser265 surround a localized
pocket of cationic groups including the side-chains
of Lys422, Argd26 and Arg497. Significantly, the
side-chains of Arg426 and Thr119 in their predomi-
nant conformations are located on the surface at
the bottom of the U. They reduce the depth of the
cleft slightly and allow the Arg426 side-chain to
contribute to the cationic center on an otherwise
predominantly anionic surface. Movement of the
Argd26 side-chain to its minor conformation
would increase the depth of the cleft and reduce
the positively charged component on the surface.
The associated rotation of the Thr119 side-chain

would change the hydrogen bonding environment
of the cleft by moving the side-chain OH group to
a more external location. Such a striking and well-
defined cavity, combined with the potential for
functional changes through the simple movement
of two side-chains, begs the suggestion that this is
the binding site for a substrate. Unfortunately, the
identity of the in vivo peroxidatic substrate of
BpKatG remains unknown, but, if the cleft is a
binding site, its elongated nature may imply a sub-
strate with an extended, possibly even polymeric
character.

A necessary extension of this model is that if a
substrate did bind at this site, it would be necess-
ary to transfer electrons from it to the heme for
the reduction of compound I or 1II, as part of the
peroxidatic reaction. A relatively short path for
such electron tunneling is immediately obvious,
beginning with the main-chain carbonyl group of
Ala265 on the surface of the cleft adjacent to
Met264. As part of the Met264-Tyr238-Trp111
adduct, the MetS is most likely carrying a positive
charge and would provide a draw for electrons
from the cleft. In turn, the adduct provides a direct
pathway for electron transfer to the heme. Analysis
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Table 2. Explanation of the phenotype of some mutations
in KatG of M. tuberculosis on the basis of their location in
the BpKatG structure

Effect of mutation in
BpKatG

Peroxidatic
activity®

Mutation
Residue

A. Category 1: mutations affecting the INH reaction specifically

Ser315Thr 0.6 Ser324  Either the hydrogen
bond with the propionate
group of the heme is
broken or significant dis-
tortion in the side-chain
is required to maintain
hydrogen bonding and
this would change the
binding site for the

hydrazine group of INH.
B. Category 2: mutations affecting peroxidatic activity generally

Asn138Ser 0.1 Asn142  Binds to imidazole group
of active-site His112 and
change may distort
spatial organization of
active-site residues.
Introduction of charged
guanidinium group into
a polar region would
require significant distor-
tion of the main chain of
the protein.

The proximal side fifth
ligand of the heme iron is
removed, reducing heme
binding

Significant distortion in
the main chain of the
protein on the proximal
side of the heme would
be required to accommo-
date the change.

The indole ring is in close
proximity to the proxi-
mal side His and
removal may result in
distortion of the main-
chain atoms reducing
heme binding and
activity.

The aspartate side-chain
interacts with the proxi-
mal side fifth ligand of
the heme and its removal
causes disruption in
heme binding.

Leul48Arg 0.1 Leul52

His270GIn 0.1 His279

Thr275Pro 0.3 Thr284

Trp321Gly 03 Trp330

Asp381Gly 0.0 Asp389

C. Group 3: mutations with an uncertain mechanism

Leu587Pro ND® Leu594  The location is on the
surface but far removed
from the active site or
INH binding site. Protein
folding or stability may

be affected

? Selected MtKatG variants and their peroxidatic activities
taken from Rouse et al.*
® ND-not determined.

of the cleft may eventually provide insight into the
in vivo substrate for KatG proteins.

In its minor conformation, the Arg426 side-chain
is associated with the phenolic group on Tyr238
(Figure 7), similar to the predominant situation in

Figure 8. Location of mutations described in Table 2
located on a single subunit of BpKatG presented in the
same orientation as the lower subunit shown in Figure
1(a). Only the main-chain atoms of the residues are
shown and are represented as spheres. The residue in
category 1 is colored red; the residues in category 2 are
colored blue; and the residue in category 3 is colored
green.

