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L

eptospira is a diverse genus of spirochete bacteria spanning 20
species (5), including the saprophytic species L. biflexa and the
pathogenic species L. interrogans (46). Leptospirosis, caused by
pathogenic Leptospira spp., is a widespread zoonotic disease (62)
that has emerged as an epidemic in urban slum settings (28). Leptospirosis in susceptible hosts, such as humans and hamsters (44),
is manifested by a wide array of clinical signs, including fever and
jaundice, with a potential for death from multiple organ failure
(29). Rats are asymptomatic carriers and serve as a reservoir for
pathogenic Leptospira species (54). In such maintenance hosts,
leptospires colonize primarily renal tubules, from where they are
shed into the urine and persist in freshwater until they gain access
to a new mammalian host (29).
The induction of a host immune response generates a defensive
oxidative burst (27). In leptospiral infections, the release of reactive oxygen species (ROS) was demonstrated in vitro with isolated
rat Kupffer cells upon exposure to Leptospira (36), and in vivo, it
has been shown that cattle diagnosed with leptospirosis display
elevated levels of serum oxidative stress biomarkers (16). Together, these studies indicated that Leptospira is exposed to ROS
during the infection process. During the host oxidative burst, ROS
are generated from free radicals of molecular oxygen (superoxide). Reactive oxygen species can be generated through immune
cells, including neutrophils and macrophages (45), which utilize
both membrane and cytosolic proteins to generate oxygen radicals
from molecular oxygen via the NADPH phagocyte oxidase pathway (1, 61). The generated oxygen radicals can then be used to
produce other ROS, including hydrogen peroxide (H2O2), hydroxyl radicals, and hypochlorous acid, all of which mediate bacterial killing.
The molecular mechanism(s) underlying the killing of microorganisms via ROS is incompletely understood (18, 19). For bac-
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teria, the primary cellular target of ROS was thought to be DNA,
with extensive ROS-generated DNA damage resulting in a loss of
bacterial viability (24). However, recent evidence for Salmonella
enterica serovar Typhimurium demonstrated a requirement for
the periplasmic superoxide dismutase (SodC), rather than the cytoplasmic enzyme counterparts SodA and SodB, for resistance to
extracellular ROS, suggesting a noncytoplasmic target for ROS
damage (10). Further evidence comes from the demonstration
that membrane lipids are targeted by ROS in Borrelia burgdorferi
(4), identifying one potential mechanism for the loss of spirochete
viability during infection. Microbial pathogens have evolved various mechanisms to counter the effects of host-generated ROS,
including the disruption of ROS delivery to the phagosome (60),
the inhibition of ROS production (9), active DNA repair systems
(23, 56), and the enzymatic detoxification of ROS (3, 20, 64).
Microbial enzymes utilized for ROS detoxification include catalases (6) and peroxidases (50), which degrade hydrogen peroxide,
and superoxide dismutases, which detoxify superoxide anions
(57).
Catalases of pathogenic bacteria are important for optimal detoxification of H2O2 (15, 22), survival in macrophages (13), resis-
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Pathogenic Leptospira spp. are likely to encounter higher concentrations of reactive oxygen species induced by the host innate
immune response. In this study, we characterized Leptospira interrogans catalase (KatE), the only annotated catalase found
within pathogenic Leptospira species, by assessing its role in resistance to H2O2-induced oxidative stress and during infection in
hamsters. Pathogenic L. interrogans bacteria had a 50-fold-higher survival rate under H2O2-induced oxidative stress than did
saprophytic L. biflexa bacteria, and this was predominantly catalase dependent. We also characterized KatE, the only annotated
catalase found within pathogenic Leptospira species. Catalase assays performed with recombinant KatE confirmed specific catalase activity, while protein fractionation experiments localized KatE to the bacterial periplasmic space. The insertional inactivation of katE in pathogenic Leptospira bacteria drastically diminished leptospiral viability in the presence of extracellular H2O2
and reduced virulence in an acute-infection model. Combined, these results suggest that L. interrogans KatE confers in vivo resistance to reactive oxygen species induced by the host innate immune response.

