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Overexpression of fetA (ybbL) and fetB (ybbM), Encoding an Iron
Exporter, Enhances Resistance to Oxidative Stress in Escherichia coli
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Reactive oxygen species are generated by redox reactions and the Fenton reaction of H,0, and iron that generates the hydroxyl
radical that causes severe DNA, protein, and lipid damage. We screened Escherichia coli genomic libraries to identify a fragment,
containing cueR, ybb], qmcA, ybbL, and ybbM, which enhanced resistance to H,O, stress. We report that the AybbL and AybbM
strains are more susceptible to H,0, stress than the parent strain and that ybbL and ybbM overexpression overcomes H,0, sensi-
tivity. The ybbL and ybbM genes are predicted to code for an ATP-binding cassette metal transporter, and we demonstrate that
YbbM is a membrane protein. We investigated various metals to identify iron as the likely substrate of this transporter. We pro-
pose the gene names fetA and fetB (for Fe transport) and the gene product names FetA and FetB. FetAB allows for increased re-
sistance to oxidative stress in the presence of iron, revealing a role in iron homeostasis. We show that iron overload coupled with
H,O0, stress is abrogated by fetA and fetB overexpression in the parent strain and in the Afur strain, where iron uptake is deregu-

lated. Furthermore, we utilized whole-cell electron paramagnetic resonance to show that intracellular iron levels in the Afur
strain are decreased by 37% by fetA and fetB overexpression. Combined, these findings show that fetA and fetB encode an iron
exporter that has a role in enhancing resistance to H,0,-mediated oxidative stress and can minimize oxidative stress under con-
ditions of iron overload and suggest that FetAB facilitates iron homeostasis to decrease oxidative stress.

Resistance to oxidative stress is important in the ability of bac-
teria to deal with several important milieus: oxidative stress
encountered during cellular immune responses against bacteria
(oxidative burst by macrophages and neutrophils) (1, 2); oxida-
tive stress in the environment due to changing oxygen concentra-
tions (3), toxic chemicals, and metal ions (4-7); and oxidative
stress in bioprocessing (8, 9). Reactive oxygen species (ROS),
which include superoxide (O, ), hydrogen peroxide (H,O,), and
hydroxyl ion (OH "), are produced during aerobic growth due to
the autoxidation of enzymes by redox reactions, by phagosomal
NADPH oxidases, by the ferrous iron Fenton reaction (Fe** +
H,0,—Fe’" + OH™ + -OH), or by copper that can displace iron
in iron-sulfur clusters, resulting in cellular damage (2, 6, 10). ROS
species readily diffuse through cellular membranes, resulting in
protein and DNA damage; thus, cells have developed defenses
against oxidative stress. Cellular responses against ROS include
the scavenging of reactive species via peroxidases and superoxide
dismutases, the sequestration and storage of free unincorporated
iron by proteins (ferritins, Dps, and bacterioferritins) (4, 11), the
increased import of manganese by MntH against H,O, stress, and
the repression of iron import by the iron regulator Fur (2).

Iron metabolism is essential for most organisms (4). To facili-
tate ferric iron import into the cytoplasm, Escherichia coli utilizes
ferric chelators (siderophores) to bind the poorly soluble ferric
iron and translocate iron into the cytoplasm using ATP (12). Sol-
uble ferrous iron is directly transported by the Feo iron transport
system in E. coli, encoded by the feoAB genes (4, 13). Iron is essen-
tial for cell function, but it can be toxic to cells via ROS formation,
thus requiring tight regulation. The ferric uptake regulator pro-
tein (Fur) controls the expression of genes involved in iron trans-
port (14), but it is also involved in the response to oxidative stress
through the regulation of superoxide dismutase genes, which, as
stated above, protect against ROS (4).

Siderophores and their receptors have been implicated in
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pathogenesis (15, 16), and iron chelators are used as therapeutic
agents against pathogens (17). ATP-binding cassette (ABC) trans-
porters, including iron siderophores, are also involved in patho-
genesis (18) and have a role in oxidative stress. The MtsABC trans-
porter in Streptococcus pyogenes was shown to have a role in
manganese and iron uptake, and since superoxide dismutases re-
quire Mn or Fe as a cofactor, the mtsABC mutant was shown to
have reduced superoxide dismutase activity and higher suscepti-
bility to oxidative stress (19). Similarly, a SitABCD homologue
was shown to facilitate manganese and iron transport in E. coli and
increase resistance to H,O, (20). Thus, oxidative stress, iron me-
tabolism, and ABC transporters are important in bacterial patho-
genesis and functionality.

Despite their role in pathogenesis, cellular maintenance, and
the oxidative stress response, metal efflux transporters have not
been widely examined, and few are known, such as CopA, which
mediates copper efflux (21), and ZntA, which facilitates zinc and
cadmium transport (22). Although many transporters facilitate
iron import in E. coli (4), there is only one known putative iron
exporter, FieF, which belongs to the cation diffusion facilitator
family (CDF) (23). Since iron is so tightly regulated, with uptake
being an important cellular need and cells aiming to maintain an
optimum concentration and minimize oxidative stress, it is logical
that there should exist exporters to alleviate iron overload and
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minimize the risk of ROS formation and damage (24). However,
such transporters in E. coli have been elusive.