HmCP, where the Arg409 side-chain is associated
with Tyr218. The cavity created by the movement
of the side-chain to its predominant (>70%) con-
formation is located very close to the cleft region,
and the slight movement of one or two side-chains
would provide access from the cleft to the cavity.
Perhaps more importantly, the other end of the
cavity approaches the cation, which has direct
access to the exterior through the second funnel-
shaped channel (Figure 5(a)). A region of electron
density that cannot be explained by partial occu-
pancy of the Arg426 side-chain is present in the
cavity, suggesting the presence of another bound
molecule. It is not clear if this is an alternate
substrate-binding site, but the cavity would pro-
vide easy access for hydrogen peroxide needed for
the oxidation of Met264 in the formation of the
covalent linkage.

Analysis of the potential isoniazid binding site

A region of undefined electron density is located
just before the constricted region in the main chan-
nel leading to the distal heme cavity of BpKatG
(Figures 3 and 5). The location of the density is
over 10 A further away from the heme than is the
benzhydroxamic acid bound in HRP, but is in
close proximity to Ser324, the equivalent of Ser315
in MtKatG, which is thought to be involved in
INH binding because changing it interferes with
INH activation. This extra density was found both
in the structure obtained after a short soaking
with INH and in the structure obtained without
soaking (Table 1). However, no INH had been
introduced to the enzyme subsequent to purifi-
cation, and only phosphate buffer was used during
the purification, making exposure to other pyri-
dine-like molecules unlikely. Therefore, it is con-
cluded that the undefined density is the result of a
metabolic constituent of E. coli, that may closely
resemble INH. One such molecule is pyridoxol
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or vitamin B6, a common growth-medium com-
ponent, and its oxidation would lead to pyridoxal
required for the synthesis of pyridoxal phosphate.
Another closely related common metabolite is nico-
tinamide, although why it would require oxidation
is not clear. The potential for involvement in modi-
fication of common metabolites provides a role for
the catalase-peroxidases other than being simply
protective enzymes removing hydrogen peroxide.
More importantly, it provides an explanation for
why the enzyme has a binding site for isoniazid,
which is not a normal bacterial metabolite.

Definition of the binding of isoniazid is one of
the main goals of elucidating the structure of
KatG and, despite the distance from the heme, the
region around Ser324 is a strong candidate for
INH binding. To investigate this possibility further,
models of INH and pyridoxol were superimposed
into the region of undefined density, and the
environment was analyzed for the likelihood of
their binding (Figure 3). The surrounding region is
composed predominantly of hydrophobic amino
acid residues including Prol40, Alal43, Ala290,
Val293, Trp309 and I1e322, all of which might
interact with the region of density suggesting the
presence of a relatively hydrophobic molecule.
Only two potential ionic or hydrogen bonding
opportunities are presented at opposite ends of
the electron-dense region. The hydrogen bond of
indole N of Trp309 with water molecule W5 could
potentially interact with the N atom of the pyridine
ring of INH, pyridoxol or nicotinamide. At the
opposite end, the carbonyl oxygen atoms of
Thr323 and Ser324 are situated such that an inter-
action with the hydrazine portion of INH is pos-
sible. The oxidizable —CH,OH of pyridoxol would
be oriented in close proximity to the same carbonyl
oxygen atoms. The interaction of the nicotinamide
—NH, group with the carbonyl group of Ile322 is
predicted but the center to be oxidized is not evi-
dent, unless it is a very unusual reduced form of
the ring.

The region in the main channel leading to the
heme therefore presents a remarkably good candi-
date site for the binding of both INH and related
pyridine derivatives. A possible mechanism for
the oxidation of INH might involve distortion in
the N-CO of INH bond caused by interaction
with the Thr323-Ser324 carbonyl oxygen atoms.
The side-chain of Ser324 forms a hydrogen bond
with the carboxylate group of the heme propionate
side-chain, and this direct association will result in
a pull of electrons away from the serine residue
towards the electron-deficient heme of compound
I and compound II. This will result in polarization
of the N-CO bond of INH, most likely leading to
formation of the pyridine carbonyl and hydrazine
radicals.” The pyridine carbonyl radical would be
stabilized through resonance across the aromatic
ring and delocalization of electrons from the pyri-
dine nitrogen would break the hydrogen bond
with water molecule W5, which might be necess-
ary to allow reorientation of the molecule for