L. interrogans Catalase

MATERIALS AND METHODS
Leptospira strains and culture conditions. L. interrogans serovar Copenhageni strain Fiocruz L1-130 was isolated from a clinical sample in Salvador, Brazil (28). L. interrogans serovar Pomona L523 was originally isolated from a clinical sample in Australia and was obtained from the World
Health Organization Collaborating Centre for Reference and Research on
Leptospirosis, Brisbane, Australia. L. interrogans serovar Manilae strain
L495 was originally isolated from a clinical sample in the Philippines and
was provided by Nobuo Koizumi, National Institute of Infectious Diseases, Tokyo, Japan, and L. biflexa serovar Patoc strain Patoc1 (designated
Paris strain) was obtained from a freshwater stream (2) and is stored and
maintained at the National Reference Center of Leptospira (Pasteur Institute, Paris, France). All strains were cultured aerobically in EllinghausenMcCullough-Johnson-Harris (EMJH) medium (26) at 29.5°C.
Catalase assay. Recombinant KatE (rKatE) was purified by using immobilized metal ion affinity chromatography as described previously
(17). This recombinant protein preparation was estimated to have a purity of ⬎95% and appeared as a single band in sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) analyses. The enzymatic
activity was measured by using a catalase assay kit (Cayman Chemical
Company, Ann Arbor, MI) at room temperature according to the manufacturer’s instructions, with the bovine catalase enclosed in the kit serving
as a positive control. Recombinant KatE was added at final concentrations
ranging from 0.23 ng/l to 15 ng/l. Catalase (KatE) inhibition experiments were conducted by adding 3-amino-1,2,4-triazol (ATZ) (USB Corporation, Cleveland, OH) to the assay buffer (100 mM potassium phosphate, pH 7.0) at a final concentration of 100 mM, prior to conducting the
catalase assay. The formaldehyde control assay was performed concurrently according to the manufacturer’s protocol. Catalase and formaldehyde standard assays were conducted using duplicate samples. The experiment was performed a total of three times, with comparable results; a
representative result from one experiment is presented.
Bacterial oxidative stress conditions and inhibition assays. Leptospires were enumerated by using a Petroff-Hausser counting chamber
(Fisher Scientific, Ottawa, Ontario, Canada) and an Eclipse 50i dark-field
microscope (Nikon, Mississauga, Ontario, Canada). Bacteria were grown
to ⬎4 ⫻ 108 bacteria/ml and diluted to 3 ⫻ 108 bacteria/ml in either
EMJH medium (without H2O2) or EMJH medium containing H2O2 at a
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final concentration of 0.1 mM, 1 mM, or 10 mM, with or without 100 mM
ATZ. Samples were incubated for 1 h at 37°C. Bacterial oxidative stress
assays were also conducted, as described above, without ATZ for 10 min at
37°C. A total of 5 ⫻ 109 cells of strain L1-130 from each experimental
group (no H2O2 exposure and 0.1, 1, and 10 mM H2O2 exposures) were
collected by centrifugation at 2,000 ⫻ g, and the bacteria were flash-frozen
in liquid nitrogen and stored at ⫺20°C for subsequent immunoblot analyses. Exposures for 30 and 60 min were also tested and yielded similar
results.
Bacterial viability assays. Triplicate samples of Leptospira bacteria
exposed to the above-described conditions were dispensed into sterile
Falcon 96-well flat-bottom polystyrene microplates (Becton Dickinson,
Franklin Lakes, NJ) (250 l/well). Fifty microliters of an alamarBlue (Biosource, Camarillo, CA) working solution, consisting of 0.4 ml alamarBlue
stock solution plus 9.6 ml 0.1 M potassium phosphate buffer (pH 7.4), was
added to each well and incubated at 30°C (the optimal temperature for
leptospiral growth in vitro) in a humidified Hybaid chamber (ThermoFisher Scientific). In this assay, viable bacteria are able to reduce the nonfluorescent compound resazurin to the fluorescent compound resorufin
(43). The chromogenic shift was measured by fluorescence using a 530- ⫾
25-nm filter for excitation and a 590- ⫾ 20-nm filter for emission in a
Synergy HT microplate reader (BioTek) at 0 and 4 h postincubation.
Negative controls without bacteria were included. Percent survival was
calculated at 4 h by subtracting initial readings (time zero) and the negative control and then by dividing by fluorescence values obtained from
