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TheOhr (organic hydroperoxide resistance) family of 15-kDa
Cys-based, thiol-dependent peroxidases is central to the bacte-
rial response to stress induced by organic hydroperoxides but
not by hydrogen peroxide. Ohr has a unique three-dimensional
structure and requires dithiols, but not monothiols, to support
its activity. However, the physiological reducing system of Ohr
has not yet been identified. Here we show that lipoylated
enzymes present in the bacterial extracts of Xylella fastidiosa
interacted physically and functionally with this Cys-based per-
oxidase, whereas thioredoxin and glutathione systems failed to
support Ohr peroxidase activity. Furthermore, we could recon-
stitute in vitro three lipoyl-dependent systems as the Ohr phys-
iological reducing systems. We also showed that OsmC from
Escherichia coli, an orthologue of Ohr fromXylella fastidiosa, is
specifically reduced by lipoyl-dependent systems. These results
represent the first description of a Cys-based peroxidase that is
directly reduced by lipoylated enzymes.

Release of oxidants is one of the main responses of a host
against pathogens. During host-pathogen interactions, in an
attempt to kill the pathogen, plant or animal hosts generate
various oxidants by enzymatic systems (1–3). For instance,
organic hydroperoxides are oxidants that can be formed by the
reaction of molecular oxygen with unsaturated fatty acids cat-
alyzed by lipoxygenases in response to pathogen infection
(4–7). To counteract this oxidative stress, pathogens have
developed various antioxidant pathways (8, 9). Ohr (organic
hydroperoxide resistance) protein is a Cys-based, thiol-depen-
dent peroxidase that plays a central role in the response of bac-
teria against organic peroxide-induced insult (10). Ohr is exclu-
sively present in bacteria (most of them pathogenic) and
possesses a unique �/� fold that is not observed in the struc-
tures of peroxiredoxins and glutathione peroxidases (11, 12).
Ohr peroxidase activity requires reduction of the enzyme’s
disulfide group formed upon catalytic reduction of the organic

hydroperoxide (13). However, the enzyme’s physiological
reducing agent has not yet been identified.
Ohr belongs to a family of proteins that also comprise osmot-

ically inducible protein (OsmC). These proteins were initially
identified as part of the bacterial response to osmotic stress
(14). On the basis of sequence analysis, Atichartpongkul et al.
(10) proposed Ohr and OsmC homologues as two protein sub-
families. Later, it was demonstrated that OsmC enzymes also
possess thiol-dependent peroxidase activity and share the same
structural fold with Ohr proteins (15, 16).
Because only dithiols, and not monothiols, can be utilized by

Ohr, we and others hypothesized that lipoate may act as a nat-
ural reducing agent of Ohr (11, 13, 17). Lipoate is a dithiol/
disulfide redox compound well known to play important roles
in metabolic pathways due to its capacity to serve as a cofactor
in the multienzyme complexes that catalyze the oxidative
decarboxylation of �-keto acids (18). Besides lipoylated E2 sub-
units, 2-oxo acid dehydrogenase multienzyme complexes also
contain Lpd (dihydrolipoamide dehydrogenase, subunit E3
from�-ketoglutarate dehydrogenase complex) activity that can
catalyze the redox processes between lipoylated E2 enzymes
and NADH/NAD� in both reductive and oxidative directions
(19). Free dihydrolipoate, the reduced form of lipoate, has also
been reported to scavenge free radicals and other oxidants (20).
However, the cellular availability of free lipoate is significantly
lower than that of other endogenous lowmolecularweight anti-
oxidants, such as GSH and ascorbic acid (21).
Xylella fastidiosa is a Gram-negative, xylem-limited phyto-

pathogenic bacterium that is the causative agent of several eco-
nomically important diseases, such as citrus variegated chloro-
sis and Pierce disease in citrus and grapes, among other plants
(22). Here, we show that peroxidase activity of Ohr fromX. fas-
tidiosa is supported by lipoylated proteins but not by thiore-
doxin and glutathione systems. Therefore, these data represent
a previously undescribed enzymatic activity. We also showed
thatOsmCfromEscherichiacoli is specificallyreducedby lipoyl-
dependent systems.

