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ABSTRACT Glutaredoxins (Grxs), ubiquitous redox enzymes belonging to the thioredoxin
family, catalyze the reduction of thiol-disulfide exchange reactions in a glutathione-depend-
ent manner. A Pseudomonas aeruginosa DgrxD mutant exhibited hypersensitivity to oxida-
tive stress-generating agents, such as paraquat (PQ) and cumene hydroperoxide (CHP). In
vitro studies showed that P. aeruginosa GrxD acts as an electron donor for organic hydro-
peroxide resistance enzyme (Ohr) during CHP degradation. The ectopic expression of iron-
sulfur cluster ([Fe-S]) carrier proteins, including ErpA, IscA, and NfuA, complements the func-
tion of GrxD in the DgrxD mutant under PQ toxicity. Constitutively high expression of iscR,
nfuA, tpx, and fprB was observed in the DgrxD mutant. These results suggest that GrxD
functions as a [Fe-S] cluster carrier protein involved in [Fe-S] cluster maturation. Moreover,
the DgrxD mutant demonstrates attenuated virulence in a Drosophila melanogaster host
model. Altogether, the data shed light on the physiological role of GrxD in oxidative stress
protection and virulence of the human pathogen, P. aeruginosa.

IMPORTANCE Glutaredoxins (Grxs) are ubiquitous disulfide reductase enzymes. Monothiol
Grxs, containing a CXXS motif, play an essential role in iron homeostasis and maturation
of [Fe-S] cluster proteins in various organisms. We now establish that the human patho-
gen Pseudomonas aeruginosa GrxD is crucial for bacterial virulence, maturation of [Fe-S]
clusters and facilitation of Ohr enzyme activity. GrxD contains a conserved signature
monothiol motif (C29GFS), in which C29 is essential for its function in an oxidative stress
protection. Our findings reveal the physiological roles of GrxD in oxidative stress protec-
tion and virulence of P. aeruginosa.

KEYWORDS monothiol glutaredoxin, oxidative stress, virulence, Pseudomonas
aeruginosa

P seudomonas aeruginosa is an opportunistic human pathogen that can infect a wide
range of hosts, including plants, invertebrates, and vertebrates. P. aeruginosa causes

health care-associated infections in immunocompromised patients, such as urinary tract
infections, dermatitis, soft tissue infections, bacteremia, bone and joint infections, surgical
wound infections, and pneumonia (1). Moreover, individuals with debilitating disorders such
as cystic fibrosis are prone to infections with P. aeruginosa, which is also the leading cause of
sight-threatening microbial keratitis in healthy individuals using contact lenses (2, 3). During
the infection process, this bacterium is exposed to reactive oxygen species (ROS) generated
by host phagocytic cells as part of the innate immune defense system (4). The ROS, i.e.,
superoxide anion (O2

�2), hydrogen peroxide (H2O2), and hydroxyl radical (�OH), cause
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oxidative damage to biological macromolecules, including nucleic acids, lipids, and proteins,
especially the [Fe-S] cluster-containing proteins (5). The ability to eliminate oxidative stress is
a key strategy that allows bacteria to survive in the host and cause diseases. P. aeruginosa
produces both enzymatic and nonenzymatic antioxidants to defend against oxidative stress.
For instance, it upregulates antioxidant enzymes, superoxide dismutases (Sods), catalases,
and alkyl hydroperoxide reductases to detoxify O2

�2, H2O2, and organic peroxides, respec-
tively (6, 7). P. aeruginosa also produces glutathione and thioredoxin as nonenzymatic antiox-
idants to protect itself from these stressors (8, 9).

Glutaredoxins (Grxs) are small disulfide reductase enzymes of approximately 100
amino acids that use reduced glutathione (GSH) and NADPH as cofactors (10). Grxs are
divided into class I, dithiol Grxs (CXXC), and class II, monothiol Grxs (CXXS) according
to the number of cysteine residues (C) in the active site motif (10–13). In yeasts, mono-
thiol Grxs play essential roles in intracellular iron signaling, iron trafficking, and matura-
tion of [Fe-S] cluster proteins (10). The lack of the Grx5 in Saccharomyces cerevisiae
greatly increases sensitivity to oxidative damage mediated by the redox-cycling drug
menadione and H2O2 (14). This is consistent with the finding that an absence of grx5
decreases activity of [Fe-S] cluster-containing enzymes, such as aconitase and succi-
nate dehydrogenase, resulting in iron accumulation that promotes intracellular oxida-
tive damage (15).

Escherichia coli contains a single domain CGFS-type monothiol Grx, Grx4, that is
encoded by grxD. Grx4 is directly involved in iron regulation via interaction with the
global iron-uptake regulator, Fur. In E. coli, the expression level of grxD significantly
increases in a fur mutant, suggesting that Fur either directly or indirectly regulates
grxD expression (16). A grxD mutant shows synthetic lethality when simultaneous
mutations occur in key component genes in the iron-sulfur cluster biogenesis (isc) op-
eron, suggesting a contribution of Grx4 to [2Fe-2S] cluster biogenesis. In addition, E.
coli Grx4 can form [2Fe-2S] cluster-bound homodimeric and heterodimeric complexes
with BolA-like protein that can function as scaffold proteins for [2Fe-2S] clusters (11,
17). BolA-like proteins exist in both prokaryotes and eukaryotes, where they are
thought to control the expression levels of transcriptional regulators involved in main-
taining cell morphology and cell division (10, 18). Moreover, Grx4 and NfuA are known
to be crucial for activity of an [Fe-S] cluster-containing tRNA modification enzyme (19).

Iron-sulfur clusters are essential cofactors present in numerous enzymes and pro-
teins that are involved in a variety of cellular functions, such as electron transfer, enzy-
matic catalysis, gene regulation, and central metabolism (20, 21). However, [Fe-S] clus-
ters are readily damaged by univalent oxidants, leading to protein inactivation and a
release of ferrous ions (Fe21) that subsequently undergo the Fenton reaction to pro-
duce highly toxic hydroxyl radicals. Damaged [Fe-S] clusters are rebuilt by the adaptive
expression of the [Fe-S] cluster biogenesis genes, such as those of the iron-sulfur clus-
ter (ISC), sulfur utilization (SUF), and nitrogen fixation (Nif) systems. The damaged clus-
ter can also be repaired by ferredoxin NADP(1) reductase (Fpr). Fpr is a flavin adenine
dinucleotide (FAD)-containing oxidoreductase enzyme that mediates a reversible re-
dox reaction between NADPH and electron carrier [Fe-S] clusterproteins (22). Sulfur is
provided by cysteine via cysteine desulfurases (IscS, SufS, and NifS). Scaffold proteins,
such as IscU, IscA, SufU, SufA, and NifU, form an intermediate assembly site for [Fe-S]
cluster precursors before cluster transfer to the target apo-proteins (23).

In P. aeruginosa, the physiological function of GrxD is yet unclear. Inactivation of
grxD renders P. aeruginosa more susceptible to polymyxin antibiotics than its parental
strain (24). In this study, the physiological functions of P. aeruginosa GrxD under oxida-
tive stress were investigated. In addition, GrxD’s role in the pathogenicity of P. aerugi-
nosa was evaluated.