We aimed to identify novel genetic determinants of resistance
to oxidative stress in E. coli using an agnostic approach based on
screening of genomic libraries to identify interacting genetic loci
in generating tolerant cells (25, 26). This approach led to the iden-
tification of the genetic locus comprised of cueR, ybb], gmcA, ybbL,
and ybbM, which enhanced tolerance to oxidative stress. We in-
vestigated the genes included in this locus, and here we report
evidence that overexpression of ybbL and ybbM increases resis-
tance to H,0,-mediated stress. Bioinformatic analysis suggests
that these genes encode an uncharacterized ABC transporter sys-
tem that has a role in metal resistance. We generated a green flu-
orescent protein (GFP) fusion with YbbM and showed that it is a
membrane protein, as predicted. To better understand the mech-
anism by which these genes increase resistance to oxidative stress,
we investigated various metals and show that ybbL and ybbM can
alleviate iron overload coupled with H,O, stress. Therefore, we
propose the names fetA and fetB for the genes. We hypothesized
that the FetAB transporter allows for iron export, thus minimizing
the formation of ROS by H,0,. We demonstrated that fetA and
fetB overexpression in the Afur mutant results in less intracellular
iron, as determined by electron paramagnetic resonance (EPR).
The results thus support a mechanism in which this ABC trans-
porter exports iron and minimizes ROS species formation by
H,0,, although other mechanisms are possible. Further work is
required to elucidate the exact mechanism of fetA and fetB, but our
findings provide strong evidence that these genes have a role in
enhancing H,O, stress tolerance and are important in the defense
against oxidative stress.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Strains and plasmids
used in this study are described in Table 1. The plasmid genomic libraries
utilized in this study were previously constructed (25). The libraries were
methylated in NEB 5-alpha competent E. coli cells (New England BioLabs,
Ipswich, MA, USA) and were transformed into E. coli K-12 strain MG1655
to obtain 2.6 X 10® clones with both plasmid libraries.

E. coli strain BW25113 and the BW25113 AcueR, BW25113 AgmicA,
BW25113 AfetA (AybbL), and BW25113 AfetB (AybbM) mutants were
obtained from the E. coli genetic resources at Yale Coli Genetic Stock
Center (CGSC) and are part of the Keio Collection of strains (27) (Table
1). The BW25113 AybbJ and BW25113 Afur strains were constructed by
using the method of Datsenko and Wanner (28), with primers listed in
Table 1 and plasmid pKD4 for amplification of the recombination cas-
sette. pKD46 was used as the helper plasmid for the recombination reac-
tion (28). The BW25113 Afur AfetB strain was constructed by eliminating
the kanamycin resistance of the BW25113 AfetB strain with pCP20 (28)
and then using Fur primers (Table 1).

E. coli strains were grown in Luria-Bertani (LB) broth or minimal M9
medium with thiamine (10 pg/ml) (29) at 37°C and supplemented with
100 pg/ml ampicillin or 10 pg/ml tetracycline, as required. The optical
density at 600 nm (ODg,,) was determined with a Beckman Coulter
DU730 spectrophotometer. For the assays with metal solutions, M9 me-
dium was supplemented with one of the following metals: 100 uM
AL(SO,)5, 20 M CuSO,, 30 M NiCl,, 30 M MnCl,, or 30 uM FeSO,.
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Selection of H,O,-tolerant clones. A 2% inoculum of a coexisting
frozen dual-plasmid library stock was cultured in 125 ml LB medium in a
baffled flask to an ODy, of 1. The cells were diluted in a 1:10 ratio into 20
ml of prewarmed LB medium, and H,O, was added to a final concentra-
tion of 14 mM. Cultures were incubated at 37°C for 30 min. The concen-
tration of H,0, and the stress exposure time were selected based on pre-
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liminary experiments to obtain a survival rate of approximately 0.05%,
which allows the elimination of false-positive results. Dilutions of the
surviving cells were plated, and surviving clones were selected. Plasmids
from the strains exhibiting a better survival rate (than the control) were
isolated and sequenced. These plasmids were also retransformed into E.
coli K-12 strain MG1655 to make sure that the H,O, tolerance was not
from any possible chromosomal DNA mutations. Strains harboring the
identified plasmids were evaluated with the oxidative stress resistance
assay.