EXPERIMENTAL PROCEDURES

Reagents—All reagents purchased had the highest degree of
purity. Lipoic acid was purchased from Sigma in its oxidized
form. It was solubilized in a phosphate-buffered solution
through the high pH method (23). Lipoamide was purchased
from Sigma in its oxidized form. A stock solution was prepared
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by diluting lipoamide to 100mM in absolutemethanol. Lipoam-
ide (purchased from Sigma; catalog no. T5875) was reduced
through the addition of sodium borohydride (purchased from
Sigma; catalog no. S9125) as described previously (24). All com-
mercial enzymes utilized in this paper were purchased from
Sigma (glutaredoxin 1 (catalog no. G3531), glutathione reduc-
tase (catalog no. G3664), glutathione peroxidase (catalog no.
G6137), thioredoxin (catalog no. T0910), and thioredoxin
reductase (catalog no. T7915)). Reduced lipoamide was quan-
tified using Ellman’s reagent (5,5�-dithiobis-(2-nitrobenzoic
acid) (DTNB)2 (25). Nitrocellulose membrane was obtained
from Bio-Rad. Protein A-Sepharose was purchased from GE
Healthcare. The anti-lipoic antibody was obtained in the labo-
ratory of Dr. Luke Szweda (OklahomaMedical Research Foun-
dation) as described previously (26). The anti-Ohr antibodywas
obtained by immunization of rabbits with recombinant Ohr.
Briefly, in the first immunization, an Ohr solution (1 mg/ml) in
phosphate-buffered saline (PBS)wasmixedwith Freund’s adju-
vant (Sigma, catalog no. F5506) (1:1, v/v). The Bench MarkTM
protein ladder was purchased from Invitrogen. The rabbits
were immunized three times, with 2-week intervals between
immunizations. After the third immunization, the rabbits were
sedated, and the blood was collected with a syringe. The serum
from the samples was recovered and stored at �80 °C.
Nucleic Acid Extraction, Cloning, and Nucleotide Sequences—

The lpd, lpdA (dihydrolipoamide dehydrogenase, subunit E3
from pyruvate dehydrogenase complex), PDHB (dihydrolipo-
amide acyltransferase, subunit E2 from pyruvate dehydrogen-
ase complex), and sucB (dihydrolipoamide acyltransferase, sub-
unit E2 from �-ketoglutarate dehydrogenase complex) genes
were PCR-amplified from X. fastidiosa 9a5c strain genomic
DNA. The following primers were used: lpdforw (5�-GGGAAT-
TCCATATGACGTTGC-3�), lpdrev (5�-CCGCTCGAGTCA-
GTTTGCTTTATG-3�), lpdAforw (5�-GGGAATTCCATATG-
ACGGTGATTG-3�), and lpdArev (5�-CCGCTCGAGTTACT-
TTGCTGAAG-3�) (the underlined bases denote the NdeI
and XhoI restriction sites, respectively, for Lpd and LpdA
genes); sucBforw (5�-CTAGCTAGCATGACCATCGAAG-3�)
and sucBrev (5�-CGCGGATCCTTATAAGCC-3�) (the under-
lined bases represent the NheI and BamHI restriction sites, rel-
ative to the forward and reverse primers, respectively);
PDHBforw (5�-GGGAATTCCATATGACCGAAATCAAGG-
AAG-3�) and PDHBrev (5�-CGGGATCCTCAACGGGCCT-
TAC-3�) (the underlined bases represent the NdeI and BamHI
restriction sites, relative to the forward and reverse primers,
respectively). The osmC gene was PCR-amplified from Esche-
richia coliDH5-� strain genomic DNA. The following primers
were used: osmCforw (5�-CGATCCATATGACAATCCATAA-
GAAAGG-3� and osmCrev (5�-CGCGGATCCTTACGATTT-
CAACTGGTAATCC-3�) (the underlined bases represent the
NdeI and BamHI restriction sites, relative to the forward and
reverse primers, respectively). PCR products were double-di-
gested with the appropriate restriction enzymes and cloned
into digested pET15b (for Lpd, LpdA, and PDHB), pET28a (for

sucB), and pPROEX (for osmC) expression vectors. The
sequences of the resulting pET15b/Lpd, PET15b/LpdA,
PET15b/PDHB, pET28a/sucB, and pPROEX/osmC plasmids
were confirmed by automated DNA sequencing. E. coliDH5-�
strain was transformed by electroporation (Gene Pulser� II,
Bio-Rad) with the expression vectors and cultured to increase
plasmid production. Plasmid extraction was performed using
Perfectprep� plasmid mini (Eppendorf). BL21(DE3) and
AD494(DE3) strainswere transformedby electroporation. sucB
and PDHB genes were transformed into Bl21(DE3) cells, and
lpd and lpdA genes were transformed into AD494(DE3) cells.
The resulting strains were used for expression and purification
of the Lpd, LpdA, SucB, and PDHB recombinant proteins. The
osmC gene was expressed in the E. coli DH5-� strain. Cloning,
expression, and purification of Ohr were performed as de-
scribed previously (13).
ProteinExpressionandPurification—Bl21(DE3)strainstrans-