RESULTS
grxD mutant has defects in growth and colony formation. The P. aeruginosa

PAO1 genome (25) contains a 108-amino acid protein annotated as monothiol
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glutaredoxin (grxD). Deletion of grxD enhances susceptibility to polymyxin antibiotics
relative to parental PAO1 (24). The polymyxin susceptibility of the mutant was
observed during both aerobic and anaerobic growth, suggesting that the grxD mutant
(DgrxD) phenotype does not involve hydroxyl radicals generated from antibiotic treat-
ment (24). Here, the growth curve of the DgrxD mutant grown under aerobic condi-
tions in LB medium was determined and compared with that of PAO1. The DgrxD mu-
tant grew more slowly during log phase compared to PAO1 (Fig. 1A). The log-phase
growth phenotype of the DgrxD mutant was restored to that of PAO1 in the comple-
mented mutant (DgrxD/pGrxD) (Fig. 1A). We next observed the colony morphology
and measured the colony diameter of the DgrxD mutant and PAO1. The results in Fig.
1B showed that the DgrxD mutant colonies were significantly reduced in size com-
pared to those of PAO1 in both aerobic (PAO1/p, 2.11 6 0.12 mm; DgrxD/p, 1.27 6

0.07 mm; and DgrxD/pGrxD, 2.08 6 0.11 mm) and anaerobic (PAO1/p, 2.88 6 0.15 mm;
DgrxD/p, 1.22 6 0.17 mm; and DgrxD/pGrxD, 2.80 6 0.16 mm) conditions (Fig. 1B).
However, the number of colonies was not significantly different under the two
conditions.

To test whether reduced colony size of the DgrxD strain was related to bacterial cell
size, the length of bacterial cells from the exponential-phase cultures (after 3 h of
growth) was measured, and the results are shown in Fig. 2A and B. The length of PAO1
carrying pBBR1MCS-4 vector (PAO1/p) was 2.45 6 0.12 mm. The length of the DgrxD
mutant (DgrxD/p, 2.20 6 0.12 mm) cells was significantly shorter than PAO1/p (Fig. 2B),
and this altered phenotype could be restored in the complemented mutant strain
(DgrxD/pGrxD, 2.536 0.17 mm). Therefore, the reduced bacterial cell size of the DgrxD
mutant, at least in part, accounted for the reduced colony size of the mutant.

FIG 1 Aerobic and anaerobic growth curves and colony morphology of P. aeruginosa strains. (A)
Growth of P. aeruginosa strains under aerobic conditions was determined in LB broth medium
incubated at 37°C with shaking at 180 rpm. Asterisks indicate statistical significance (P , 0.05)
determined by one-way analysis of variance (ANOVA) and Tukey’s test relative to PAO1/p. (B) The
colony morphology of PAO1 and DgrxD mutant strains was determined under aerobic and anaerobic
growth conditions. The numbers beneath the colony figures represent the means 6 standard
deviation (SD) of colony size of P. aeruginosa strains (n = 10). The asterisks indicate statistical
significance (paired t test, P , 0.05) compared with PAO1 treated under the same condition. Bacteria
were grown in LB agar for aerobic conditions and in LB agar plus 1% KNO3 for anaerobic conditions.
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Physiological role of GrxD in an oxidative stress response. The physiological
roles of grxD in stress responses were assessed. Plate sensitivity assay was used to
determine the resistance levels against a redox-cycling drug (paraquat [PQ]), an iron-
depleting agent (2,29-dipyridyl [Dipy]), a thiol-depleting agent (N-ethylmaleimide
[NEM]), hydrogen peroxide (H2O2), and organic hydroperoxides (tert-butyl hydroperox-
ide [tBH] and cumene hydroperoxide [CHP]) in the DgrxD mutant, complemented mu-
tant (DgrxD/pGrxD), and PAO1 strains. The results in Fig. 3A showed that the DgrxD
mutant (DgrxD/p) was 103-, 30-, 100-, and 60-fold more sensitive to PQ, Dipy, tBH, and
CHP, respectively, than its parental PAO1. Exposure of the strains DgrxD, DgrxD/pGrxD,
and PAO1 to heat stress (50°C for 15 and 30 min) showed no significant differences in
the percentage of survival, indicating that P. aeruginosa GrxD is not required for sur-
vival under heat stress (Fig. 3A). Thus, these results indicated that grxD plays a crucial
role in protecting PAO1 from oxidative stress generated from paraquat and organic
hydroperoxides.

Functional analysis of conserved cysteine residues of GrxD. P. aeruginosa GrxD
contains two cysteine residues, C29 and C42. C29 is a highly conserved cysteine resi-
due that is located in the CGFS motif of the monothiol Grx domain, while C42 is a non-
conserved cysteine residue found in certain GrxDs. The roles of these cysteine residues
in GrxD functions were investigated. The DgrxD mutant strains expressing mutated
C29S, C42S, and C29S,C42S GrxD from pGrxD-C29S, pGrxD-C42S, and pGrxD-C29S,C42S
plasmids (24) were tested for their ability to complement various DgrxDmutant pheno-
types. First, the reduced colony size of the DgrxD mutant harboring various mutated
GrxD constructs was determined under aerobic and anaerobic conditions. In Fig. 1B,

FIG 2 Determination of cell length in P. aeruginosa strains. (A) Exponential cells of P. aeruginosa
strains (PAO1/p, DgrxD/p, DgrxD/pGrxD, DgrxD/pGrxD-C29S, DgrxD/pGrxD-C42S, and DgrxD/pGrxD-
C29S,C42S) were Gram stained, and the images were photographed through a light microscope. (B) The
cell lengths were measured using the same scale bar adjustment. The data shown are the means 6 SD
from five independent cultures (n = 30). Asterisks indicate significant differences compared to PAO1/p
according to Dunnett’s post hoc test (P , 0.05).
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the colonies on LB agar plate of DgrxD/pGrxD-C29S and DgrxD/pGrxD-C29S,C42S
mutants grown under aerobic and anaerobic conditions were significantly smaller than
those of the PAO1 wild type. However, DgrxD/pGrxD-C29S had slightly larger colonies
than the vector control, DgrxD/p, while DgrxD/pGrxD-C29S,C42S produced small colo-
nies similar in size to those of the DgrxD mutant. The expression of grxD-C42S could
fully complement the phenotype of the DgrxD mutant under aerobic (1.87 6 0.14 mm)