leptospires that had not been exposed to H2O2 and were grown in either
EMJH medium or EMJH medium with 100 mM ATZ. Leptospiral viability
was confirmed via dark-field microscopy, where motile bacteria were deemed
viable. Data are representative of a single experiment with three replicates.
Experiments were repeated at least two times, with similar results. Statistical
analyses were conducted by using the two-tailed Student t test.
Protein fractionation. Bioinformatic analysis to predict the cellular
location of KatE was performed by using pSORTb v3.0 (66). The experimental subcellular localization of KatE in Leptospira was determined by
Triton X-114 solubilization of the outer membrane and subsequent fractionation into detergent (DET) and aqueous (AQ) phases, as described
previously (21, 48, 68), except that fractionation was performed on approximately 4 ⫻ 1010 cells at a concentration of 5 ⫻ 109 bacteria/ml.
Immunoblot analyses. Bacterial cells exposed to conditions of oxidative stress and subcellular protein fractionation samples were resuspended
in SDS-PAGE sample loading buffer, subjected to SDS-PAGE, and transferred onto polyvinylidene difluoride (PVDF) membranes, as described
previously (17). Membranes were probed at room temperature with rabbit antiserum to either KatE (17), LipL21 (11), FlaA2 (30), or FlaA1 (12) at
a 1:3,000 dilution for membranes containing the fractionated protein
samples and at a 1:2,000 dilution for membranes containing protein samples
from oxidative stress assays, and immunoreactivity was detected with a goat
anti-rabbit IgG horseradish peroxidase (HRP)-conjugated antibody (SigmaAldrich Chemie GmbH, L’Isle d’Abeau Chesnes, Saint-Quentin Fallavier,
France). Blots were developed with a chemiluminescent substrate (SuperSignal West Pico chemiluminescent substrate; Thermo Scientific, Illkirch,
France) according to the manufacturer’s instructions.
Leptospira insertion mutants. Transposon mutagenesis was carried
out on L. interrogans serovar Manilae strain L495 and L. interrogans serovar Pomona strain L523 with a kanamycin-resistant Himar1 transposon,
as described previously (39). Among the transformants, we identified an
L. interrogans serovar Manilae mutant (m69) with an insertion into katE
(LA1859) 384 bases into the 1,446-bp gene and an L. interrogans serovar
Pomona mutant (mutant P3) with a transposon insertion 1,272 bases into
the gene.
Genomic DNA was extracted from 20-ml cultures by using the
QIAamp DNA blood minikit (Qiagen, Inc., Valencia, CA). Confirmation
of the genotype was performed by using PCR with primers 69a (5=-GAT
ACGGAAAGAGATCCGAG-3=) and 69b (5=-ATGATCTGAACACAAAA
CTTC-3=), which are located in the flanking sequences of the insertion site
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tance to phagocyte-mediated killing (52), and virulence (3, 53, 59,
64). The pathogenic species L. interrogans displays catalase activity, while the saprophytic species L. biflexa displays predominantly
peroxidatic activity (7), despite the fact that a katG homolog is
present in L. biflexa (65). L. interrogans can degrade H2O2 at concentrations 50-fold higher than those tolerated by L. biflexa (8),
consistent with a greater susceptibility of L. biflexa to H2O2-mediated killing (38). This suggests that L. interrogans has evolved an
extensive H2O2 detoxification system which is absent from L. biflexa.
Additional evidence suggesting a role for catalase activity in
virulence comes from a previous study which showed the upregulation of the catalase KatE by L. interrogans when exposed to “in
vivo-like” conditions represented by bacterial growth in medium
depleted of iron and containing 10% fetal bovine serum (17). This
finding has been supported at the transcriptional level, where katE
transcript levels were increased in response to an increase in temperature and the presence of serum (32, 47, 65). These results,
together with the potential for the exposure of Leptospira to extracellular ROS during the infection process, prompted us to further
characterize the leptospiral response to ROS. In this study, we
demonstrate that KatE is a periplasmic catalase that enhances the
resistance of L. interrogans to extracellular oxidative stress and is
required for virulence in an acute animal model.