formed with pET15b/PDHB and pET28a/sucB, AD494 strains
transformedwith pET15b/lpd and pET15b/lpdAwere cultured
(50 ml) overnight in LB medium containing the appropriate
antibiotics. Each culture was transferred to 1 liter of fresh LB
plus antibiotics and grown until the OD reached 0.6–0.8. Iso-
propyl-1-thio-�-D-galactopyranoside was then added to a final
concentration of 0.1 mM. The cells were grown overnight at
20 °C and were then harvested by centrifugation. For the
expression of lipoylated enzymes from the strains containing
pET15b/lpdA, pET15b/PDHB, and pET15b/sucB, 300 �g/ml
lipoic acid was added to the culture medium to ensure maxi-
mum lipoylation of these proteins. For the DH5-� strain trans-
formedwith pPROEX/osmC, isopropyl-1-thio-�-D-galactopyr-
anoside was added to a final concentration of 1 mM, and cells
were grown for 3 h at 37 °C and were then harvested by centri-
fugation. The pellets were washed and resuspended in start
buffer (phosphate buffer, 20 mM, pH 7.4). Eight cycles of 25 s of
sonication (40% amplitude) followed by 50 s on icewere applied
to cell suspensions. Cell extracts were kept on ice during 1%
streptomycin sulfate treatment for 20min. The suspension was
centrifuged at 31,500 � g for 40 min to remove nucleic acid
precipitates. Finally, the cell extracts were each applied to a
nickel affinity column (Hi-Trap fromGEHealthcare). The con-
ditions of protein purification were optimized using the gradi-
ent procedure for imidazole concentration described by the
manufacturer. All recombinant proteins were quantified by
A280 through in silico prediction of extinction coefficients
(ExPASy; available on the World Wide Web). Lipoylated
enzymes SucB and LpdA possess 1 mol of lipoate per 1 mol of
enzyme, and PDHB possesses 2 mol of lipoate per 1 mol of
enzyme.
Preparation of Crude Lysates fromE. coli and X. fastidiosa for

Immunodetection Assays—Cell pellets fromX. fastidiosa J1A12
and E. coli DH5� (OD �0.6–1.0) were resuspended in phos-
phate buffer (50 mM, pH 7.4) containing NaCl (50 mM) and
disrupted by sonication. Cell extracts were kept on ice during
1% streptomycin sulfate treatment for 20 min. The suspension
was centrifuged at 31,500� g for 40min to remove nucleic acid
precipitates. Total protein concentration was determined by
the Bradford method (27).

2 The abbreviations used are: DTNB, 5, 5�-dithiobis-(2-nitrobenzoic acid);
t-BHP, tert-butyl hydroperoxide; PBS, phosphate-buffered saline; DTPA,
diethylenetriamine pentaacetic acid.
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Immunodetection of Lipoylated Proteins and Ohr—For im-
munodetection, the samples were run on SDS-polyacrylamide
gels, and the gels were electroblotted onto a 0.45-�m nitrocel-
lulose membrane in Tris-glycine buffer at 50 V for 90 min.
Blotted membranes were blocked in phosphate-buffered saline
(PBS) containing 0.1% Tween 20 (PBS-T) with 5% skim milk
(Bio-Rad) overnight at 4 °C. The membrane was washed three
times for 5 min with PBS-T and incubated with an anti-lipoic
acid (1:5000 in PBS-T) or anti-Ohr (1:1000 in PBS-T) antibody
for 1 h at room temperature, followed by washing. The mem-
brane was subsequently incubated with an anti-phosphatase
rabbit antibody (1:1000) for 1 h (purchased from theKirkegaard
& Perry Laboratories, Inc., Gaithersburg, MD). After washing,
the proteinswere detected following incubationwith the 5-bro-
mo-4-chloro-3-indolyl phosphate/nitro blue tetrazoliumphos-
phatase substrate. The levels of lipoylated proteins were quan-
titated by densitometry using ImageQuant TL software (GE
Healthcare).
Immunoprecipitation of Lipoic Acid—Immunoprecipitation

was performed as follows. 1 mg of X. fastidiosa lysate (previ-
ously incubated for 30 min with Protein A-Sepharose) was

incubated with anti-lipoic acid
(1:50) overnight at 4 °C. Immune
complexes were then incubated
with Protein A-Sepharose for 4 h at
4 °C, followed by centrifugation.
The immunoprecipitate was
washed five times with Tris-HCl
buffer (20 mM), NaCl (300 mM) and
boiled with 40 �l of sample buffer
containing dithiothreitol (10 mM).
Electrophoresis and transfer were
performed. Blotted membranes
were incubated with an anti-Ohr
antibody (1:1000 in PBS-T) over-
night at 4 °C. The membrane was
subsequently incubated with an
anti-phosphatase rabbit antibody
for one hour and proteins were
detected following incubation with
the 5-bromo-4-chloro-3-indolyl
phosphate/nitro blue tetrazolium
phosphatase substrate (Kirkegaard
and Perry Laboratories).
Isolation of Extracellular Protein