FIG 3 Determination of oxidant resistance levels in P. aeruginosa strains. (A) The resistance levels of
PAO1and DgrxD mutant strains harboring empty vector (PAO1/p and DgrxD/p), and the complemented
mutants (DgrxD/pGrxD) against various oxidants were determined using plate sensitivity assay on plates
containing the oxidants 0.2 mM paraquat (PQ), 1.2 mM 2,29-dipyridyl (Dipy), 0.25 mM N-ethylmaleimide
(NEM), 0.5 mM H2O2, 1.0 mM tert-butyl hydroperoxide (tBH), and 1.8 mM cumene hydroperoxide (CHP).
(B) Plate sensitivity assays of PAO1/p, DgrxD/p, and DgrxD mutant complemented with wild-type GrxD
or C29S and/or C42S GrxD (DgrxD/pGrxD, DgrxD/pGrxD-C29S, DgrxD/pGrxD-C42S, and DgrxD/pGrxD-
C29S,C42S) were performed using LB plates plus 1% KNO3 and incubated under aerobic and anaerobic
atmospheres against 1.2 mM Dipy, 1.0 mM tBH, 1.8 mM CHP, and 0.20 or 0.25 mM PQ. Survival (%) was
defined as the percentage of CFU on oxidant-containing plates over the number of CFU on oxidant-free
plates. (C) Total superoxide dismutase (SOD) activity was determined in P. aeruginosa strains (PAO1/p,
DgrxD/p, and DgrxD/pGrxD) and measured in exponential (3 h) and stationary (6 h) phase. The
data shown are the means 6 SD from three independent experiments. Asterisks indicate statistical
significance (paired t test, P , 0.05) compared with PAO1 treated under the same condition.
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and anaerobic (2.65 6 0.09 mm) conditions (Fig. 1B). The colony size was also directly
related to the observed cell size (Fig. 2).

Complementation analysis of increased oxidative stress-sensitive phenotypes of the
DgrxD mutant was performed. The CHP, tBH, and Dipy plate sensitivity assays showed
that expression of grxD-C29S could not complement the increased sensitivity pheno-
type of the DgrxD mutant. In contrast, the mutated GrxD-C29S fully complemented the
PQ-sensitive phenotype at 0.2 mM but partially complemented at 0.25 mM (30-fold
less than wild-type GrxD) (Fig. 3B). The expression of grxD-C42S fully complemented
the mutant CHP-, tBH-, Dipy-, and PQ-sensitive phenotypes to the wild-type levels (Fig.
3B). As expected the expression of the doubly mutated grxD-C29S,C42S could not com-
plement the mutant oxidant-sensitive phenotypes (Fig. 3B). The data suggested that
the C29 residue of the CGFS motif, but not the nonconserved C42, is essential for GrxD
function in PAO1 against PQ, organic hydroperoxide, and iron starvation stresses.

PQ-sensitive phenotype of DgrxDmutant arises from the O2-mediated toxicity.
PQ is a superoxide generator and a redox-cycling drug. PQ toxicity can arise from ei-
ther generating superoxide anion in the presence of oxygen (O2) by disrupting electron
transport chain or by its involvement in redox-cycling reactions (26). In order to test
whether the PQ-sensitive phenotype of the DgrxD mutant arose from PQ-mediated
generation of superoxide anion or redox-cycling reactions, PQ plate sensitivity assays
were performed under aerobic and anaerobic conditions. LB medium was supple-
mented with potassium nitrate (KNO3, 1% wt/vol) as an alternative electron acceptor
for anaerobic growth (27). Under aerobic conditions, the DgrxD mutant showed 103-
and 104-fold increased sensitivity to 0.2 and 0.25 mM PQ, respectively, and the pheno-
type was fully complemented in strain DgrxD/pGrxD (Fig. 3A and B).

The experiments were repeated under anaerobic culture conditions. The results
showed the DgrxD mutant, DgrxD/pGrxD-C29S, DgrxD/pGrxD-C42S, and DgrxD/pGrxD-
C29S,C42S strains did not display a PQ-sensitive phenotype (Fig. 3B). The growth of
both the grxD mutant and complemented strains expressing variant GrxD proteins
were similar to that of wild-type PAO1 under anaerobic conditions (Fig. 3B). Therefore,
the PQ toxicity phenotype of the DgrxD mutant could be due to PQ ability to generate
superoxide anions in the presence of O2.

A previous study in the fungus Beauveria bassiana revealed that a Dgrx5 mutant
showed increased sensitivity to the superoxide generator, menadione, due to reduced
superoxide dismutase (Sod) activity (28). P. aeruginosa has two Sod isozymes, a manga-
nese Sod (SodA) and an iron Sod (SodB), and inactivation of sod increases PQ sensitivity
(29). To test whether the PQ-sensitive phenotype of the DgrxD mutant was due to
altered levels of Sod activity, total Sod activity assays were performed. The results
showed no significant difference in the levels of Sod activity between the DgrxD mu-
tant and the wild-type PAO1 in both exponential and stationary-phase cells (Fig. 3C).
Thus, the PQ-sensitive phenotype of the DgrxDmutant was not due to lowered Sod ac-
tivity levels.

P. aeruginosa monothiol glutaredoxin facilitates the degradation of cumene
hydroperoxide via Ohr. Phenotypic analysis clearly showed that the DgrxD mutant
was hypersensitive to organic hydroperoxides but not other peroxides (Fig. 3A). Hence,
the ability to degrade CHP was further evaluated in the DgrxD mutant and the DgrxD
mutant complemented with plasmid pGrxD (DgrxD/pGrxD) using ferrous ion oxidation
xylenol orange (FOX) assays. The DgrxD mutant, DgrxD/pGrxD, and PAO1 strains were
incubated with CHP, and the rate of hydroperoxide degradation was determined. After
30 min incubation, the amount of CHP remaining was 45% for the DgrxD mutant and
30% for both the PAO1 and DgrxD/pGrxD (Fig. 4A). The results indicated that the
DgrxD mutant had a significant reduction in the ability to metabolize CHP, which was
rescued by GrxD complementation (Fig. 4A). These observations indicate that GrxD
plays a role in the enzymatic degradation of CHP.

The thiol peroxidase, Ohr, is the major bacterial organic hydroperoxide detoxifica-
tion enzyme (30–32). In many bacteria, inactivation of ohr renders cells hypersensitive
to organic hydroperoxides (31, 33). Hence, the physiological roles of GrxD and Ohr in the
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protection of PAO1 from CHP were investigated by mutational analysis. A DgrxD,Dohr
double mutant was constructed to evaluate the possible interactions between GrxD and
Ohr in CHP metabolism. We proposed that if GrxD contributes to Ohr function, the CHP
sensitivity of the DgrxD,Dohr double mutant should be the same as the Dohr mutant.
Conversely, if GrxD plays no role in Ohr activity or if CHP sensitivity of the mutants arose
from different pathways, then one would expect an increase in CHP sensitivity in the