further reaction with NADH to form the InhA
inhibitor.*® The hydrazine radical might have an
electron stripped for passage to the heme, generat-
ing a positively charged NH,-NH*, which in turn
would react rapidly with water to form NH,-
NHOH. Speculatively, if a molecule such as pyri-
doxol is the substrate, it might bind, oriented
similarly to what has been proposed for INH,
resulting in the —CH,OH para to the ring nitrogen
atom being in close contact with the carbonyl oxy-
gen atom of Thr322 ready for oxidation. As for
INH, the electron-deficient heme of compounds I
and II would serve to polarize electrons to promote
the oxidation. Because Mn** was not introduced
into the system and because KatG can activate
INH independent of added Mn ion,” the role of
Mn in this mechanism is not considered here.

This model provides an insight into the possible
multiple roles of Ser315 of MtKatG in the oxidation
of INH, and explains how its change to Thr would
prevent reaction with INH. The first role lies in
the main-chain interaction with the hydrazine por-
tion of INH and direct participation in the catalytic
reaction. The second role lies in providing a direct
route for electron transfer from the INH to the
radical of either compound I or compound II on
the heme ring. Changing Ser to Thr would result
in unfavorable interactions between the Thr side-
chain and the heme propionate group in all con-
formers except one that could not form hydrogen
bonds, thereby breaking the electron conduit. The
other alternative of main-chain atom movement to
allow hydrogen bonding would distort the cata-
lytic site, preventing reaction.

All other residues in the pocket surrounding
the INH-like electron density are fully conserved
between BpKatG and MtKatG. Significantly,
HMCP and the other catalase-peroxidases of halo-
archaebacterial origin have a one residue insertion
of Asp269 compared to BpKatG, located in a loop
adjacent to the pocket. The insertion forces the
ring of the adjacent Pro270 into a position that
would interfere with the region of INH-like elec-
tron density. The implication is that HMCP should
not bind INH in this region, and this might explain
why a similar region of electron density was not
observed in the HMCP electron density maps.

On the basis of the structure of BpKatG, the
mechanisms by which the various clinically identi-
fied mutations in MtKatG"* may impart INH
resistance can be divided into three categories
(Table 2). The first category includes only the
Ser315Thr variant (equivalent to Ser324 in
BpKatG), which has a minor effect on peroxidatic
activity but a significant effect on INH activation,
suggesting that INH binding and/or transfer of
electrons to the heme is affected. The second cate-
gory includes six variants with reduced peroxi-
datic activities, and correspondingly reduced
abilities to activate INH. Included are Asn138Ser,
Leul48Arg, His270GIn, His275Pro, Trp321Gly and
Asp381Gly (equivalent to Asn142, Leul52, His279,
His284, Trp330 and Asp389, respectively, in
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BpKatG). The third category contains only one
variant, Leu587Pro (equivalent to Leu594), which
seems to be impart INH-resistance through
enzyme instability, most likely the result of defec-
tive folding. Other clinical isolates of MtKatG,
initially thought to impart INH resistance, includ-
ing Ser140Asn, Ala350Thr, Arg463Leu and Leu587-
Met are not included in the Table, because the
variants retain native peroxidatic activities and
native abilities to activate INH."” Also not
included in the list are the active-site variants
Argl04Leu and His108GlIn, which directly modify
catalytic residues. The locations of the residues in
BpKatG equivalent to the residues included in
Table 2 are shown in Figure 8. The single residue
in the first category (colored red) is found in the
channel leading to the heme; the six residues in
the second category (colored blue) are found in
the general vicinity of the heme; and the single
residue in the third category (colored green) is in
the C-terminal domain.