Plasmid construction. Plasmid pLib identified in this study includes
the genes cueR, ybb], qmcA, fetA (formerly ybbL), and fetB (formerly
ybbM) and an incomplete ybbN gene. Four plasmids were constructed
with genomic fragments that included different genes from pLib (pF1 to
pF4) (Fig. 1C). The operon structure of fetA and fetB was maintained, and
native promoters were used for expression of all genes. E. coli MG1655
genomic DNA was used for all PCRs, and primers are listed in Table 1.
Fragment 1 (pF1) was PCR amplified with primer set pLib-For and ybbJ-
promoter. Fragment 2 (pF2) was PCR amplified with primers pLib-For
and gmcA-promoter. Fragments 3 (pF3) and 4 (pF4) were PCR amplified
with primer pLib-intergenic and fetB-Rev or pLibRev, respectively. PCR
products were adenylated, cloned into pCR8/GW/TOPO (Invitrogen,
Carlsbad, CA, USA), and shuffled via an LR recombination reaction into
pDEST14 (Invitrogen), according to the manufacturer’s protocols. Plas-
mid pUC-GFP was previously constructed by amplifying the green
fluorescent protein gene (gfp) from pLenti7.3/V5-GW/lacZ (Invitrogen,
Carlsbad, CA) with primers GFP-for (GCATAGGATCCTTAAGAAGGA
GAACCTAGCATGGTGAGCAAGGGCGA) and GFP-rev (TCCATG
ACAGCAGGACCGAATTCAGGTACCTTACTTGTACAGCTCGT) and
cloning the resulting fragment into pUCI19 using the BamHI and EcoRI
restriction sites. To construct plasmid pF3-GFP, primers GFP Mfel For
and GFP Mfel Rev were used to amplify gfp from pUC-GFP so that it
could be inserted into plasmid pF3 and replace the stop codon of FetB
with the start codon of GFP, creating a FetB-GFP fusion. The resulting
protein fusion utilizes the native fetB promoter and ribosomal binding
site. Plasmids were confirmed by sequencing and transformed into
BW25113 by electroporation.

H,0, survival assay. Cultures were grown aerobically at 37°C with
shaking at 220 rpm in standard LB or minimal M9 medium (29). Resis-
tance to H, O, stress was determined in cultures treated with H,0, at 37°C
for 30 min. A 1% inoculum of a culture grown overnight was grown to an
ODy,, of 1, diluted 10-fold in 5 ml of prewarmed medium, and stressed
with 4 mM H,0, at 37°C for 30 min. Cell survival was determined by
dilution plate counts pre- and poststress. Survival was defined as follows:
% survival = [(CFU/mI) o siress/ (CFU/MI) yyogiress] X 100. Higher H,0,
survival, and thus a more resistant strain, was defined as a higher percent
survival than the appropriate control strain. For M9 minimal medium
assays, cultures were grown to an ODg,, of 0.5, and the assay was per-
formed in a similar manner. For the assays with M9 minimal medium
with metals, the metal was added to the desired concentration during cell
growth and during the assay. For assays with BW25113 Afur strains, 250
U/ml catalase (CAT) was added to the medium for dilution series post-
stress to eliminate residual H,O,. Catalase was not added to other assay
mixtures, since dilutions of >10> were performed prior to plating.

Quantitative (real-time) reverse transcription-PCR. RNA was iso-
lated from E. coli BW25113 harboring plasmid pF3 (Fig. 1A) or the control
plasmid at an ODy, of 1 by using the RNeasy kit (Qiagen). Reverse tran-
scription for cDNA generation and quantitative (real-time) reverse tran-
scription-PCR (Q-RT-PCR) for gene quantification were performed as
described previously (30). The transcripts of fetA and fetB were quanti-
tated by using ihfB as the housekeeping gene (31). Primer sequences are
listed in Table 1. Expression ratios were determined by using Pfaffl equa-
tion 1 (32).

Enzyme assays for catalase and superoxide dismutase activity. Cells
were grown in LB medium to an ODg, of 1, and 15 ml of cells was washed
twice in cold 50 mM KP,—0.1 mM EDTA. The cells were lysed with glass
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TABLE 1 Strains, plasmids, and oligonucleotides used in this study