FIG 4 Determination of cumene hydroperoxide degradation and oxidant resistance levels of P. aeruginosa
strains. (A) The rates of CHP degradation in culture medium containing 100 mM CHP by P. aeruginosa wild type
(PAO1/p), grxD mutant (DgrxD/p), and the complemented mutant (DgrxD/pGrxD) were determined using FOX
assay. LB represents a medium control without bacteria. (B) The oxidant resistance levels of P. aeruginosa PAO1,
DgrxD, and DgrxD,Dohr mutants harboring either an empty vector (p), or an expression plasmid: pGrxD or
pOhr. The resistance levels against 1.8 mM CHP were determined using a plate sensitivity assay. The data
shown are the means 6 SD of three independent experiments. Asterisks indicate statistically significant
differences (P , 0.05) relative to PAO1/p. (C, D) The kinetics of CHP degradation in the presence of purified
Ohr with (C) or without (D) 100 mM dithiothreitol (DTT) and in the presence or absence of purified GrxD. The
data shown are the means 6 SD of three independent experiments. (E) The interaction between Strep tag
GrxD and His tag Ohr was determined using an in vitro pulldown assay. Complexes between GrxD and Ohr
were immobilized with cobalt resin beads and detected by Western blotting analysis using anti-His tag and
anti-Strep tag antibodies. (1) and (2) indicate the presence and absence of proteins. PBS, phosphate-buffered
saline; FT, flow through.
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double mutant compared to the single Dohr mutant. The results in Fig. 4B show that the
DgrxD,Dohr double mutant and the Dohr single mutant had similar levels of CHP sensitiv-
ity (103-fold more sensitive than PAO1). The CHP-sensitive phenotypes of DgrxD and Dohr
mutants were fully complemented by pGrxD and pOhr plasmids, respectively, while the
CHP-sensitive phenotype of the double mutant was only partially complemented by pOhr
(50-fold lower than PAO1) (Fig. 4B). Therefore, GrxD likely contributes to CHP resistance
through Ohr.

In bacteria, Ohr enzymes are cysteine-based thiol peroxidases (32). The organic hy-
droperoxide decomposition of purified Ohr requires reducing agents such as dithiols
(dithiothreitol [DTT] and dihydrolipoamide [DHLA]), but not monothiols (GSH and
b-mercaptoethanol), for its activity (32, 34). Phenotypic evidence suggests that GrxD
and Ohr might function together. The role of monothiol GrxD on Ohr activity in vitro
was tested. The ability of purified Ohr to degrade CHP was evaluated using FOX assays
in the presence and absence of purified GrxD. As shown in Fig. 4C, in the presence of
dithiol DTT (100 mM), the ability to degrade CHP in the presence of 40 nM GrxD
(95.0 6 0.7% residual) was not different from that of the phosphate-buffered saline
(PBS) control (100.0 6 0.0% residual) after 9 min of incubation. Consistent with previ-
ous reports (34, 35), Ohr efficiently degraded CHP in the presence of DTT (36.2 6 3.0%
residual after 9 min incubation) (Fig. 4C). Interestingly, the reaction with DTT, 40 nM
Ohr, and 40 nM GrxD was significantly more efficient than 40 nM Ohr alone after 9 min
incubation (7.2 6 5.8% compared with 36.2 6 3.0% CHP residual) (Fig. 4C). The calcu-
lated Km values for the assays either with or without GrxD clearly showed an increased
Km of the reaction in the presence of GrxD (40 nM Ohr, 27.53 6 1.52 mM; and 40 nM
Ohr 1 40 nM GrxD, 23.50 6 1.60 mM). These data indicate that the monothiol GrxD
increased the peroxidase activity of Ohr in the presence of the dithiol DTT.

The results raise the question of whether GrxD alone could function as a sole reduc-
tant of the Ohr. The FOX assays were repeated without addition of DTT into the reac-
tion. The ability to degrade CHP in the presence of GrxD but without DTT (95.4 6 7.4%
residual) was similar to that of the PBS control (100.0 6 0.0% residual) after 30 min
incubation (Fig. 4D). The reaction mixture containing 1.0 mM Ohr without DTT has
86.1 6 4.8% residual CHP, while addition of 1.5 mM GrxD to a reaction mixture contain-
ing 1.0 mM Ohr showed only 46 6 3.0% residual CHP after 30 min of incubation (Fig.
4D). The data suggest that without dithiol (DTT), GrxD can facilitate the peroxidase ac-
tivity of Ohr in vitro. Therefore, there is a possibility that monothiol GrxD might be an
alternative electron donor for Ohr in P. aeruginosa.

Next, an interaction between GrxD and Ohr was determined using in vitro pulldown
assay. Purified Strep tag GrxD (400 mg) was incubated with 6� His tag Ohr (100 mg)
bound to cobalt resin beads. The GrxD-Ohr complexes were detected by Western blot
analysis using anti-His tag and anti-Strep tag antibodies. The results in Fig. 4E show an
apparent binding between GrxD and Ohr proteins. These results confirmed that GrxD
can directly interact with Ohr in vitro.

Deletion of grxD enhances expression of genes in the IscR regulon. Monothiol
Grx has been proposed to be involved in [Fe-S] cluster delivery and maturation (10, 11,
17). Hence, we tested the activities of succinate dehydrogenase and aconitase, both of
which are [4Fe-4S] cluster-containing enzymes, in the DgrxD mutant and PAO1. Both
strains showed no significant differences in the total activities of succinate dehydro-
genase (9.4 6 2.7 U/mg protein for the DgrxD mutant, and 9.5 6 0.9 U/mg protein for
PAO1, respectively) and aconitase (33.9 6 8.0 mU/mg protein for the DgrxD mutant,
and 35.9 6 4.4 mU/mg protein for PAO1, respectively). The investigation was extended
to test the effect of grxD inactivation on the regulatory functions of IscR and SoxR,
which are [2Fe-2S] cluster containing transcriptional regulators. If GrxD is involved in
either delivery of [2Fe-2S] clusters to or maturation of these proteins, we would antici-
pate alterations in the expression level and pattern of genes regulated by either IscR
(nfuA, tpx, fprB, iscA, and erpA) or SoxR (PA2274) in the DgrxD mutant. Quantitative
reverse transcription (qRT)-PCR was performed using gene-specific primers (Table 1),
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and total RNA was extracted from bacterial cultures grown under nonstressed and
0.5 mM plumbagin (PB)-treated (an inducer for SoxR [36, 37]) conditions. In the DgrxD
mutant, the expression levels and patterns of soxR and its target gene, PA2274, were
not significantly different from that in PAO1 under uninduced or PB-induced condi-
tions (Fig. 5A and B). In contrast, in the DgrxD mutant under uninduced conditions, sig-
nificant increases in the expression levels of iscR (2.4-fold), nfuA (2.1-fold), tpx (2.1-fold),
fprB (2.8-fold), iscA (2.3-fold), and erpA (1.8-fold) were observed relative to that in
PAO1. The increase in basal expression levels of these genes in the DgrxD mutant was
restored to PAO1 levels in the complemented mutant strain (Fig. 5A). However, dele-
tion of grxD did not affect PB-induced expression of iscR, nfuA, tpx, and fprB (Fig. 5B).
Furthermore, Western blot analysis was performed to observe the level of IscR. The
results showed a 2.6-fold increase in the IscR level in the DgrxD mutant under non-
stressed conditions relative to that of wild-type PAO1 (Fig. 5C).