These comparisons are based on the presump-
tion of extensive similarity between the M. tubercu-
losis and B. pseudomallei enzymes and, indeed, the
two enzymes are very similar. The sequences are
64.6% identical over the complete sequence of 749
residues, and, more importantly, they are 75.7%
identical over 272 residues (residues 88-359) in
the catalytic core of the enzyme. The discussions
are also based on the assumption that BpKatG util-
izes isoniazid as a substrate, and radical generation
by BpKatG is indeed at a rate equivalent to that of
E. coli HPI, about one-fifth of that of MtKatG*
(data not shown)

The design of derivatives of INH that would be
more effective and might possibly curtail the
developing widespread resistance to INH in differ-
ent strains of M. tuberculosis was one hoped-for
objective that would result from the definition of
the structure of KatG. Unfortunately, the structure
suggests that such a goal will be elusive. The vari-
ability in the INH-resistance phenotypes is a result
of mutations spread widely throughout the enzyme
with no single focus or mechanism. Furthermore,
the structural environment of the potential INH-
binding site does not present obvious motifs that
might be exploited for the binding of INH deriva-
tives. The binding site is composed largely of
hydrophobic residues surrounding a relatively
small volume that is apparently optimized for a
pyridine ring with a limited number of substitu-
ents, including the carbonyl hydrazide group para
to the pyridine nitrogen (Figure 3(b)). One note of
optimism is the fact that other different pyridine
derivatives seem to bind to the site.

Conclusions

The crystal structure of the catalase-peroxidase
of B. pseudomallei, determined at 1.7 A resolution,
presents a number of structural features that can
be interpreted as implying the existence of, as yet

undetermined, catalytic functions of the catalase-
peroxidases. The immediate environment of the
heme-containing active site is structurally similar
to that of plant peroxidases and to the catalase-
peroxidase from H.marismortui, confirming its
already ascribed functions as a catalase and a
peroxidase. Indeed, the potential binding site for
isoniazid is found within what is considered to be
the usual substrate access channel of peroxidases.
Despite its binding to catalase-peroxidases and the
interest this has generated, isoniazid is not a nor-
mal substrate for the enzyme, but analysis of its
binding site, a small hydrophobic pocket with
limited functional capability, suggests that the
natural substrate cannot be too different in size or
shape.

The presence of a modification on the heme,
likely a perhydroxylation, of a single sodium ion
in each subunit, of multiple conformations of side-
chains and of a new access channel to a cavity in
the subunit interior, all within the same region of
the subunit, imply the existence of a second, func-
tionally important part of the enzyme. Immedi-
ately adjacent to this region are a large cleft on the
enzyme surface, suggestive of a binding site for an
extended substrate, and the unusual adduct of the
side-chains of Trp111, Tyr238 and Met264, present-
ing a possible route for electron tunneling to the
heme from substrates bound either in the cavity or
in the cleft on the surface. Further work is required
to define the actual in vivo peroxidatic substrates of
the catalase-peroxidases, and the structure of
BpKatG will provide direction to that study.

Materials and Methods

Crystallization and structure determination

The BpKatG protein analyzed in this work was puri-
fied from the catalase-deficient E. coli strain UM262 as
described.” Crystals were obtained at 20°C by the
vapor-diffusion, hanging-drop method with 2 pl of a
22 mg/ml of protein solution and 1 pl of the reservoir
solution containing 16—-20% (w/v) polyethylene glycol
(PEG 4K), 20% (v/v) 2-methyl-2,4-pentanediol (MPD)
and 0.1 M sodium citrate pH 5.6.° Diffraction data were
obtained from crystals cooled with a nitrogen cryo-
stream using the same reservoir solution as cryobuffer
at 20% PEG-4K. However, the best data set was obtained
from a crystal where 100 mM INH had been added to
the cryobuffer (Table 1). Crystals were primitive ortho-
rhombic space group P2,2,2, with one dimeric molecule
in the crystal asymmetric unit. The diffraction data set
was processed using the program DENZO and scaled
with program SCALEPACK.*' A part (10%) of the
measured reflections in every data set were reserved for
Rpee monitoring during automatic refinement (Table 1).
All the structural analysis reported in this work, except
where indicated explicitly, has been done on the struc-
ture derived from the crystals soaked briefly with INH.
However, no significant differences have been found
with respect to the structure obtained without being
exposed to INH. Even the extra density found in the
major channel leading to the heme is found in both struc-
tures. Therefore, the structure derived from the crystal
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after a short soak in INH is considered to be the native
BKG structure. Reference to the unsoaked data set has
been added only as a control to the presence of INH.