Strain or
Source or plasmid(s)
Strain, plasmid, or primer Genotype or sequence” Reference constructed
E. coli strains
K-12 MG1655 F~ N7 ilvG 1fb-50 rph-1 Laboratory
stock
Competent NEB fhuA2A(argF-lacZ) U169 phoA glnV44 $80 A(lacZ)M15 gyrA96 recAl relAl endAl thi-1 hsdR17 New England
5-alpha Biolabs
C24MgL E. coli K-12 MG1655 containing two compatible plasmid libraries This study®
BW25113 F~ A(araD-araB)567 AlacZ4787(::rrnB3) N~ rph-1 A(rhaD-rhaB)568 hsdR514 CGSC
AcueR (JW0476-1; F~ A(araD-araB)567 AlacZ4787(::rrnB3) AcueR770::kan N~ rph-1 A(rhaD-rhaB)568 hsdR514 27
CGSC 8628)
AgmcA (JW04781-1; F~ A(araD-araB)567 AlacZ4787(::rrnB3) AqmcA772::kan N~ rph-1 A(rhaD-rhaB)568 hsdR514 27
CGSC 8629)
Aybb] F~ A(araD-araB)567 AlacZ4787(::rrnB3) Aybb]::kan N~ rph-1 A(rhaD-rhaB)568 hsdR514 This study
AfetA (formerly AybbL) F~ A(araD-araB)567 AlacZ4787(::rrnB3) AybbL773::kan X~ rph-1 A(rhaD-rhaB)568 hsdR514 27
(JW0479-1; CGSC
8630)
AfetB (formerly F~ A(araD-araB)567 AlacZ4787(::rrnB3) AybbM774::kan N~ rph-1 A(rhaD-rhaB)568 hsdR514 27
AybbM) (TW5066-1;
CGSC 11156)
Afur F~ A(araD-araB)567 AlacZ4787(::rrnB3) Afur:kan N~ rph-1 A(rhaD-rhaB)568 hsdR514 This study
AfetB Afur F~ A(araD-araB)567 AlacZ4787(::rrnB3) AfetB N~ Afur:kan rph-1 A(rhaD-rhaB)568 hsdR514 This study
Plasmids
pLib pDEST14; Amp" plasmid with the E. coli locus at bp 513076—517376 spanning cueR, ybb], qgmcA, This study
ybbL, ybbM, and the incomplete ybbN
pF1 cueR and ybb] (bp 513076-514301) in pDEST14; Amp* This study
pE2 cueR, ybb], and gmcA (bp 513076-515047) in pDEST14; Amp* This study
pF3 fetA and fetB (formerly ybbL and ybbM, respectively) (bp 515000-516646) in pDEST14; Amp* This study
pF4 fetA, fetB, and the incomplete ybbN (bp 515000-517376) in pDEST14; Amp* This study
pF3-GFP fetA and fetB fused with GFP in pDEST14; Amp® This study
pUC-GFP GFP in pUC19 Laboratory
construct
pCntl Control plasmid with the promoterless Arabidopsis thaliana B-glucuronidase (gus) gene in 25
pDEST14; Amp"
Primers
ybbJKOFOR CCGAGCTGGTGAAAGACAGCGCCAACAAACGGACTCAGCCGTGTAGGCTGGAGCTGCTTC Aybb]
ybbJKOREV CGAAAATCTCTCCGGCTGCTGTCATCATCGGGCAGGGTGAATGGGAATTAGCCATGGTCC Aybb]
ybbJKOconfirmFor CCCTGGCGATGACAGCGCCGACT Aybb]
ybbJKOconfirmRev GCAGATCGGTTCCTCCAGTAACAGC Aybb]
FurKOFor TTTTCTCGTTCAGGCTGGCTTATTTGCCTTCGTGCGCATGGTGTAGGCTGGAGCTGCTTC Afur
FurKORev CGCATGACTGATAACAATACCGCCCTAAAGAAAGCTGGCCATGGGAATTAGCCATGGTCC Afur
FurKOconfirmFor CTCTCGCTTTTCTTATTTCCCTTGC Afur
FurKOconfirmRev TCAAGAGCAAATTCTGTCACTTCTT Afur
pLib-For CGCAATAAAACCGTATAACATCTCT pF1, pF2
ybbJ-promoter TTTTTACAGGCTGAAGCGCGTGAAC pF1
qmcA-promoter ATAATTTGTTTAATCAAGCAGCAAT pF2
pLib-intergenic GGAAAAACCTCCTGTTGTACCGTC pF3, pFd
ybbM-Rev TCCGTTGATCGGCACATGAACCAC pE3
pLib-Rev CAATTCTGGAAAGCCTCGCGGCGC pF4
GFP Mfel For AAGTCAATTGAAGAAGAAAATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGT pF3-GFP
GFP Mfel Rev GGACCAATTGTTACTTGTACAGCTCGTCCATGCCGAGAGTGATCCCGGCG pF3-GFP

fetA q-RT-PCR For TATCTGGCGGGTGATGCGAAGAT

fetA q-RT-PCR Rev AAACAGTAACGTTCCGCTGGTTGG
fetB q-RT-PCR For ATCTGCTTTAATGCGGCGTGGAAC
fetB q-RT-PCR Rev AGGGATCACCTGCATCGGGATAAA
ihfB q-RT-PCR For AAGAGATGCTGGAGCATATGGCCT
ihfB q-RT-PCR Rev TGCAAAGAGAAACTGCCGAAACCG

“ Underlining in a primer sequence indicates the restriction endonuclease cut site.
b Using genomic libraries from reference 25.
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FIG 1 Role of the E. coli locus at positions 513217 to 517376 in H,O, tolerance. (A, top) Genes included in plasmid pLib that enhances resistance to H,O,. pLib
spans chromosomal positions 513217 to 517376 and includes the complete open reading frames of cueR, ybb], qmcA, fetA (ybbL), and fetB (ybbM) (solid lines)
as well as the incomplete ybbN gene (dashed lines). Gene orientations and promoters (solid for experimental and dashed for predicted) were obtained from
EcoCyc (45). (Bottom) Four fragments were cloned into plasmids pF1 to pF4 based on the sequence included in pLib. (B) Survival rates of E. coli BW25113 with
plasmids pF1 to pF4 after a 30-min exposure to 4 mM H,0, at 37°C. Cultures were grown to an OD, of 1, diluted 10-fold in 5 ml of prewarmed LB medium,
and stressed with H,O, at 37°C for 30 min. Cell survival was determined by plating dilution series pre- and poststress as follows: % survival = [(CFU/ml) ,oqstress!/
(CFU/m),pestress] X 100. pLib was the plasmid isolated during library enrichment. pF1, pF2, pF3, and pF4 are plasmids with inserts that correspond to fragments
1 to 4 illustrated in panel A. Data are means = standard errors of the means (1 = 4). (C) Rates of survival of E. coli strain BW25113 and the AcueR, Aybb], AgmcA,
AfetA, and AfetB mutant strains against 4 mM H,O, stress. Assays were performed as described above for panel B. Data are means * standard errors of the means
(n = 3). * indicates a statistical difference (P value of <0.05) for a Student ¢ test performed between E. coli strain BW25113 and the AcueR strain. ** indicates a