P. aeruginosa GrxD is involved in delivery of [Fe-S] clusters. The [Fe-S] cluster
delivery systems in P. aeruginosa have yet to be identified. In E. coli, ErpA and NfuA can
function alone or ErpA can form a complex with NfuA giving rise to an oxidation-resist-
ant [Fe-S] cluster delivery system. Because ErpA can complement some NfuA pheno-
types (38), it seemed possible that iron-sulfur assembly components of other systems
might compensate for the loss of GrxD. In order to determine the involvement of P.
aeruginosa GrxD in either [Fe-S] cluster delivery or maturation, the expression plasmids
pNfuA (39), pIscA (40), and pErpA (38) were introduced into the DgrxD mutant strain,
and their abilities to complement tBH-, CHP-, Dipy-, and PQ-sensitive phenotypes of
the DgrxD mutant were determined by plate sensitivity assay. The results in Fig. 6
show that the DgrxD mutant was more sensitive to 1.0 mM tBH (40-fold), 1.8 mM CHP
(102-fold), 1.2 mM Dipy (14-fold), and 0.15 mM PQ (102-fold) than PAO1. Expression of
either grxD, nfuA, iscA, or erpA fully complemented the PQ-sensitive phenotype of the
DgrxD mutant to the wild-type level. The results illustrated that the [Fe-S] cluster

TABLE 1 Primers used in this study

Name Sequence 59!39 Purpose
BT2781 GCCCGCACAAGCGGTGGAG Forward primer for 16S rRNA
BT2782 ACGTCATCCCCACCTTCCT Reverse primer for 16S rRNA
BT3367 CTGTTGAGGTAAGCCATGG Forward primer for grxD coding region
BT3368 TCTTCGTCGGATGCGCGG Reverse primer for grxD coding region
BT2871 ACAAGAGGATAATGGGCG Forward primer for erpA coding region
BT2872 GCGGCGTTTTCGTAGCGG Reverse primer for erpA coding region
BT2879 AACCGCTACGAGAACCTC Forward primer for nfuA coding region
BT2880 TCGCCTCTTCTGCCTTAC Reverse primer for nfuA coding region
EBI261 GCCATCAGCATGACCGAAGC Forward primer for iscA coding region
EBI262 TCGCGAGTGAAGTCCAGCTC Reverse primer for iscA coding region
BT2841 ACCATCCCGCAGCCCTG Forward primer for nfuA expression
BT2860 ACCGCCATCGCCCTGAAG Reverse primer for nfuA expression
BT2647 GAAGGATCAACGCAATGG Forward primer for tpx expression
BT2649 ACCACGGTGTTGGCCAGC Reverse primer for tpx expression
BT3551 GTCAACCGCAAGCGCTGATCG Forward primer for fprB expression
BT3552 AGTCAGAGGCTGCACGTCGA Reverse primer for fprB expression
BT3046 CCAGCGGGTCGGCATTCC Forward primer for soxR expression
BT3047 AGGCCTGGAGCGACAGGC Reverse primer for soxR expression
BT3351 ACCCGCCAGCCAGTTGTC Forward primer for PA2274 expression
BT3352 CACGCTTTTCGCCCCCAG Reverse primer for PA2274 expression
BT3612 GAAGATTTCGCCGGAGTCAA Forward primer for iscR expression
BT3613 GCGTTCGGAGATATCGGCCAG Reverse primer for iscR expression
BT7412 TGTTGAGGTCTCCAATGGACATCATCGAAACCATT Forward primer for grxD-Strep tag protein expression
BT7413 CGTCGGGGTCTCGGCGCTGGCGTTGGCTTTGG Reverse primer for grxD-Strep tag protein expression
BT7444 GACAGGGGTCTCTAATGCAAACCATCAAGGCTCTC Forward primer for ohr-Strep tag protein expression
BT7445 GGAGAGGGTCTCGGCGCTGACCGACACGTTCAG Reverse primer for ohr-Strep tag protein expression
BT7994 ACTCCCATGGAAACCATCAAGGCTC Forward primer for ohr-His tag protein expression
BT8023 GAAGCTCGAGGACCGACACGTTCAG Reverse primer for ohr-His tag protein expression
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delivery proteins (NfuA, IscA, and ErpA) could functionally substitute for the lack of
GrxD under PQ stress.

Moreover, ectopic expression of these [Fe-S] cluster delivery proteins from pNfuA,
pIscA, and pErpA failed to restore the CHP-sensitive phenotype of the DgrxD mutant to
a wild-type level (Fig. 6). These results suggested that the role of GrxD in organic hy-
droperoxide protection is independent of GrxD’s role in [Fe-S] cluster biosynthesis and
trafficking.

Lack of GrxD attenuates virulence of P. aeruginosa in a Drosophila host model.
In the pathogenic fungus Cryptococcus neoformans, monothiol Grx4 is important for
iron homeostasis and virulence (41). The impact of grxD deletion on the virulence of P.
aeruginosa was assessed using the fruit fly, D. melanogaster, as a host model. As shown
in Fig. 7, feeding the flies with PAO1 cultures resulted in fly survivals of 50.8 6 2.3%

FIG 5 Expression levels of a [2Fe-2S] cluster containing transcriptional regulator and its target genes
in the DgrxD mutant. (A) Expression levels of iscR and its target genes were determined using reverse
transcription (RT)-PCR. The RNA of exponential-phase cells of wild-type PAO1/p, DgrxD/p, and DgrxD/
pGrxD was extracted. Relative expression was analyzed using the 16S rRNA gene, and the result was
expressed as the fold expression relative to the level of wild-type PAO1/p. (B) RT-PCR analysis of iscR
and its target genes was performed under 0.5 mM plumbagin induction. (C) Western blot analysis of
IscR protein in grxD mutant. Crude extracts were prepared from PAO1/p, DgrxD/p, and DgrxD/pGrxD
cultures. Electrophoresis was carried out using 20 mg protein and 12.5% SDS-PAGE. The data shown
are the means 6 SD of three independent experiments. Asterisks indicate statistically significant
differences (P , 0.05) relative to PAO1/p under uninduced conditions.
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(after incubation for 15 h) and 44.2 6 1.8% (after incubation for 21 h) compared with
100 6 0.0% (15 h) and 98.3 6 0.5% (21 h) for LB medium as a control. Feeding the flies
with the DgrxD mutant resulted in a significant increase in fly survival (86.7 6 1.0%
and 81.7 6 1.2% after incubation for 15 and 21 h, respectively) (Fig. 7). Hence, grxD de-
letion attenuated the virulence of PAO1 in the D. melanogaster model. The attenuated
virulence phenotype was rescued in strain DgrxD/pGrxD carrying a functional copy of
grxD with fly survivals of 50.8 6 1.7% and 41.7 6 1.9% after incubation for 15 and 21 h,
respectively.