Eshghi et al.

RESULTS

Recombinant KatE displays catalase activity. Soluble recombinant KatE (rKatE) was expressed, purified, and utilized in a catalase-specific assay (Fig. 1) that measures the peroxidatic activity of
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FIG 1 Recombinant KatE displays catalase activity. Recombinant KatE
(rKatE) was analyzed in a catalase assay in the presence or absence of the
specific catalase inhibitor ATZ (100 mM). (A) Increased absorbance with increasing rKatE concentrations in the absence of ATZ. No correlation was observed between the absorbance and the rKatE concentration in the presence of
ATZ. (B) ATZ did not alter the reaction of formaldehyde standards with chromogen-producing compounds. Data are reported as the means from duplicate
absorbance values at 540 nm for a single experiment.

catalase using methanol as an electron donor to decompose H2O2
into formaldehyde and water (25, 63). Other enzymes with peroxidatic activity do not utilize methanol to decompose H2O2 into
formaldehyde (25), and therefore, any observed formaldehyde
production can be attributed to the presence of catalase. The absorbance increased proportionally to the rKatE concentration, indicating the production of formaldehyde from methanol and
H2O2 (Fig. 1A). The inclusion of 100 mM ATZ, a catalase inhibitor
(37), diminished the absorbance relative to the rKatE concentration (Fig. 1A) but did not diminish the absorbance due to the
formaldehyde concentration (Fig. 1B).
H2O2-induced oxidative stress does not influence KatE expression. To test whether the expression of KatE was altered during the exposure of Leptospira to H2O2-induced oxidative stress,
bacteria were exposed to H2O2 concentrations ranging from 0 to
10 mM. Total cellular protein was separated by SDS-PAGE and
subjected to immunoblot analysis using antisera specific for KatE
or FlaA1 (flagellar protein A1) (used as a loading control since it is
constitutively expressed under various conditions [17, 32, 35]).
KatE- and FlaA1-specific antisera recognized bands of molecular
masses consistent with the predicted molecular masses of 54.7 kDa
and 34.9 kDa for KatE and FlaA1, respectively (Fig. 2). Quantitative fluorescence immunoblot analyses of KatE expression
in response to various H2O2 concentrations (normalized to
FlaA1 expression) showed that KatE expression levels remained unchanged when cells were exposed to increasing H2O2
concentrations (P ⬎ 0.5 for all concentrations).
KatE is localized to the periplasmic space. Bioinformatic
analysis using the subcellular localization prediction program
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of the transposon, and Southern blots of EcoRV-digested DNA were
probed for hybridization with the kanamycin-resistant cassette.
Quantitative PCR was performed to test the effect of the transposon
insertion on the transcription of the gene (lic12031) immediately downstream of katE. Wild-type strains of L. interrogans serovars Pomona and
Manilae and the respective katE mutant strains were grown to the same
density, and RNA was extracted as previously described (32), with the
following modifications. Briefly, Leptospira bacteria were grown to 8 ⫻
108 bacteria/ml, and 20 ml of each culture was centrifuged at 3,200 ⫻ g.
Each pellet was resuspended in 1 ml TRIzol (Invitrogen, Saint-Aubin,