statistical difference (P value of <0.05) for a Student ¢ test performed between the AcueR and the AfetA or AfetB strains.

beads (4 mg/ml) by vortexing for 1 min five times, with 1 min of resting on
ice between cycles. Catalase activity was determined with an assay for
H,0, clearance, as described previously (33), with minor modifications.
Fifty microliters of cell extract was diluted with 450 pl 50 mM KP; (pH
7.0) with 10 mM H,0,. Aliquots were diluted 50-fold with 50 mM KP;
(pH 7.0) at 1-min intervals (33). The remaining H,O, activity was deter-
mined by combining 400 pl of the sample with 800 pl of a colorimetric
mixture composed of I mM KP; (pH 7.0), 2.5 mM phenol, 0.5 mM 4-ami-
noantipyrine, 40 pg/ml horseradish peroxidase, and 500 nM H,O, and
measuring the absorbance at 505 nm (33, 34). Superoxide dismutase
(SOD) activity was determined as detailed previously (35). The SOD assay
is based on the competition for superoxide by the enzyme and cytochrome
¢, an indicator that undergoes a colorimetric change detectable at 505 nm.
Superoxide was generated by the reaction of xanthine and xanthine oxi-
dase. Units reported are standard McCord-Fridovich units (35). Protein
was quantified by using the Bio-Rad RC DC protein assay kit. Three bio-
logical replicates were performed to determine the total catalase or SOD
activity.

Bioinformatics analysis. Bioinformatics analysis of the sequences was
performed by using BLAST (36). Multiple-sequence alignment was per-
formed by using the ClustalW server (37, 38). The TMHMM v. 2.0 server
was used to predict transmembrane domains and localization (39). The
SMV-Prot server was used to further analyze protein function (40).

Microscopy sample preparation, instrumentation, and analysis. Su-
perresolution structured illumination microscopy (SIM) was utilized for
protein localization analysis (41). For microscopy, a 1% inoculum of cul-
ture was grown in LB medium at 25°C with shaking at 300 rpm for 6 h.
Cells from 5 ml of culture were collected by centrifugation and resus-
pended in 1 ml 10 mM phosphate-buffered saline (PBS) (pH 7.4). Clean
coverslips were covered in 0.05% poly-L-lysine for 30 min and rinsed with
water. Cells (200 1) were added onto the coverslips and allowed to settle
for 30 min in the dark. Cells were then fixed with 2 ml of 4% paraformal-
dehyde in 10 mM PBS (pH 7.4) for 15 min in the dark. Cells were finally
rinsed with PBS, and slides were prepared for microscopy using the fixed
cells and 5 pl of SlowFade Gold Antifade reagent (Life Technologies).
Superresolution SIM was performed with a Zeiss Elyra PS.1 microscope
equipped with a Plan-Apochromat 63X/1.40 numerical aperture oil ob-

December 2013 Volume 79 Number 23

jective. Images were acquired with a 488-nm laser, a 495- to 550-nm-
band-pass filter, a 28-pm grating period, and five SIM rotations. SIM
reconstructions were conducted by using a theoretical point spread func-
tion and auto-noise feature with Zen 2012 software (Zeiss).

Electron paramagnetic resonance spectroscopy analysis. E. coli
BW25113Afur(pF3) and BW25113Afur(pCntl) cultures were grown to an
ODg of 1 to 1.5 and were prepared for EPR spectroscopy analysis as
described previously (42), with the modification that samples were
washed in 20 mM Tris-HCI containing 50 mM EDTA. Samples (450 wl)
were loaded into 4-mm thin-wall precision quartz EPR sample tubes
(Wilmad, Vineland, NJ, USA) and analyzed on an a Bruker EMXmicro
X-band spectrometer with a variable temperature unit (ER4141VT). The
EPR spectrometer settings were as follows: 30.00 mW, with a microwave
frequency of 9.37 GHz, modulation frequency of 100 kHz, modulation
amplitude of 10.00 G, sweep rate of 4.88 G/s, and time constant of 81.92
ms. For protein quantification, 100 pl of sample was centrifuged, followed
by resuspension of the pellet in 150 pl of 1X sodium dodecyl sulfate
buffer, boiling for 5 min, and collection of the supernatant by centrifuga-
tion. The protein concentration was determined by using the Bio-Rad RC
DC protein assay kit according to the manufacturer’s instructions. The
protein concentration was used to normalize the signal amplitude for the
five biological replicates tested.