Fraction—To isolate secreted pro-
teins as well as proteins weakly
attached to the cell surface, we use a
modified protocol from Smolka et
al. (28). Briefly, 50 ml of X. fastid-
iosa was centrifuged, and the pellet
was washed twice with buffer con-
taining 10 mM Tris-HCl (pH 8.8), 3
mM KCl, 50 mM NaCl, 5 mM EDTA,
and 1 mM phenylmethylsulfonyl
fluoride. The supernatant fromeach
washing stepwas precipitatedwith a
cold ethanol/acetone/acetic acid

(50:50:0.1, v/v/v) solution on ice for 30min and solubilized in 50
�l of 10 mM Tris (pH 8.8), 0.5% SDS, 5 mM EDTA, and 1 mM

phenylmethylsulfonyl fluoride. After thewashing steps, the pel-
leted cells were then lysed with 200�l of the following solution:
10 mM Tris (pH 8.8), 0.5% (w/v) SDS, 5 mM EDTA, and 1 mM

phenylmethylsulfonyl fluoride. After the addition of 100 mM

dithiothreitol, the proteins (from the supernatant and cellular
fraction) were boiled for 3 min and loaded onto a 14% SDS-
polyacrylamide gel under reducing conditions. Following elec-
trophoresis, the gel was transferred to a nitrocellulose mem-
brane and incubated with an anti-Ohr antibody (1:1000) or an
anti-lipoic acid antibody (1:5000) for 1 h at room temperature.
Disulfide Reductase Activity Assay—The disulfide reductase

activities of the reducing systems were determined using the
DTNB (Ellman’s reagent) assay (29). The reaction mixtures
contained 50mM sodium phosphate (pH 7.4), 1mM diethylene-
triamine pentaacetic acid (DTPA), 0.5 mM DTNB, and 0.2 mM

NAD(P)H and were carried out at 37 °C and were initiated by
the addition of NADH.
Peroxidase-coupled Lipoamide System Assay—The peroxi-

dase activities of Cys-based, thiol peroxidases were measured

FIGURE 1. In vivo interaction of Ohr with lipoylated proteins. A, Ohr co-immunoprecipitated with lipoylated
enzymes. Proteins were precipitated with anti-lipoic acid and were analyzed by Western blot with anti-Ohr.
Lane 1, immunoprecipitated proteins on beads (30 �l); lane 2, recombinant Ohr (0.1 �g). The His tag from
recombinant Ohr (lane 2) was previously digested by thrombin treatment. B, fractions containing extracellular
proteins were obtained by washing cells twice with Tris buffer. Lanes 1– 4, anti-Ohr (1:1000); lanes 6 –10, anti-
lipoic acid (1:5000). Lane 1, recombinant Ohr (0.1 �g); lane 2, X. fastidiosa lysate; lane 3, supernatant
first wash; lane 4, supernatant second wash; lane 5, RainbowTM markers; lane 6, recombinant LpdA (0.1 �g); lane
7, recombinant SucB (0.1 �g); lane 8, X. fastidiosa lysate; lane 9, supernatant first wash; lane 10, supernatant
second wash. All recombinant proteins possess a His tag. C, immunodetection of lipoate enzymes in X. fastid-
iosa lysates. Lane 1, RainbowTM markers; lane 2, PDHB (0.1 �g); lane 3, SucB (0.1 �g); lane 4, LpdA (0.1 �g); lanes
5–7, X. fastidiosa lysates (15, 10, and 5 �g, respectively). D, ability of immunodepleted (Id) E. coli (Ec) and
X. fastidiosa (Xf) lysates to support Ohr peroxidase activity. Bacterial lysates (0.5 mg/ml) were incubated with
NADH (0.2 mM), Ohr (1 �M), Lpd (2.5 �M), and t-BHP (0.2 mM). For more details on the experimental procedures
employed here, see the supplemental material.
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using recombinant Lpd or LpdA fromX. fastidiosa and lipoam-
ide or recombinant E2 enzymes from X. fastidiosa (PDHB or
SucB). Decay due to NADH consumption was measured by
A340 (� � 6290 M�1.cm�1). The reactionmixtures contained 50
mM sodium phosphate (pH 7.4), 50 mMNaCl, 1 mMDTPA (pH
7.4), and 0.2 mMNADH. All reactions were performed at 37 °C
and were initiated by the addition of peroxide at various
concentrations.
Peroxidase-coupled Thioredoxin System Assay—The peroxi-