Structure determination was carried out with the pro-
gram AMoRe* and the CPx of H. marismortu® as search-
ing model. Phases were improved and extended to
1.7 A resolution with the program ARP-WARP> The
resulting map showed clear continuity over the complete
length of BpKatG from Asn35 to Ala748 in both subunits.
The quality of the data was confirmed by the clarity in
the electron density of a number of errors in a 12 amino
acid residue region of the predicted sequence. Refine-
ment was started with programs in the CNS suite** and
completed using the program REFMAC?® with solvent
molecules modeled with the program WATPEAK® and
manually with the graphics program O.*” Solvent mol-
ecules were introduced only when they corresponded to
the strongest peaks in the difference Fourier maps that
could make at least one hydrogen bond with atoms
already in the model. In the final rounds of refinement,
the two subunits were treated independently with the
bulk solvent correction applied and the whole resolution
range available used for each variant (Table 1). The
analysis of solvent accessibility and molecular cavities
was carried out with program VOIDOO®® using a
reduced atomic radius for polar atoms in accounting for
possible hydrogen bonds.” All the Figures were pre-
pared using SETOR.*

Protein Data Bank accession number

Structure factors and coordinates have been submitted
to the Protein Data Bank under accession number
IMWV.
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Abstract

Induced adaptive and cross-protective responses to peroxide stress are important strategies used by bacteria to survive stressful
environments. We have shown that exposure to low levels of peroxide (adaptive) and superoxide anions (cross-protection) induced high
levels of resistance to peroxide killing in Agrobacterium tumefaciens. The mechanisms and genes involved in these processes have not been
identified. Here, the roles played by peroxide (oxyR) and superoxide (soxR) global regulators and a catalase gene (katA) during these
responses were investigated. H,O-induced adaptive protection was completely abolished in both the oxyR and kat4 mutants. Superoxide
generator (menadione)-induced cross-protection to H,O; killing was observed in a soxR mutant, but not in either an oxyR or a katA
mutant. In vivo analysis of the kat4 promoter, using a katA: :lacZ transcriptional fusion, revealed that it could be induced by menadione
in an oxyR-dependent manner. These results lead us to conclude that H,O, and superoxide anions directly or indirectly oxidize OxyR and
it is the resulting activation of katA expression that is responsible for the induced protection against lethal concentrations of H,O5.

© 2003 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.

Keywords: Agrobacterium tumefaciens; Adaptation; Catalase; H,O,; Menadione; oxyR; soxR

1. Introduction

Agrobacterium tumefaciens is a plant pathogenic soil
bacterium that infects wound sites in many dicotyledonous
plants causing the formation of crown gall tumors through
the insertion of a segment (T-DNA) of the tumor-inducing
(Ti) plasmid into the nucleus of the infected cells [1]. This
microorganism is also widely used for the introduction of
foreign genes into plant cells and the generation of genet-
ically engineered plants [2].
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Fax: +66 (2) 574 2027.