RESULTS

Overexpression of the E. coli genetic locus comprised of cueR,
ybb], qmcA, ybbL, and ybbM increases resistance to H,0,-medi-
ated stress. To identify genomic loci that impart resistance to
H,0, in E. coli, we screened two coexisting/coexpressing genomic
libraries (CoGeLs) (25) for survival after a 30-min stress with 14
mM H,O,. Strains exhibiting a higher rate of survival against
H,O, were selected, and the two coexisting plasmids from these
clones were isolated (see Table S1 in the supplemental material).
The plasmids were retransformed into wild-type (WT) E. coli
K-12 MG1655, and their tolerance to 4 mM H,O, was examined.
This was done to determine the role of each plasmid individually
or together and, at the same time, guard against any potential
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chromosomal mutations that might have occurred in the host
during library screening. We found that a single plasmid, desig-
nated pLib, carryinga DNA fragment that includes the genes cueR,
ybb], gmcA, fetA (formerly ybbL), and fetB (formerly ybbM) (Fig.
1A), was responsible for increased survival (Fig. 1B). These genes
code for the CueR DNA-binding transcriptional regulator that is
involved in copper resistance (43), the proteases YbbJ and QmcA
(44), and the predicted ABC transporter proteins FetA (YbbL) and
FetB (YbbM), which have not been characterized previously.

Overexpression of fetA and fetB increases survival under
conditions of H,O, stress. The genes of the DNA fragment in
pLib were overexpressed in small subsets to determine which
gene(s) is necessary for the improved tolerance to H,O, stress.
Four smaller fragments were generated, including the native pro-
moters (Fig. 1A), and cloned into plasmids. The survival of strains
harboring these fragments under conditions of oxidative stress
was examined (Fig. 1B). pF3 (fetA and fetB) and pF4 (fetA, fetB,
and part of ybbN) increased E. coli BW25113 survival under con-
ditions of H,O, stress to the levels observed with pLib, whereas
cueR, ybb], and gmcA (pF1 and pF2) had no beneficial effect (Fig.
1B). pF3 contains the native promoters for transcription of fetA
and ferB, and using Q-RT-PCR, we determined that the fetA and
fetB transcript levels from pF3 increased by 49- and 35-fold, re-
spectively, relative to those of the plasmid control. We conclude
that fetA and fetB are the genes from pLib that, when overex-
pressed, impart a higher level of resistance to H,O, stress.

Knockout mutants of cueR, fetA, and fetB exhibit increased
sensitivity to H,O, stress. The role of the pLib genes in oxidative
stress resistance was also examined by using gene knockouts
(KOs) in E. coli BW25113 (27). The BW23115 AcueR, AgmcA,
AfetA (AybbL), and AfetB (AybbM) strains were obtained from the
Keio Collection (27), and the BW23115 Aybb] strain was gener-
ated by lambda red recombination (28). Survival of the strains
with individual gene knockouts after 30 min of stress with 4 mM
H,0, at 37°C in LB medium was determined (Fig. 1C). The Aybb]
and AgmcA knockouts had survival rates similar to those of the
wild type. Disruption of cueR decreased H,O, survival by 79%
compared to the wild type. The BW25113 AfetA and AfetB strains
exhibited increased H,O, sensitivity, with the poststress survival
rate decreasing by >95% relative to the wild type. The AfetA and
AfetB data corroborate the overexpression data (Fig. 1B). We con-
clude that cueR, fetA, and fetB have a role in oxidative stress resis-
tance, whereby the deletion of these genes decreased survival
against H,O,. However, since cueR overexpression in plasmids
pF1 and pF2 did not increase tolerance to ROS (Fig. 1B), we fo-
cused on fetA and fetB, which increased survival under conditions
of H,0, stress.

To demonstrate complementation for the AfetA and AfetB
strains, plasmid pF3 and a control plasmid were transformed into
strain BW23115 and the BW23115 AfetA and AfetB knockout
strains. With a control plasmid, the parent strain exhibited a
higher survival rate than the knockouts (Fig. 2A). However, gene
expression from pF3 increased survival against H,O, for all strains
(Fig. 2B). This demonstrates that complementation of the KO
strains with pF3 restores the phenotype and abrogates H,O, sen-
sitivity (Fig. 2).