dase activities of Cys-based thiol peroxidases were measured
using recombinant thioredoxin and thioredoxin reductase
(TSNC and TRR, respectively) from X. fastidiosa or commer-
cial thioredoxin and thioredoxin reductase from E. coli. Decay
due to NADPH consumption was measured by A340 (� � 6220
M�1�cm�1). The reaction mixtures contained 50 mM sodium
phosphate (pH 7.4), 50mMNaCl, 1 mMDTPA (pH 7.4), and 0.2
mM NADPH. All reactions were performed at 37 °C and were
initiated by the addition of t-BHP at various concentrations.
Peroxidase-coupled Glutathione System Assay—The peroxi-

dase activity of Ohr from X. fastidiosa, OsmC from E. coli, and
human glutathione peroxidase were measured using reduced
glutathione and commercial glutathione reductase from bak-
ers’ yeast. Decay due toNADPHconsumptionwasmeasured by
A340 (� � 6220 M�1�cm�1). The reactionmixtures contained 50
mM sodium phosphate (pH 7.4), 50 mMNaCl, 1 mMDTPA (pH
7.4), and 0.2 mM NADPH. All reactions were performed at

37 °C and were initiated by the
addition of t-BHP at various
concentrations.

RESULTS

Ohr Interacts with Lipoylated En-
zymes in Vivo—Lipoylated proteins
from X. fastidiosa, a bacterial phy-
topathogen, were immunoprecipi-
tated utilizing a polyclonal antibody
specific for lipoic acid (anti-lipoic
acid). Consistent with our hypothe-
sis, we observed thatOhr co-precip-
itated with lipoylated enzymes (Fig.
1A). Moreover, we observed that
Ohr is present in the extracellular
fraction (or weakly attached to the
cell surface) along with a protein
reactive to anti-lipoic acid that co-
migrated with SucB, the E2 subunit
of the �-ketoglutarate dehydrogen-
ase complex (Fig. 1B, lanes 3, 4,
9, and 10). Furthermore, another
study detected Ohr and LpdA in the
extracellular environment through
proteomic analyses of X. fastidiosa
(28). LpdA is an enzyme harboring
its own substrate, a lipoyl group
(30).
Ohr was also found in the intra-

cellular fraction ofX. fastidiosa (Fig.
1B, lane 2). Therefore, we investi-

gatedwhether any other lipoylated proteinswere present in this
compartment. Immunochemical evidence indicated that all
three lipoylated enzymes (LpdA, PDHB, and SucB) predicted by
the annotation of theX. fastidiosa genome (see theX. fastidiosa
Comparative Genome Project Web site from Laboratório
Nacional de Computação Cientı́fica) are present in the cell
lysates (Fig. 1C). Thus, in principle, all of these proteins could
support Ohr peroxidase activity in the intracellular compart-
ment. If this is the case, then the ability ofX. fastidiosa lysates to
support Ohr activity should be decreased if lipoylated proteins
were immunodepleted. In fact, the removal of lipoylated pro-
teins from X. fastidiosa and E. coli lysates reduced the rate of
NADH oxidation compared with the same preparation that
was not immunodepleted with anti-lipoic acid (Fig. 1D). The
residual activity detected in the immunodepleted lysates
correlated with the presence of lipoylated proteins that were
not completely removed during the immunoprecipitation
step (supplemental Fig. 1).
Lipoyl-dependent Peroxidase Activity of Ohr—Next, we in-

vestigated the ability of Lpd from X. fastidiosa to alternatively
function as a physiological reductant of Ohr instead of their
classical function as oxidants during �-keto acid oxidative
decarboxylation. Initially, the disulfide reductase activity of
recombinant Lpd fromX. fastidiosa in the presence of free lipo-
amide was demonstrated (Fig. 2A). We then showed that this
lipoamide-dependent system supported the peroxidase activity