** Corresponding author. Tel.: +66 (2) 574 0622 ext. 3816;
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Aerobically growing bacteria always encounter reactive
oxygen species (ROS) that are generated as by-products of
oxygen-dependent metabolism [3]. In addition, rapid pro-
duction and accumulation of ROS is an important part of
the initial plant defense response against invading micro-
organisms [4]. ROS are highly toxic to bacterial cells and
bacteria have evolved several enzymatic and non-enzy-
matic mechanisms to protect themselves against them.
Physiological adaptation to is one of the important pro-
tective strategies used by bacteria when growing under
oxidative stress conditions [5-9]. Exposure to sublethal
concentrations of one oxidant can induce a protective re-
sponse against subsequent exposure to lethal concentra-
tions of either the same oxidant (adaptive protection) or
unrelated agents (cross-protection) [5]. Oxidant-induced
protective responses often result from the coordinated ac-
tivation of gene(s) involved in both oxidant detoxification
and damage repair [10]. Intensive studies, done in the en-
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teric bacterium Escherichia coli, show that key regulators
of the adaptive response in this organism are the oxidant
sensing transcriptional regulators SoxRS and OxyR, which
regulate the inducible expression of antioxidant genes in
response to superoxide anion and H,O, exposure, respec-
tively [11].

We have demonstrated the existence of H,O,-induced
adaptive and menadione-induced cross-protection against
H,O, killing treatments in A. tumefaciens [12]. These in-
ducible responses could play important roles in plant/mi-
crobe interactions since the initial active plant defense
against microbes involves the increased production and
accumulation of H,O, and other ROS [4]. Here we report
the characterization of the regulatory and structural gene
responsible for these responses.

2. Materials and methods
2.1. Bacterial growth conditions

A. tumefaciens NTL4 [13] and mutant strains were
grown aerobically in LB medium at 30°C with continuous
shaking at 150 rpm. Overnight cultures were inoculated
into fresh LB medium to give an ODgy of about 0.1.
Exponential phase (ODgy about 0.6, after 4 h of growth)
cells were used in all experiments, as indicated.

2.2. Molecular biology techniques

General molecular genetics techniques including plasmid
preparation, restriction endonuclease digestion, ligation,
transformation in E. coli and agarose electrophoresis
were performed using standard protocols [14]. Plasmid
purification for DNA sequencing was performed using a
Qiaprep Spin Miniprep kit (Qiagen). DNA was sequenced
using a BigDye terminator cycle sequencing kit (PE Bio-
systems) on an ABI 310 automated DNA sequencer (Ap-
plied Biosystems Inc.). 4. tumefaciens was transformed by
electroporation under conditions previously described [13].

2.3. Construction of a soxR mutant

Two primers designed from the putative A. tumefaciens
soxR nucleotide sequence (AE009322), BT523-5'TGA-
TACGCGTCTGGAGC 3’ and BT524-5'TCGAAGGC-
TGGCGCACC 3’, were used to amplify a 210-bp soxR
fragment from A. tumefaciens NTL4 genomic DNA using
the polymerase chain reaction (PCR). The PCR product
was cloned into pGEM-T-easy (Promega) before deter-
mining its nucleotide sequence. Subsequently, a Sall-Sacll
fragment of the PCR clone was subcloned into pKNOCK-
Gm [15], a non-replicative plasmid in Agrobacterium, cut
with the same restriction enzymes. The resultant plasmid,
pKNOCKSsoxR, was then transferred to A. tumefaciens by
conjugation. A soxR mutant was generated by a homolo-

gous recombination of the soxR fragment in pKNOCK-
soxR and its counterpart on the NTL4 chromosome. In-
activation of soxR was confirmed by PCR using two
specific primers: one located upstream of the insertion
site and the other located on the pKNOCK-Gm vector
sequence.

2.4. Determination of resistance levels to oxidants

The peroxide-induced adaptive and cross-protective ex-
periments were performed by adding either 250 uM H,0,
or 200 uM menadione to exponential phase cultures.
These cultures were grown for an additional 30 min before
aliquots of cells were removed and treated with a range of
lethal concentrations of H,O, (20, 30, 40 mM) for 30 min.
After treatment, cells were removed and washed once with
fresh LB before appropriate dilutions were plated on LB
agar. Colonies were counted after 48 h incubation at 30°C.
Surviving fractions were defined as the number of colony
forming units (cfu) recovered after the treatment divided
by the cfu prior to treatment. All experiments were inde-
pendently repeated three times and representative data are
shown.