Île-de-France, France), and RNA was purified according to the manufacturer’s instructions. DNA digestion was conducted by the addition of 5 l
10⫻ Turbo DNase buffer (Ambion, Saint-Aubin, Île-de-France, France)
and 1 l Turbo DNase (Ambion) to the sample, followed by a 30-min
incubation at 37°C. An additional 3 l of Turbo DNase was added to the
sample, followed by a 30-min incubation at 37°C. Turbo DNase was inactivated by the addition of 11 l of DNase inactivation reagent (Ambion)
to the sample and incubation for 5 min with occasional mixing. The sample was centrifuged at 10,000 ⫻ g for 2 min, and the supernatant was
transferred into a new microcentrifuge tube.
First-strand cDNA synthesis was performed by using 1 l RNA extract, 4 l 5⫻ iScript reaction mix (Bio-Rad, Marnes-la-Coquette, Île-deFrance, France), 1 l iScript reverse transcriptase (Bio-Rad), and 14 l
RNase-free H2O (Bio-Rad). Thermal cycles of 25°C, 42°C, and 85°C for 5,
30, and 5 min, respectively, were performed by using a DNAEngine Peltier
thermal cycler (Bio-Rad). A negative-control reaction to control for genomic
DNA contamination of RNA samples in downstream quantitative PCR experiments was performed in the absence of reverse transcriptase.
Quantitative PCR analyses were performed with primer pair P1 (5=-T
TTCGCATAATCTCCGTTCC) and P2 (5=-CTCCTCCGATCGTCTGA
GTC) (amplifies bp 589 to 1837 of the lic12031 open reading frame
[ORF]). The flaB1 transcript was used as a normalizing control and was
amplified by primer pair fP1 (5=-GAGAGAAACACCGAAGACGG) and
fP2 (5=-TGAATAGCAAGAACCCGGAT) (amplifies bp 187 to 287 of the
flaB1 [lic11890] ORF). Quantitative PCR was conducted by using 10 l
SsoFast EvaGreen Supermix (Bio-Rad), 5 pmol each primer, and 1 l of
either cDNA or the negative control lacking reverse transcriptase in a total
volume of 20 l. Thermal cycling was performed by using a C1000 Thermal Cycler CFX96 real-time system (Bio-Rad), with a cycling program of
1 cycle at 95°C for 3 min and 39 cycles at 95°C for 10 s, followed by 55°C for
30 s. A melting-curve analysis was performed to assess the amplification of
a single amplicon per target by raising the temperature to 95°C for 10 s,
followed by a 65°C to 95°C gradient with fluorescence measurements at
0.5°C increments. Triplicate quantitative PCR analyses were performed
on each of 2 biological replicates. The Student t test was used to evaluate
the differential expression of lic12031 when katE mutant strains of L.
interrogans serovars Manilae and Pomona were compared with their respective wild-type strains.
Hamster infections. L. interrogans strains were tested for virulence in
the hamster model of acute leptospirosis. Male hamsters aged 28 days
(Janvier) were inoculated intraperitoneally with 106 leptospires (50% infective dose [ID50] of L. interrogans serovar Manilae of ⬍100; n ⫽ 8) or 103
leptospires (ID50 of L. interrogans serovar Pomona of ⬍100; n ⫽ 10),
which reflects the standard in-house operating infectious doses for the
two independent laboratories conducting the studies (30). Animals were
monitored daily for clinical signs of leptospirosis and euthanized when
moribund, in accordance with animal ethics requirements. In the countries involved in this study, the use of clinical disease symptoms as an
experimental endpoint is required. Statistical analyses were performed by
using Fisher’s exact test.