FIGURE 2. Characterization of lipoyl-dependent peroxidase activity. A, disulfide reductase activity of
lipoamide systems. F, 1 �M LpdA plus 0.5 �M PDHB; �, 1 �M Lpd plus 1 �M SucB; f, 1 �M lipoamide plus
1 �M Lpd; Œ, 1 �M LpdA; �, 1 �M LpdA�LA; ‚, 1 �M Lpd plus 1 �M SucB�LA. �LA denotes proteins whose
expression was not enriched with lipoic acid. B, lipoamide-dependent peroxidase activity of Cys-based
thiol-dependent peroxidases (0.1 �M) in the presence of free lipoamide (0.2 mM), Lpd (0.5 �M), and t-BHP
(0.2 mM). F, Ohr; Œ, AhpC; f, PrxQ; �, no further addition. C, Lineweaver-Burk plot of the lipoamide-de-
pendent peroxidase activity of Ohr. Lipoamide concentrations were as follows: 7.5 �M (f), 10 �M (Œ), and
15 �M (F). D, Henri-Michaelis-Menten plot for Ohr catalysis in reactions containing Ohr (1 �M), Lpd (5 �M),
and lipoamide (0.1 mM). The result is the average of three independent experiments. Data are means
� S.D.
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of Ohr (Fig. 2B). Interestingly, only Ohr and not the other two
Cys-based peroxidases fromX. fastidiosa (PrxQ (peroxiredoxin
Q) and AhpC (alkyl hydroperoxide reductase, subunit C)) pre-
sented lipoyl-dependent peroxidase activity (Fig. 2B). Parallel
lines were obtained in Lineweaver-Burk plots, indicating a
ping-pong reaction mechanism (Fig. 2C), as expected for other
Cys-based peroxidases (31, 32). Using a bisubstrate kinetic
approach (33), Km values in the micromolar range for lipo-
amide and t-BHP were obtained (Table 1, first lane, and
supplemental Fig. 2). In contrast, millimolar amounts of H2O2
are required to saturate Ohr (Fig. 2D) under non-limiting
amounts of lipoamide. Therefore, Ohr reduced t-BHP at least

10,000 times more efficiently than H2O2 (Table 1). The Ohr
active site pocket is surrounded by several hydrophobic resi-
dues (11, 12), which may explain the very high Km value for
H2O2. This large difference in affinities for hydroperoxides has
never been described before for other Cys-based peroxidases.
Furthermore, the catalytic efficiency of Ohr to detoxify t-BHP
(106 M�1�s�1) is similar or even higher than other Cys-based
thiol peroxidases (9, 34, 35). This is the first detailed enzymatic
characterization of a Cys-based peroxidase belonging to the
Ohr family of proteins.
Reconstitution of the Ohr Physiological Reducing System—

Initially, we cloned and expressed enzymes from X. fastidiosa
predicted to have lipoyl binding domains (supplemental Fig. 3),
which include SucB (the E2 component of 2-oxoglutarate dehy-
drogenase complex), PDHB (the E2 component of pyruvate
dehydrogenase complex), and LpdA. The physiological role of
LpdA is still unclear. Because its gene is located close to genes
encoding proteins of the pyruvate dehydrogenase complex, it
was annotated as its E3 component. However, LpdA in Strep-
tococcus pneumonia is not associated with any two oxo-acid
dehydrogenase complexes (30). In any case, recombinant SucB,
PDHB, and LpdA presented disulfide reductase activity
(Fig. 2A).
Then we tested whether these lipoyl-dependent reducing

systems were capable of supporting Ohr peroxidase activity.
Both SucB and PDHB promoted Ohr-dependent peroxide

removal in the presence of Lpd.
Besides that, LpdA alone or in com-
bination with SucB or PDHB also
supported Ohr peroxidase activity
(Fig. 3A). Therefore, we have recon-
stituted three possible pathways
involved in the decomposition of
organic hydroperoxides.
We also investigated whether

other classical thiol-containing sys-
tems, well known reductants for
other thiol peroxidases (peroxire-
doxins and glutathione peroxi-
dases), could act as alternative elec-
tron donors to Ohr. Recombinant
TSNC and TRR from X. fastidiosa
were obtained, and they presented
disulfide reductase activity (Fig. 3B).
However, Ohr presented no peroxi-
dase activity, even with the use of
high concentrations of thioredoxin
and thioredoxin reductase (Fig. 3C).
Under the same conditions, PrxQ
from X. fastidiosa was active (Fig.
3C). In fact, taking into account
data from the literature, it is evident
that the concentrations of thiore-
doxin and thioredoxin reductase
employed here were high enough to
support the enzymatic activity of
other Cys-based peroxidases (36,
37). Some Cys-based peroxidases

FIGURE 3. Reconstitution of the Ohr physiological reducing system. A, Ohr peroxidase activity measured in
the presence of lipoylated recombinant proteins (LpdA (2 �M), SucB (2 �M), and PDHB (1 �M)) or free lipoamide
(2 �M). Reaction mixtures contained NADH (0.2 mM), Lpd (2 �M), and Ohr (0.1 �M). B, disulfide reductase activity
of the thioredoxin system from X. fastidiosa. F, 5 �M TSNC; �, 5 �M TRR; Œ, 5 �M TRR plus 5 �M TSNC.
C, peroxidase activity of Ohr and PrxQ in the presence of the thioredoxin system from X. fastidiosa. �, 5 �M TRR
plus 5 �M TSNC and 5 �M PrxQ; �, 5 �M TRR plus 5 �M TSNC and 10 �M Ohr. D, dependence of Ohr activity on
LpdA concentration. Reaction mixtures as described under “Experimental Procedures” contained Ohr (0.1 �M).
The results presented in a and d are the average of three independent experiments. Data are means � S.D.
(error bars).