2.5. Superoxide dismutase (SOD) activity gels and assays

Xanthine—xanthine oxidase coupled reduction of cyto-
chrome ¢ was used to monitor total SOD activity [16]. One
unit of SOD activity was defined as the amount of enzyme
required to inhibit the rate of reduction of cytochrome ¢
by 50%. To visualize SOD activity, non-denaturing elec-
trophoresis was performed using a 10% polyacrylamide gel
(pH 8.7) with a 5% stacking gel (pH 8.0) followed by
staining with nitroblue tetrazolium/riboflavin photochem-
ical stain as described by Beauchamp and Fridovich [17].
In the enzyme inhibition tests H,O; or potassium cyanide
were added to a riboflavin-TEMED solution at final con-
centrations of 5 and 2 mM, respectively. [Cu,Zn]-SOD is
inactivated by cyanide and [Fe]-SOD by H,O, while [Mn]-
SOD is resistant to both.

3. Results and discussion

3.1. Induced adaptive protection against H,O; killing
requires functional oxyR and katA

In A. tumefaciens, exposure to sublethal concentrations
of H,0; is known to induce adaptive protection to a sub-
sequent treatment with lethal concentrations of H,O, (Fig.
1A) [12]. The regulatory gene involved in this process has
not been identified. Thus, the role of OxyR, a global reg-
ulator of the peroxide stress response, in the process was
investigated using the oxyR mutant strain PNO3 [18].
PNO3 was grown to exponential phase prior to pretreat-
ment with 200 uM H,O, for 30 min. The induced cultures
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Fig. 1. Induced adaptive responses to H,O, in various A4. tumefaciens strains. The induced protection experiments were performed by adding 250 uM
H,0; to exponential phase cultures of A. tumefaciens NTL4 (A), PNO3 (B), and PB102 (C). These cultures were grown for an additional 30 min before
aliquots of cells were removed and treated with the indicated concentrations of H,O, for 30 min. After treatment, cells were removed and washed once
with fresh LB before appropriate dilutions were plated on LB agar. Colonies were counted after 48 h incubation at 30°C. Surviving fractions were de-
fined as cfu recovered after the treatment divided by cfu prior to treatment. All experiments were independently repeated three times and representative
data are shown. (@), uninduced; (O), H,O»-induced; and (4 ), menadione-induced (cultures were induced with 200 uM menadione).

were subsequently treated with lethal concentrations of
H,0; for 30 min. The results clearly showed that H,O,-
induced adaptation, against subsequent killing by the ox-
idant, was completely abolished in PNO3 (Fig. 1B) indicat-
ing that functional OxyR was required for the response.
Similar observations regarding the essential role of OxyR
in peroxide adaptive responses have been made in E. coli
and Xanthomonas campestris [19-21]. The data suggest
that the adaptive response is due to the oxidation of
OxyR during the peroxide pretreatment that leads to up-
regulation of the genes in the OxyR regulon. Thus, we
extended the investigation to determine which genes in
the OxyR regulon are required for the increased resistance

to H,O,. We have previously shown that the expression of
katA, encoding a bifunctional catalase—peroxidase HPI,
could be induced by pretreatment of A. tumefaciens with
sublethal concentrations of H,O, in an OxyR-dependent
manner [18]. In many bacteria, catalase levels correlate
with the levels of H,O; resistance [5,6,9]. Consequently,
the role of katA in the H,O, adaptive response was inves-
tigated using an A. tumefaciens katA mutant (PB102). The
results show that inactivation of katA abolished the adap-
tive response (Fig. 1C). Although, there are many genes
that are regulated by OxyR, the results suggest that up-
regulation of katA alone is sufficient to confer protection
against H,O; killing in 4. tumefaciens.
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Fig. 2. Induced cross-protective responses to H,O, in various A. tumefaciens strains. The experiment was performed as described in the legend to Fig. 1
except 200 UM menadione was used for the induction instead of 250 uM H,0,. A. tumefaciens PWO01 (A), PNO3 (B) and PB102 (C) were used in the

experiments. (@), uninduced; (O), menadione-induced.
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Fig. 3. Induction of SOD by menadione pretreatment in A. tumefaciens.
A: Total SOD activity in cleared lysates prepared from exponential
phase cultures of A4. tumefaciens NTL4 and PWO01 grown under unin-
duced and menadione (200 uM)-induced conditions. B: SOD activity
stain of cleared lysates (50 pg total protein) of uninduced (UN) and me-
nadione-induced (MD) cultures of NTL4 and PWOI separated on a
non-denaturing polyacrylamide gel. SOD activity staining was performed
as described in Section 2. C: SOD activity stain of a non-denaturing
polyacrylamide gel, identical to that described in (B) that was treated
with H,O, prior to staining.