DISCUSSION

The roles of monothiol Grxs in intracellular iron signaling, iron trafficking, and [Fe-S]
cluster maturation protein have been reported in C. neoformans and Aspergillus fumi-
gatus (41, 42). We have shown that the lack of grxD enhances the susceptibility to poly-
myxin antibiotics under both aerobic and anaerobic conditions (24). In this study, the
DgrxD mutant showed defects compared to PAO1, and impaired growth phenotypes
have been observed in a C. neoformans grx4 mutant (41). These phenotypes imply that
the DgrxD mutant has defects in coping with aerobic growth and/or oxidative stresses.
The finding that the DgrxDmutant had decreased resistance to superoxide and organic
hydroperoxide stresses supported this assumption. These defects partially contribute
to the growth-defect phenotype.

FIG 6 Determination of oxidant resistance levels in response to ectopic expression of genes encoding
[Fe-S] cluster carrier proteins in a DgrxD mutant background. Plate sensitivity assay results for PAO1/p,
DgrxD/p, DgrxD/pGrxD, and DgrxD mutant harboring a plasmid expressing [Fe-S] cluster carrier
proteins, including iscA (DgrxD/pIscA), erpA (DgrxD/pErpA), and nfuA (DgrxD/pNfuA) against 1.0 mM tBH,
1.2 mM Dipy, 1.8 mM CHP, and 0.15 mM PQ. The data shown are the means 6 SD of three
independent experiments.

FIG 7 Survival curve of the fruit fly D. melanogaster infected with P. aeruginosa strains, measuring fly
survival after feeding with PAO1/p, DgrxD/p, and DgrxD/pGrxD. Negative-control groups were treated
with fresh LB medium. The experiments were independently repeated six times, and the pooled data
were used to build the survival curves (n = 120). The percentage of fly survival was scored at
indicated time points of infection after coincubation. The data presented are the means 6 SD of
three independent experiments. Asterisks indicate statistical significance (P , 0.01) determined using
a log-rank (Mantel-Cox) test relative to PAO1/p.
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Several studies have implicated Grxs in oxidative stress responses. A study in yeast
has shown that the overexpression of Grx1 or Grx2 increased resistance to peroxides,
including H2O2, tBH, and CHP. Furthermore, a strain lacking Grx1 showed decreased re-
sistance to tBH (43). However, a direct role of GrxD in protection of bacterial cells
against oxidative stress has not been elucidated. We showed here that a DgrxD mutant
was highly sensitive to the superoxide-generating agent PQ, and organic hydroperox-
ides (CHP and tBH) (Fig. 3B). Moreover, the fact that the mutant phenotypes were also
observed under anaerobic conditions, albeit at lower levels than under aerobic condi-
tions, indicates an additional defect, which could arise from [Fe-S] delivery or matura-
tion defects in important transcription regulators, such as IscR, Anr, and/or important
anaerobic [Fe-S]-containing enzymes (37, 44). The impaired function of these transcrip-
tion regulators may also be involved in the smaller colony and cell size observed in
DgrxD mutant grown under both aerobic and anaerobic atmospheres, relative to PAO1
wild type (Fig. 1B and 2A and B).

In many bacteria, the product of the organic hydroperoxide resistance gene ohr
plays a primary role in organic hydroperoxide detoxification and protecting bacteria
from organic hydroperoxide toxicity (30, 45, 46). Here, genetic and phenotypic analysis
suggests that Ohr and GrxD function in the same pathway. The in vitro Ohr activity
assays revealed remarkable results in that the use of a dithiol reductant, DTT, in combi-
nation with GrxD enhanced the efficiency of CHP degradation by Ohr over that of DTT
alone (Fig. 4C and D). The in vitro protein-protein interaction experiments exhibit the
direct binding between Ohr and GrxD (Fig. 4E). Thus, GrxD could act as the sole reduc-
tant in Ohr-mediated reduction of CHP in vitro, even though most monothiols lack the
ability to support Ohr-mediated peroxidase activity (34, 35). In addition to conserved
C29 of CGFS monothiol active site motif, GrxD contains an additional cysteine residue
C42, which is thought to support GrxD’s role as an alternative electron donor in the
Ohr reaction. Nonetheless, cysteine mutational analysis of GrxD revealed that C29 at
the active site is essential, while C42 did not participate in the ability of grxD to com-
plement the organic hydroperoxide sensitivity of the DgrxD mutant (Fig. 3B). The pre-
cise mechanism responsible for the significant increase in Ohr activity in the presence
of dithiol and GrxD is not known. The question remains as to whether the enhance-
ment of Ohr activity by GrxD in vitro is physiologically relevant, given that the enzyme
uses thioredoxin and other thiols as reductants in the presence of GrxD (16, 47). The
results from mutational and stress resistance analysis indicate that grxD physiologically
contributes to the overall protection against organic hydroperoxide stress as shown by
the significant reduction observed in the resistance level to CHP in the DgrxD mutant
(Fig. 3A and B). It remains to be seen whether this novel role for GrxD, i.e., as a reduc-
tant of Ohr, exists for other redox enzymes in P. aeruginosa.

The effect of GrxD inactivation on PQ sensitivity in the presence of O2 suggested a link
with [Fe-S] cluster biogenesis. This is supported by the finding that ectopic expression of
[Fe-S] cluster biosynthesis and trafficking genes, including erpA, iscA and nfuA, can comple-
ment the PQ-sensitive phenotype of the DgrxD mutant (Fig. 6). PQ is a superoxide genera-
tor/redox-cycling drug, capable of generating superoxide anion in the presence of oxygen
(26, 48). Given that [Fe-S] clusters are a primary target for superoxide anions (11), we
extended the investigation to probe for any functional links between GrxD and [Fe-S] con-
taining proteins. This was indeed the case. In the DgrxD mutant, we detected a defect in
the function of the [2Fe-2S]-containing transcription regulator, IscR, which is an important
global regulator of genes involved in [Fe-S] cluster biogenesis, resistance against oxidants,
and pathogenicity (36, 37). In PAO1, IscR senses the cellular [Fe-S] cluster status and regu-
lates the expression of genes involved in [Fe-S] biosynthesis (iscRSUA-hscBA-fdx2-iscX), nfuA
(encodes [Fe-S] delivery protein), tpx (encodes thiol peroxidase), and fprB (encodes ferre-
doxin NADP [1] reductase) (22, 37, 39). IscR exists in two major forms: apo-IscR, which lacks
a [2Fe-2S] center, and holo-IscR, which contains a [2Fe-2S]-IscR center. The two forms func-
tion as the transcriptional activator and repressor, respectively (21, 22, 36, 49). In P. aerugi-
nosa under unstressed and iron-replete conditions, holo-IscR represses the expression of
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the isc operon, which encodes proteins involved in [Fe-S] cluster biogenesis (21, 36).
During iron starvation, or under conditions that damage [Fe-S] clusters, such as oxidative
stress, IscR exists in the apo form. This results in derepression of the isc operon and apo-
IscR-mediated activation of fprB expression to promote [Fe-S] cluster biogenesis (22).