TABLE 1
Kinetic constant for different Ohr substrates
Parameters for H2O2 were obtained through a non-linear regression fit using satu-
rating concentrations of lipoamide. Parameters for all other substrates were
obtained with the secondary plots of 1/Vmax(app) and 1/Km(app) versus 1/�LA	. In the
case of lipoylated enzymes SucB and PDHB, LA represents the lipoic acid covalently
attached to the enzyme (1mol of LA per 1mol of SucB and 2mol of LA per 1mol of
PDHB).

Substrate Km kcat kcat/Km

�M s�1 M�1 s�1

t-BHPa 14.51 � 0.15 17.95 � 7.25 (2.06 � 0.08) � 106
H2O2

a 41,720.00 � 6530.00 9.53 � 0.56 (2.30 � 0.20) � 102
Lipoamide 44.46 � 0.98 90.9 � 4.70 (2.06 � 0.08) � 106
PDHB 10.93 � 0.15 9.5 � 0.20 (0.87 � 0.01) � 106
SucB 38.51 � 14.12 17.95 � 7.25 (0.46 � 0.02) � 106

a Parameters for t-BHP and H2O2 were calculated using free lipoamide. The results
are the average of three independent experiments and represent mean � S.D.
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display peroxidase activity supported by glutathione or glutare-
doxin (38, 39). Therefore, it was relevant to investigate whether
Ohr would present such activities.We previously observed that
GSH does not support Ohr activity, even at very high concen-
trations (13). We have now verified that glutaredoxin 1 and
glutaredoxin 2 from Saccharomyces cerevisiae and glutaredoxin
1 from E. coli in the presence of GSH and glutathione reductase
did not support Ohr peroxidase activity. We did not observe
any NADPH consumption even using millimolar concentra-
tions of GSH. Given the fact that 2 �M lipoamide is sufficient to
support Ohr peroxidase activity (Fig. 3A), the glutathione sys-
tem is probably not its physiological reductant. In conclusion,
Ohr is highly specific for lipoylated enzymes among other bio-
logical reducing systems.
To gain further insight into the physiological relevance of the

interactions of Ohr with lipoylated enzymes, we performed
bisubstrate kinetic analysis (supplemental Fig. 2). The catalytic
parameters of Ohr that were determined relative to SucB and
PDHBwere similar in comparison with free lipoamide (Table 1
and supplemental Fig. 2). Moreover, using saturating concen-
trations of t-BHP, we were able to analyze the dependence of
the reaction on LpdA concentration (Fig. 3D). TheKm value for
LpdA (13.5 � 1.9 �M) was also very similar to that obtained for
SucB and PDHB (Table 1). Comparison of Km values is difficult
because the parameters for SucB and PDHB (Table 1) were
calculated in a fixed concentration of flavoenzyme (Lpd � 1

�M), whereas for LpdA, the concen-
tration of flavoenzyme present in
the reaction mixture varies accord-
ing to the value indicated on the x
axis (Fig. 2D) because this enzyme
possesses both an Lpd and a lipoyl
binding domain (30). To test
whether the increase in peroxidase
activity could also be influenced by
an increase in Lpd concentration,
we performed the assay in the pres-
ence of SucB and various concentra-
tions of Lpd (supplemental Fig. 4).
Increasing concentrations of Lpd
did not influence the activity of the
system, showing that the concentra-
tion of Lpd used in these assays was
not rate-limiting.
Moreover, to determine whether

lipoylated enzymes are present in
the cell at concentrations that
make Ohr-dependent hydroperox-
ide reduction kinetically favor-
able, we employed semiquantitative
Western blot analysis using anti-li-
poic acid. SucB was the most abun-
dant lipoyl protein, present at
micromolar concentrations (0.9
�M). LpdA and PDHB could also be
detected although at lower concen-
trations (0.07 and 0.13 �M, respec-
tively) (Fig. 1C).

Finally, we showed that recombinant OsmC (osmotically
inducible protein) from E. coli, another Cys-based, thiol perox-
idase belonging to theOsmC/Ohr family of proteins (10, 14, 15,
16), also had its activity supported by lipoylated proteins from
X. fastidiosa (Fig. 4A). Again, classic reducing systems, such as
thioredoxin and glutathione, failed to support OsmC activity,
even at high concentrations (Fig. 4, B and C, respectively). Fur-
thermore, the addition of glutaredoxin 1 from E. coli to the
glutathione system did not lead to NADH consumption
dependent onOsmC activity (data not shown). These data sug-
gested that the specificity for lipoyl-dependent systems is a
common feature for proteins belonging to the Ohr/OsmC
family.