3.2. Menadione-induced cross-protection against H>O,
killing is soxR-independent

Treatment of A. tumefaciens NTL4 with 200 uM of the
superoxide generator, menadione, induced cross-protec-
tion to a subsequent challenge with lethal concentrations
of H,O, (Fig. 1A) [12]. In E. coli, superoxide anions me-
diate changes in global gene expression via the superoxide
sensing transcriptional regulators SoxR and SoxS [11,22].
Analysis of the A. tumefaciens genome [23] using the
BLASTP program [24] revealed the presence of an open
reading frame (ORF) (Atu3915) that encodes a 151-ami-

no-acid polypeptide with 55% sequence identity to E. coli
SoxR. The A. tumefaciens SoxR homolog also contains a
conserved CX,CXCX;sC domain that is involved in the
formation of the Fe-S cluster (data not shown). We inac-
tivated the gene resulting in the A. tumefaciens sox R mu-
tant strain designated PW01. PWO0I was used to determine
the role of SoxR in the menadione-induced cross-protec-
tion to HyO,. The results in Fig. 2A clearly show that the
ability of menadione treatment to induce cross-protection
against subsequent exposure to H,O, was retained in
PWOI, indicating that soxR was not responsible for medi-
ating the response. The ability of menadione pretreatment
to induce the elevated expression of genes in the soxR
regulon was also tested by measuring SOD activity in
cleared lysates prepared from cultures of strains NTL4
and PWOl grown under uninduced and menadione
(200 uM)-induced conditions. The results clearly showed
that pretreatment of NTL4 with menadione resulted in a
2.7-fold increase in total SOD activity and this induction
was abolished in the soxR mutant PWO01 (Fig. 3A). This
evidence suggested that induction of genes in the soxRS
regulon was not sufficient to protect 4. tumefaciens from
H,0; toxicity.

Analysis of the genome also revealed that A. tumefa-
ciens possesses three putative ORFs (namely Atu0876,
Atud4583 and Atud762) identified as SODs and all of these
ORFs show a high degree of homology to the family of
[Mn,Fe]-SOD [23]. However, only one band of SOD ac-
tivity was observed by activity staining of polyacrylamide
gels of lysates of A. tumefaciens NTL4 and PWO01 grown
under both uninduced and menadione-induced conditions
(Fig. 3B). In order to distinguish which family of SOD
isozymes was responsible for the activity detected in the
gels, the experiments were repeated and the gels were
soaked in either H,O, or potassium cyanide prior to
SOD activity staining. The results revealed that the induc-
ible SOD band could be detected in the cyanide-treated gel
(data not shown) but not in the H,O,-treated gel (Fig.
3C), indicating that a [Fe]-SOD was responsible for the
observed SOD activity. The gene encoding this SOD is
currently being characterized.

3.3. Induction of katA promoter by menadione is mediated
by OxyR

We have previously shown that catalase levels correlate
with the resistance levels to H,O; [12]. The possibility that
menadione-induced cross-protection to H,O; killing is a
result of the OxyR-dependent induction of katA expres-
sion was investigated. In vivo promoter analysis using
PPrara containing the katA promoter region transcription-
ally fused to a promoter-less lacZ (katA.:.:lacZ) was per-
formed in NTL4 and PNO3. The levels of B-galactosidase
activity in bacterial cultures were determined under mena-
dione-induced and uninduced conditions. The B-galactosi-
dase activity from NTL4 bearing pPr.4 was increased