Increases in the uninduced transcript levels of the apo-IscR activated gene, fprB (2.8-fold),
and holo-IscR repressed genes nfuA (2.0-fold), erpA (1.8-fold), iscA (2.3-fold), and tpx (2.1-fold)
confirm that holo-IscR function is compromised in the DgrxD mutant. A relatively small
increase in the basal transcript levels compared to the fully induced levels of these genes
indicated that only a minor portion of IscR was in the apo-form, indicating that cells were
defective in the transfer of newly formed [Fe-S] clusters to recipient proteins. However, no
changes in the basal expression levels of soxR and its regulated gene PA2274 were observed
in the DgrxD mutant. Unlike IscR, apo-SoxR is able to bind and repress transcription of its
regulated promoters (50). Therefore, unchanged expression levels of soxR and PA2274 could
not reflect the [2Fe-2S] status of SoxR. Thus, the data indicate that GrxD is involved in facili-
tating [Fe-S] cluster delivery to and/or maturation of IscR. Furthermore, the DgrxD mutant
showed increased sensitivity to an intracellular iron-chelating agent (Dipy), indicating a
decreased availability of free intracellular iron. In the nfuA mutant, for example, defects in
[Fe-S] cluster maturation could lead to a decrease in the intracellular Fe21 pool, resulting in
increased sensitivity to the iron chelator, Dipy (39, 51).

The role of GrxD in repairing damaged [Fe-S] clusters has been demonstrated, in which
a cysteine residue of GrxD couples with two GSH molecules for the ligation of the [2Fe-2S]
cluster in Grx homodimer (10). P. aeruginosa GrxD contains a conserved CGFS motif within
a monothiol Grx domain that contains a conserved cysteine residue, C29, and another non-
conserved cysteine residue, C42. The C29, but not the nonconserved C42, is essential for
GrxD function in PAO1 against PQ- and CHP-induced oxidative stresses. In E. coli Grx4, the
C30 residue is equivalent to the C29 P. aeruginosa GrxD; each monomer of the dimer con-
tributes to the coordination of the [Fe-S] cluster (52). This is consistent with our results, in
which P. aeruginosa GrxD uses C29 as a principal cysteine residue for [Fe-S] cluster ligation
to repair damaged [Fe-S] cluster containing proteins. In E. coli, monothiol GrxD is known to
interact with BolA-like proteins forming [Fe-S]-bridge heterodimeric complexes to facilitate
[2Fe-2S] cluster assembly and trafficking (17). An orthologous BolA-like protein has been
predicted in P. aeruginosa (PA0857). Therefore, further studies are needed to examine the
role of this protein.

The virulence testing using a D. melanogaster fly model revealed an attenuated kill-
ing phenotype of the DgrxD mutant, indicating that GrxD contributes to the virulence
of P. aeruginosa PAO1. In animals, one of the key components of the host innate
immune response is the generation of superoxide anions (O2

�2) inside the phagolyso-
somes of the phagocytic cells (53). O2

2 is considered a starting point for the generation
of more damaging ROS within the phagosome such as H2O2, hydroxyl radical, and per-
oxynitrite (54). Defects in the detoxification of O2

�2 are frequently associated with atte-
nuated virulence (55, 56). This is true for P. aeruginosa PAO1, in which inactivation of
genes encoding superoxide dismutase reduced bacterial virulence (57). Therefore, we
speculate that attenuated virulence in the DgrxD mutant is likely due to increased apo-
IscR levels resulting from a defect in [Fe-S] cluster delivery and/or maturation in a
selected group of [Fe-S] proteins. [Fe-S] clusters are prone to be oxidized by superoxide
anions, as well as the redox-cycling drugs (58), thereby inactivating genes involved in
[Fe-S] cluster biogenesis, and maturation, which also significantly attenuates virulence
in P. aeruginosa (22, 39). In addition, the DgrxD mutant showed increased sensitivity to
organic hydroperoxide due to lowered Ohr activity resulting from the loss of GrxD as
an electron donor. Although Ohr is associated with bacterial virulence in some micro-
organisms (59, 60), this is not the case for P. aeruginosa, in which an ohr mutant shows
no virulence defect in the D. melanogastermodel (61).

MATERIALS ANDMETHODS
Bacterial strains and growth conditions. All bacterial strains and plasmids used in this study are

listed in Table 2. P. aeruginosa PAO1 and E. coli strains were aerobically cultivated in lysogeny broth (LB)
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at 37°C with shaking at 180 rpm. The medium for E. coli growth was supplemented with either 100 mg
mL21 ampicillin (Ap), 15 mg mL21 gentamicin (Gm), 200 mg mL21 carbenicillin (Cb), or 30 mg mL21 Gm.
Overnight cultures were inoculated into fresh LB medium; exponential growth phase cells (an optical
density at 600 nm of 0.5, after 3 h of growth) were used in all experiments.

Molecular techniques. General molecular techniques, including DNA and RNA preparation, DNA
cloning, PCR amplification, and E. coli transformation, were performed using standard protocols (62).
Transformation of plasmids into P. aeruginosa strains was carried out using electroporation as previously
described (63). The sequences of the oligonucleotide primers used are listed in Table 1.

Construction of [Fe-S] cluster delivery protein expression plasmids. The full-length of erpA, iscA,
or nfuA containing the Shine-Dalgarno sequence was PCR amplified from PAO1 genomic DNA using pri-
mers BT2871 and BT2872 for erpA, EBI261 and EBI262 for iscA, or BT2879 and BT2880 for nfuA (Table 1).
The PCR product was cloned into the medium-copy-number expression vector, pBBR1MCS-4, at the
SmaI site to yield plasmids pErpA, pIscA, and pNfuA. The inserted genes were expressed from the lac
promoter of the pBBR1MCS-4 vector.

qRT-PCR analysis. Quantitative real-time reverse transcription-PCR (qRT-PCR) was performed as pre-
viously described (37). Briefly, 10 ng of cDNA was added into a KAPA SYBR FAST qPCR kit as DNA tem-
plates for amplification with specific primers (Table 1) for 40 cycles of denaturation at 95°C for 20 s and
extension at 60°C for 1 min. The 16S rRNA amplified with primers BT2781 and BT2782 was used as a nor-
malizing gene. The relative expression level, which was expressed as fold change relative to the level in
wild-type PAO1 grown under uninduced conditions, was calculated using STEPONE software version 2.3.
The difference in Ct values of each gene (DCt) between the 16S rRNA and target gene levels is expressed
as DCt = Cttarget 2 Ct16s rRNA. The difference in DCt values (DDCt) between tested sample and control sam-
ple was calculated. The expression ratio (fold change) was calculated from 22DDCt. The experiments were
independently repeated three times, and the means6 standard deviations (SD) are shown.

Plate sensitivity assay. A plate sensitivity assays were performed to determine the oxidant resist-
ance level as previously described (22). Briefly, exponential-phase cells were adjusted to optical density
at 600 nm (OD600) of 0.1 before making 10-fold serial dilutions. Then, 10 mL of each dilution was spotted
onto LB agar plate containing appropriate concentrations of testing reagents. The plates were incubated
overnight at 37°C before the CFU were scored. The percentage of survival was defined as the CFU on
plates containing oxidant divided by the CFU on plates without oxidant and multiplied by 100.