DISCUSSION

The results presented here indicate that lipoylated proteins
(SucB, PDHB, and/or LpdA) are the biological reducing agents
for Ohr (Fig. 5). Traditionally, protein-associated lipoyl groups
are viewed as electron acceptors in oxidative pathways, but they
can also act in reductive processes (19). For instance, lipoylated
E2 from Mycobacterium tuberculosis reduces a thioredoxin-
like protein (AhpD), thereby indirectly supporting the peroxi-
dase activity of a peroxiredoxin (AhpC) (26). Besides, it was also
proposed that the reduced form of lipoylated enzymes could
donate electrons to ribonucleotide reductase via Grx1 (40).
Interestingly, the redox state of the complex-bound lipoate is an

FIGURE 4. Lipoyl-dependent peroxidase activity of OsmC from E. coli. A, OsmC peroxidase activity in the
presence of lipoylated recombinant proteins from X. fastidiosa (LpdA (2 �M), PDHB (1 �M), and SucB (2 �M)).
Reaction mixtures contained NADH (0.2 mM), Lpd (2 �M), and OsmC (0.5 �M). B, peroxidase activity of OsmC (10
�M, Œ) and PrxQ (5 �M, f) from X. fastidiosa in the presence of the thioredoxin system from E. coli (thioredoxin
(1 �M) and thioredoxin reductase (0.5 �M)). C, peroxidase activity of Ohr (‚, 10 �M), OsmC (Œ, 10 �M), and
human glutathione peroxidase (f, 1 �M glutathione peroxidase) in the presence of a heterologous glutathione
system (6 �g/�l glutathione reductase, 1 mM GSH). Reaction mixtures were added as described under “Exper-
imental Procedures.” The results presented in a are the average of three independent experiments. Data are
means � S.D. (error bars).
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indicator of the availability of the reaction substrates (2-oxo
acid, CoA, andNAD�) and thiol-disulfide status of themedium
(19).
Importantly, levels of components belonging to the lipoam-

ide system are probably present at concentrations capable of
efficiently supporting Ohr peroxidase activity in vivo because
these concentrations were in the range of the Km values deter-
mined by bisubstrate kinetic analyses. In fact, in another bacte-
ria (E. coli), whose cells were grown inminimalmedium, E1, E2,
and E3 were identified as three of the 19 proteins most induced
by aerobic growth after anaerobiosis (41, 42). Levels of lipoic
acid in bacterial cytosols are also abundant (43, 44), making
their ability to support Ohr peroxidase activity feasible.
Remarkably, we did not find an orthologous of LplA (lipoate
ligase), in the X. fastidiosa genome. This enzyme is responsible
for lipoylation of enzymes using exogenous lipoic acid as sub-
strate (45). However, we found all of the three genes involved in
the biosynthetic pathway of lipoic acid: LipA (lipoyl synthase,
XF1050), LipB (lipoyltranferase, XF1051), and ACP (acyl car-
rier protein, XF0672) (46, 47). This finding is in line with the
observation that the plant pathogen X. fastidiosa colonizes an
environment with poor availability of nutrients.
Interestingly, OsmC from E. coli was also reduced by lipoy-

lated proteins from X. fastidiosa (Fig. 4). This result indicates
that lipoylated proteinsmay also be the physiological reductant
for other members of the Ohr/OsmC family of proteins.
It is important to mention that a search in the genome data

bank of X. fastidiosa revealed that there are at least three Grxs
with variable lengths and active sites (XF2066, XF2263, and
XF2323). Also,X. fastidiosa possesses at least another three thi-
oredoxin-like proteins (XF0992, XF1569, and XF1714) besides
TSNC (XF2343). Therefore, we cannot exclude the possibility
that one of these Trxs and/or Grxs donate electrons to Ohr.
This work is the first description of a protein endowed with

lipoyl-dependent peroxidase activity. The ability of Ohr to uti-
lize reducing equivalents from lipoyl sulfhydryls, its unique

structure, and the fact that it is exclusively present in many
types of pathogenic bacteria might represent an unexplored
microbial niche for new molecular scaffolds. This finding is
relevant because antibiotic-resistant strains of pathogenic bac-
teria are increasingly prevalent (48), and severalmajor classes of
bactericidal antibiotics operate through the production of
highly deleterious hydroxyl radicals in bothGram-negative and
Gram-positive bacteria (49). Remarkably, lipoyl groups are
essential for parasite survival in host cells (50, 51) and for viru-
lence (52). Indeed, the utilization of lipoylated proteins for Ohr
reduction represents an emerging area of investigation (19) into
the likelihood that specific proteins perform multiple catalytic
functions to provide a means to regulate divergent processes,
with a single molecular switch.
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