Bioinformatic analysis to determine the possible function of
FetA and FetB. The identified genes, ferA and fetB, have not been
previously studied; thus, we used bioinformatics to identify the
possible role of these genes. EcoCyc suggests that FetA (YbbL) is
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FIG 2 Complementation of AfetA and AfetB mutants with plasmid pF3 in-
creases tolerance to H,O, stress. Survival rates of E. coli BW25113 (WT) and
the AfetA and AfetB strains with a control plasmid (pCntl) (A) or the fetA and
fetB overexpression plasmid (pF3) (B) after 30 min of H,O, stress were deter-
mined as described in the legend of Fig. 1B. Data are means * standard errors
of the means (n = 5). P values indicate the statistical significance of a Student
t test performed between the WT and the KO strains.

an uncharacterized member of the ABC transporters and that FetB
(YbbM) is a putative metal resistance inner membrane protein
(45). BLASTp and multiple-sequence alignments showed that
FetA contains the ABC transporter signature motif (LSGGEKQ
RIS) flanked by the Walker A (P-loop) (GPSGCGKS) and Walker
B (VLLLDE) motifs as well as the Q-loop, D-loop, and H-loop
motifs, which are indicative of the ATP-binding cassettes (see Fig.
S1A in the supplemental material) (46, 47). FetB belongs to the
uncharacterized protein family UPF0014 (36). Analysis by the
TMHMM v. 2.0 server predicts that FetB has seven transmem-
brane domains (see Fig. S1B in the supplemental material) (39).
Analysis of FetB using the SMV-Prot server predicts that it belongs
to the family of transmembrane proteins (P value, 98.6%), with a
lower probability that it is an all-lipid-binding protein (P value,
90.3%), a sodium-binding protein (P value, 68.5%), a metal-
binding protein (P value, 58.6%), or a secretory pathway protein
(P value, 58.6%) (40). Combined, FetA and FetB are predicted to
be an ABC-type transporter, with FetA being the ATP-binding
component subunit and FetB being the inner membrane metal
resistance protein.

To confirm that FetB is a membrane protein, we generated a
GFP fusion by replacing the stop codon of FetB with the start
codon of GFP in pF3 to generate plasmid pF3-GFP. In this con-
struct, expression of GFP was driven by the native fetB promoter
and ribosomal binding site. Superresolution structured illumina-
tion microscopy was used to compare the control strain (Fig. 3A),
where GFP was not fused to FetB, to the strain harboring pF3-
GFP, where the FetB-GFP fusion localizes in the membrane (Fig.
3B and C). These results illustrate that the FetB protein is ex-
pressed and is localized to the membrane, with the C-terminal
GFP located in the cytoplasm.

FetB is well conserved among many E. coli strains, including E.
coli W3110 and pathogenic E. coli O157:H7, as well as other En-
terobacteriaceae, such as Shigella dysenteriae and Salmonella en-
terica. FetB is annotated as a putative metal resistance protein for
E. coli O55:H7 RM12579, but the metal is unknown. FetB shares
37% homology with Star2 of Oryza sativa japonica (Japanese rice)
and 35% homology with ALS3 of Arabidopsis thaliana (see Fig. S2
in the supplemental material), which have been described as ABC
transport-like proteins that are involved in aluminum tolerance
(48, 49). This information suggests that FetA and FetB constitute
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FIG 3 FetB localizes in the cell membrane, as determined by superresolution structured illumination microscopy. (A) The control, E. coli BW25113 with
pUC-GEFP, does not show localization of GFP, demonstrating that GFP is expressed throughout the cytoplasm. (B) E. coli BW25113 with pF3-GFP produces a
fusion FetB-GFP protein that localizes in the cell membrane with the C-terminal GFP located in the cytoplasm. (C) A single E. coli cell with the FetB-GFP fusion

localized in the membrane.

an ABC-type transporter that might facilitate the transport of alu-
minum or another metal.

The catalase and superoxide dismutase activities of E. coliare
not affected by fetA and fetB. Bioinformatic analysis suggests that
FetA and FetB constitute an ABC transporter involved in metal
transport, but the physiological metal substrate and the mecha-
nism of tolerance could not be determined. Metal transporters
were previously shown to influence resistance to oxidative stress,
as metal concentrations can influence the activity of catalases
(CATs) and superoxide dismutases (SODs) (2, 50). In previous
studies, knockout strains of ABC-type transporters exhibited de-
creased enzyme activity and increased sensitivity to oxidative
stress (19, 51). To examine if the decreased H,O, stress tolerance
of the AfetA and AfetB strains was due to lower enzyme activities,
we investigated the CAT and SOD activities of wild-type strain
BW25113 and the AfetA and AfetB strains. The CAT and SOD
activities of the AfetA and AferB strains were not statistically dif-
ferent from those of the WT (Table 2). Thus, the lower rate of
survival against H,O, observed for these strains cannot be attrib-
uted to altered CAT or SOD activity.

Survival against H,0,-mediated stress is increased in mini-
mal M9 medium. We next examined if tolerance to H,O, stress
due to fetA and fetB overexpression can be modified by the me-
dium composition by performing survival assays with minimal
M9 medium. We chose minimal M9 medium because it allows the
control of metal concentrations by eliminating the variability
from the undefined components of LB medium. In minimal me-
dium, we observed the same trends, in terms of the H,O, stress
response, as those observed for the cultures grown in LB medium,
whereby the AfetA and AfetB strains were more sensitive to oxida-
tive stress than the WT strain (Fig. 4A). However, all strains had

TABLE 2 Catalase and superoxide dismutase activities of WT BW25113
and the BW25113 AfetA and BW25113 AfetB strains”