L. interrogans Catalase

FIG 2 H2O2-induced oxidative stress does not affect KatE expression. Lepto-

PSORTb predicted KatE to be located within the periplasm. To
experimentally confirm this prediction, total cellular L. interrogans protein was fractionated to yield a protoplasmic cylinder
(PC) containing cytoplasmic and inner membrane proteins, an
aqueous (AQ) phase containing periplasmic proteins, and a detergent (DET) phase containing outer membrane proteins (21, 48,
68). Protein fractions were separated by SDS-PAGE (Fig. 3A) and
subjected to immunoblot analysis. Antiserum to LipL21 reacted
with a protein of approximately 20 kDa in the DET and PC phases
(Fig. 3B), in agreement with previous observations showing that
LipL21 fractionates with the PC and DET fractions (11). Antiserum to FlaA2 displayed reactivity with a band migrating at approximately 27 kDa in the PC fraction only (Fig. 3B), which is the
expected fractionation result for a protein that associates with the
flagellum core structure (30). Importantly, KatE-specific antiserum reacted with a band migrating at 52 to 55 kDa in both the AQ
and PC phases, but no band was observed in the DET phase
(Fig. 3B), consistent with the predicted localization of KatE to the
periplasmic space.
Construction of katE transposon mutants and confirmation
of the lack of transposon-induced downstream polar effects. L.
interrogans transposon mutants disrupted in katE were constructed to assess the viability of these mutants under conditions
of oxidative stress and during in vivo infection. Complementation
in L. interrogans is extremely difficult and has been documented
only twice (49, 67). We compensated for this lack of a genetic
“knock-in” capability by constructing independent mutations in
two different L. interrogans serovars (L. interrogans serovar
Pomona mutant strain P3 and L. interrogans serovar Manilae mutant strain m69) and assessing if similar results were obtained with
each of these mutants. To rule out the possibility of downstream
polar effects of the katE (lic12032) transposon insertion, we compared the transcript levels of the gene immediately downstream of
katE, lic12031, in the two independent mutants and their respective wild-type strains using quantitative PCR. These experiments
indicated that lic12031 transcription was not significantly different in the katE mutants compared to their wild-type strains (see
Fig. S1 in the supplemental material).
katE enhances L. interrogans viability under conditions of
oxidative stress. Leptospira strains were exposed to various H2O2
concentrations and tested for viability at 4 h by using an alamarBlue survival assay. Wild-type L. interrogans strains displayed sur-
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FIG 3 KatE localizes to the periplasmic space. Immunoblot analyses were
conducted on L. interrogans fractionated protein samples. (A) SDS-polyacrylamide gel displaying the amount of protein loaded from each fraction. (B)
Immunoblots demonstrating the reactivity of antisera with the indicated proteins in each fraction. Antisera to FlaA2 and LipL21 were used as controls to
determine fraction purity. LD, protein ladder; PC, protoplasmic cylinder; AQ,
aqueous phase; DET, detergent phase. The positions of molecular mass markers are indicated (in kilodaltons).

vival rates of 85 to 100% at 0.1 and 1 mM H2O2 and 30 to 50% at
10 mM H2O2 (Fig. 4A, C, and E) compared to Leptospira cells
incubated in EMJH medium without exposure to H2O2. L. biflexa
displayed survival rates of approximately 40, 10, and 2% (Fig. 4B)
at 0.1, 1, and 10 mM H2O2, respectively, while katE mutant strains
P3 and m69 showed survival rates of approximately 10, 5, and 2%
(Fig. 4D and F) at 0.1, 1, and 10 mM H2O2, respectively, compared
to growth in EMJH medium without exposure to H2O2. In the
absence of H2O2, the wild-type and mutant strains displayed similar growth curves at 30°C (data not shown).
The inhibition of catalase activity with 100 mM ATZ severely
reduced the viability of wild-type L. interrogans strains in the presence of H2O2 (Fig. 4A, C, and E) compared to Leptospira cells
incubated in EMJH medium without H2O2 but in the presence of
100 mM ATZ. The presence of ATZ had a minimal effect on the
survival of L. biflexa bacteria when exposed to H2O2 (Fig. 4B),
consistent with the lack of a dependence of this species on catalase
production. The survival of L. interrogans mutant strains upon
H2O2 exposure in the presence of ATZ was slightly reduced to the
background levels observed for the wild-type strains (Fig. 4D and
F). No effect on viability was observed for bacteria in the presence
of ATZ and in the absence of H2O2 (data not shown).
katE is required for virulence of L. interrogans. To test the
requirement for katE in leptospiral virulence, katE mutant strains
of L. interrogans serovar Manilae (m69) and L. interrogans serovar
Pomona (P3) were used in infection experiments for comparison
to the wild-type strains. Virulence was assessed by using as an
experimental endpoint the ability of the leptospiral strains to
cause clinical disease symptoms. All hamsters injected with the
wild-type strains exhibited signs of disease and were euthanized by
day 19 postinfection, whereas all hamsters injected with the m69
or P3 mutant survived to 21 days postinfection and did not exhibit
signs of disease (Fig. 5).
DISCUSSION