GrxD and Ohr purification using Strep-tagged system. Strep-tagged GrxD and Ohr from P. aerugi-
nosa were purified using the Strep tag for C-terminal fusion system as previously described (64). The
coding regions of grxD and ohr were amplified from PAO1 genomic DNA with primers BT7412 and
BT7413 for grxD and BT7444 and BT7445 for ohr coding regions, which contain BsaI site. The PCR prod-
ucts were digested with BsaI and cloned into BsaI-digested pASK-IBA3plus (IBA, Germany), generating
the plasmid pStrep tag-GrxD and pStrep tag-Ohr, to produce Strep tag II fused to the C terminus of
GrxD and Ohr. The Strep-tagged GrxD (13.0 kDa) and Strep-tagged Ohr (15.7 kDa) were overexpressed
in E. coli DH5a and grown to an OD600 of 0.5 and then induced with 0.1 mg/mL anhydrotetracycline at
25°C overnight. Purification of the Strep-tagged GrxD and Strep-tagged Ohr was carried out using a
Strep-Tactin Sepharose column as previously described (64).

In vitro pulldown assay. The in vitro pulldown assay was performed using a Pierce ProFound pull-
down polyHIS protein-protein interaction kit (Thermo Scientific) according to the manufacturer’s

TABLE 2 Strains and plasmids used in this study

Strain or plasmid Relevant characteristic (s) Source
P. aeruginosa
PAO1 Wild-type strain ATCC 15692
PAO1/pBBR PAO1 harboring pBBR1MCS-4 This study
DgrxD grxD-deleted mutant 24
DgrxD/pBBR DgrxDmutant harboring pBBR1MSC-4, CbR 24
DgrxD/pBBR-GrxD DgrxDmutant harboring pBBR-GrxD, CbR 24
DgrxD/pBBR-GrxD-C29S DgrxDmutant harboring pBBR-GrxD-C29S, CbR 24
DgrxD/pBBR-GrxD-C42S DgrxDmutant harboring pBBR-GrxD-C42S, CbR 24
DgrxD/pBBR-GrxD-C29,C42S DgrxDmutant harboring pBBR-GrxD-C29,C42S, CbR 24
DgrxD/pBBR-NfuA DgrxDmutant harboring pBBR-NfuA, CbR This study
DgrxD/pBBR-IscA DgrxDmutant harboring pBBR-IscA, CbR This study
DgrxD/pBBR-ErpA DgrxDmutant harboring pBBR-ErpA, CbR This study

Plasmid
pBBR-GrxD pBBR1MCS-4 containing grxD 24
pBBR-GrxD-C29S pBBR1MCS-4 containing grxD-C29S 24
pBBR-GrxD-C42S pBBR1MCS-4 containing grxD-C42S 24
pBBR-GrxD-C29,C42S pBBR1MCS-4 containing grxD-C29,C42S 24
pBBR-NfuA pBBR1MCS-4 containing nfuA This study
pBBR-IscA pBBR1MCS-4 containing iscA This study
pBBR-ErpA pBBR1MCS-4 containing erpA This study
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protocol. The interaction between purified Strep-tagged GrxD and 6�His-tagged Ohr was examined by
incubating 100 mg of purified 6�His tag Ohr (Bait) with 50 mL of a 50% bed slurry of cobalt resin beads
at 4°C for 1 h. Then, 400 mg of purified Strep tag GrxD (Prey) was added and incubated for 1 h at 4°C.
After washing, bait-prey complexes were eluted using an elution buffer, separated on SDS-PAGE, and
detected by Western blotting using the His tag and Strep tag antibodies.

Western blot analysis. Western blot analysis was performed as previously described (37). Briefly,
bacterial cell lysates prepared from exponential-phase cultures were separated on12.5% SDS-PAGE and
transferred to a Hybond polyvinylidene difluoride (PVDF) membrane (GE Healthcare Life Sciences). The
blotted membrane was blocked with skimmed milk and hybridized with anti-His tag or anti-Strep tag
antibody. Horseradish (HRP)-conjugated goat anti-rabbit antibodies (Invitrogen) were used as the sec-
ondary antibody. The membranes were developed using chemiluminescent HRP substrate (GE
Healthcare, Germany) and Hyperfilm (GE Healthcare Life Sciences), and band intensity was measured
using an ImageQuant LAS 4000 (GE Healthcare, Germany).

Ferrous ion oxidation xylenol orange (FOX) assay. The ability of bacteria to metabolize the cu-
mene hydroperoxide (CHP) was determined using FOX assay as previously described (31). Briefly, the
mid log-phase (OD600 = 0.5) of P. aeruginosa strains were treated with 100 mM CHP at 37°C. At various
time points, the bacterial cultures were centrifuged at 12,000 rpm for 1 min to collect supernatant. The
residual CHP in supernatant was determined by using the colorimetric method. A 100mL of the superna-
tant was mixed with 900 mL of FOX reaction reagent (25 mM sulfuric acid, 0.2 mM ammonium ferrous
sulfate, and 0.2 mM xylenol orange). After 10 min of incubation at room temperature, the residual hydro-
peroxide was measured at OD540. The percentage of residual hydroperoxide was calculated by dividing
OD540 of indicated time point with OD540 of control (derived by mixing oxidant with medium and immedi-
ately measuring the residual hydroperoxide) multiplying by 100. The data are presented as the means 6
SD from three independent experiments.

Determination of P. aeruginosa cell length. Exponential-phase cells of P. aeruginosa strains were
fixed on the glass slides and Gram stained before imaging through the light microscope (1,000�) con-
necting to the live mode imaging of a Nikon camera. The cell length was measured by microscope com-
ponent tools in the Zeiss ZEN 2.3 Lite program under the same scale bar adjustment. The length of the
six longest cells of five independent images in each strain (n = 30) were analyzed and expressed as the
means6 SD.

D. melanogaster virulence tests. The virulence of P. aeruginosa was evaluated using the D. mela-
nogaster feeding assay as previously described (9, 65). Briefly, exponential-phase cultures of P. aerugi-
nosa strains were adjusted to an OD600 of 0.5 before 800 mL of the bacterial cells were overlaid onto the
surface of the preservative-free corn flour Drosophila medium at the bottom of glass fly culture vials. At
1 week old, adult flies were starved for 3 h prior to performing the feeding assay. Twenty flies were
added to each vial, and each strain of P. aeruginosa was tested in at least three replicates. All of the
tested flies were incubated at 25°C for 15 h before the number of viable flies was enumerated. The
experiments were performed in a double-blind fashion and were analyzed from nine experiments using
three different batches of flies.

Statistical and ethical statements. The significance of differences between strains or cultured con-
ditions was statistically determined using Student’s t test or Dunnett’s post hoc test, with P , 0.05 con-
sidered a significant difference. All experiments handling P. aeruginosa and D. melanogaster were
conducted following procedures MUSC2018-015 and MUSC61-056-458 and were approved by the
Committee of Biosafety, Faculty of Science, Mahidol University (MUSC) and the MUSC Institutional
Animal Care and Use Committee (IACUC), respectively.
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