In this study, we investigated the responses of Leptospira species to
oxidative stress conditions and, through insertional inactivation
mutagenesis, characterized the role of the L. interrogans H2O2detoxyifying enzyme KatE in protection from oxidative damage
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spires were exposed to 0, 0.1, 1, or 10 mM H2O2, and immunoblots were
performed on total protein. Higher bands represent KatE, and lower bands
represent FlaA1, with the latter being used as a loading control. The observed
quantitative fluorescence levels are indicated, along with the standard deviations (SDev).

Eshghi et al.
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FIG 4 KatE enhances resistance to extracellular H2O2. Shown are percent survivals of Leptospira strains exposed to oxidative stress conditions in the
presence or absence of the catalase inhibitor ATZ. (A) L. interrogans serovar Copenhageni; (B) L. biflexa serovar Patoc; (C) L. interrogans serovar Pomona;
(D) L. interrogans serovar Pomona katE mutant strain P3; (E) L. interrogans serovar Manilae; (F) L. interrogans serovar Manilae katE mutant strain m69.
Results are shown as means of triplicate values from a single experiment. Experiments were performed twice, with similar results. Statistical analyses were
conducted by comparing the percent survival at a particular H2O2 concentration using the two-tailed Student t test under the following comparative
conditions: (i) the presence and absence of ATZ, (ii) L1-130 versus Patoc, and (iii) wild type (L. interrogans serovar Pomona or Manilae) versus mutant
(P3 or m69). Standard deviations are indicated, and significant differences between the means (P ⬍ 0.0001) are indicated by an asterisk, while the absence
of an asterisk indicates no significant difference.
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fected with wild-type strains of L. interrogans serovars Pomona (A) and Manilae (B) displayed disease symptoms, and all were euthanized by 19 days postinfection. Animals infected with mutant strains P3 (A) and m69 (B) did not
display disease symptoms and exhibited 100% survival at 21 days postinfection
(P ⱕ 0.0007 by Fisher’s exact test).

and in leptospiral virulence. Here we showed that L. interrogans
serovars Manilae and Pomona are more resistant to high H2O2
concentrations than the saprophyte L. biflexa, a finding in agreement with data from a previous report (38). Additionally, we
demonstrated that leptospiral resistance to an H2O2-rich environment is mediated by KatE and that the loss of KatE expression
leads to an attenuation of virulence for hamsters.
Through insertional inactivation in pathogenic Leptospira
strains, seven mutants were previously shown to display attenuated virulence in animal models of infection, including mutations
generated in the genes encoding an outer membrane lipoprotein,
Loa22 (49); a heme oxygenase, HemO (41); a flagellum motor
switch protein, FliY (31); two enzymes involved in lipopolysaccharide (LPS) biosynthesis (40); and the flagellar protein FlaA1
(30). Reduced virulence was achieved upon the inactivation of the
gene encoding a putative outer membrane protease ClpB protein
(34). Our identification of KatE as an additional virulence factor
in Leptospira highlights both the dependence of this pathogen on a
diverse repertoire of enzymes for survival and the requirement for
a functional ROS resistance mechanism for full leptospiral pathogenesis.
In a previous quantitative proteomic study (17), we detected
increased expression levels of KatE in L. interrogans serovar Copenhageni bacteria shifted to medium depleted of iron and supplemented with 10% fetal bovine serum to mimic conditions encountered within the host. Similar independent quantitative
proteomic studies demonstrated increased expression levels of
KatE in response to a shift in the temperature of L. interrogans
from 29.5°C to 37°C (A. Eshghi and C. E. Cameron, unpublished
observations), supporting data from a previous report showing
that katE was upregulated more than 2-fold upon a shift of L.
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FIG 5 Leptospira katE mutants are attenuated in hamsters. All animals in-

interrogans serovar Lai cells from environmental to physiological
temperatures (32). Interestingly, Lo et al. did not observe an increase in katE expression levels within wild-type Leptospira cells
under iron-limiting conditions (33), and similarly, in this study,
we did not observe an increase in KatE expression levels upon the
exposure of wild-type Leptospira bacteria to hydrogen peroxiderich conditions. Combined, these studies suggest that in Leptospira temperature may serve as an environmental cue resulting in
altered KatE expression, which differs from the requirement for
H2O2 for the altered expression of ROS-detoxifying enzymes observed for Salmonella enterica serovar Typhimurium and Escherichia coli (55). An elevated temperature would be an early indicator of a shift to a host environment, resulting in increased
leptospiral KatE expression levels and, thus, preexisting protection from a subsequent host-induced oxidative burst response.
Cell fractionation experiments showed that KatE was present
in both the aqueous phase and the protoplasmic cylinder, suggesting that this protein localizes, at least partially, to the periplasmic
space. Cytoplasmic catalases are utilized for the detoxification of
endogenous H2O2 produced from energy generation in the electron transport chain, while periplasmic catalases are utilized for
the detoxification of exogenous H2O2 encountered during the oxidative burst response produced by host immune cells (42, 53). A
periplasmic location for KatE may thus contribute to leptospiral
survival upon infection by protecting periplasmic components
against a host-derived oxidative burst response and is consistent
with a previously reported observation that establishes the importance of periplasmic, but not cytoplasmic, superoxide dismutase
for extracellular ROS resistance (10).
Further evidence supporting KatE-mediated extracellular H2O2
resistance comes from microarray analyses investigating iron-responsive genes. These investigations identified a peroxide stress
regulator PerR homolog encoded by the la1857 (lic12034) gene,
which lies upstream of katE. The mutation of la1857 resulted in a
4.3-fold increase in the katE expression level and an 8-fold increase in resistance to extracellular H2O2 (33); the perR mutant
retained virulence in an animal model (39). To further delineate
the critical role of KatE in leptospiral resistance to extracellular
oxidative stress conditions, we conducted assays of survival upon
exposure to conditions of H2O2-induced stress. The fact that leptospiral survival was significantly reduced when bacteria were exposed to 10 mM H2O2 in the presence of the specific catalase
inhibitor ATZ, combined with the fact that the survival of the katE
mutants was completely eliminated upon exposure to H2O2-rich
conditions, demonstrates that bacterial survival under conditions
of oxidative stress is dependent upon catalase activity. The approximately 50% survival rate of L. interrogans cells exposed to 10
mM H2O2 likely indicates that this concentration of H2O2 is on
the maximal end of the oxidative stress conditions that L. interrogans can efficiently withstand. Together, these results indicate that
KatE expression by Leptospira significantly enhances the ability of
the pathogen to survive extracellular H2O2 toxicity.
An early study by Corin et al. (7) demonstrated that L. interrogans lysates can detoxify H2O2 concentrations that are 50-fold
higher than those detoxified by L. biflexa lysates. In contrast, our
study, which measured bacterial survival, rather than analyzing
whole-cell lysates, suggested a range of 2- to 50-fold-higher resistance in L. interrogans than in L. biflexa. Corin et al. concluded that
L. interrogans possesses this highly efficient H2O2 detoxification
system to detoxify endogenous rather than exogenous H2O2 based
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