Mean catalase activity Mean superoxide dismutase

(absorbance/min/mg activity (U/mg protein) =
Strain protein) = SEM SEM
BW25113 1.12 = 0.31 73.6 = 2.4
BW25113 AfetA 1.53 = 0.52 89.0 = 13.6
BW25113 AfetB 0.92 = 0.22 58.2 £ 21.1

“ Catalase activity was determined by H,O, clearance as described previously (33), and
superoxide dismutase activity was determined as detailed previously (35). The data
from three biological replicates are reported.
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higher survival rates in M9 medium than in LB medium (Fig. 2),
which suggests that LB medium contains components (most likely
metal ions) that increase the sensitivity to oxidative stress. The
survival rate of strain BW25113 with the control plasmid was 7.5%
in M9 medium (Fig. 4A), compared to 1% in LB medium (Fig.
2A). The same trend was observed for the AfetA and AfetB strains.
In M9 medium, the AfetA strain had a 1.67% survival rate, com-
pared to 0.14% in LB medium. Similarly, the AfetB strain had a
1.21% survival rate in M9 medium, compared to 0.08% in LB
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FIG 4 Characterization of strains in minimal M9 medium with and without
added metals. (A) Survival rates of E. coli strain BW25113 (WT) and the AfetA
and AfetB strains with a control plasmid after a 30-min exposure to 4 mM
H,0, at 37°C in M9 minimal medium. Data are means * standard errors of
the means (n = 6). P values indicate the statistical significance of a Student ¢
test performed between the WT and the KO strains. (B) Survival rates of E. coli
strain BW25113 (WT) and the AfetA and AfetB strains with plasmid pF3 after
H,O0, stress. Data are means * standard errors of the means (n = 6). (C)
Survival of the BW25113 AfetB strain with a control plasmid (pCntl) under
conditions of H,0, stress in M9 minimal medium with different metals. Data
are means * standard errors of the means (n = 3). (D) Survival of the
BW25113 AfetB strain with plasmid pF3 under conditions of H,O, stress in
M9 minimal medium with different metals. Data are means =* standard errors
of the means (n = 3). For panels C and D, metals were added at the following
concentrations: 100 uM AL,(SO,)s, 20 uM CuSO,, 30 uM NiCl,, and 30 pM
FeSO,. Cultures were cultivated in the presence of metals and then stressed
with 4 mM H,0, for 30 min to determine survival. * represents a statistical
difference, as determined by a Student  test, between the M9 and metal media
(P value of <0.05).
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FIG 5 Survival against 4 mM H,O, stress in M9 medium containing 30 puM FeSO,. (A) E. coli strain BW25113 (WT) and the AfetA and AfetB strains with a
control plasmid (pCntl) were grown in minimal medium in the presence (black bars) or absence (gray bars) of 30 uM FeSO,,. The cultures were stressed with 4
mM H,0, at 37°C in M9 minimal medium with 30 uM FeSO, for 30 min, and survival rates were determined based on CFU. Data are means * standard errors
of the means (n = 3). (B) The strains with the pF3 overexpression plasmid were treated similarly to the strains described above for panel A. The survival rates of
all overexpression strains are statistically indistinguishable. Data are means * standard errors of the means (n = 3). (C) Final dilution series of assays performed
with M9 medium with 30 pM FeSO, are shown for the pCntl strains (left) and the overexpression pF3 strains (right). For these assays, 10 .l of diluted culture
poststress was spotted onto M9 agar plates and allowed to grow for 24 h. (D) The fold improvement of the different strains harboring the overexpression plasmid

pE3 or pCntl was determined for assays in the presence or absence of FeSO,.

medium. Since the knockout strains showed lower survival rates
than the wild-type strain (Fig. 4A), but gene overexpression could
still complement this defect (Fig. 4A and B), we conclude that the
metal substrate of the FetA and FetB transporters should be one of
the metal components in M9 minimal medium that is present in
trace concentrations.

Overexpression of fetA and fetB increases survival under
conditions of H,0, stress in the presence of iron. Next, we
screened various candidate metal substrates in M9 minimal me-
dium, aiming to identify the substrate for FetA and FetB that is
involved in oxidative stress damage. Aluminum [100 pM
Al,(SO,);], copper (20 M CuSO,), nickel (30 wM NiCl,), man-
ganese (30 wM MnCl,), and iron (30 uM FeSO,) were added in
minimal medium to investigate which metal is transported by
FetA and FetB and can influence H,O, stress survival. Aluminum
was investigated due to the homology of FetB to Star2 and ALS3,
which are involved in aluminum transport in plants (48, 49). Cop-
per was chosen due to the proximity of ferA and fetB to cueR and
copA in the E. coli chromosome, both of which are involved in
copper resistance (52). The different metal concentrations were
selected based on the toxicity of each metal, to ensure that growth
prior to stress was not inhibited.

Initially, survival assays were performed on the AfetB strain
with the overexpression (pF3) or control (pCntl) plasmid (Fig. 4C
and D) to determine tolerance to H,O, stress in the presence of
different metals. For the AfetB(pCntl) strain, we observed an in-
crease in survival in the presence of Mn or Ni, no significant
change in the presence of Al or Cu, and a decrease in survival when
iron was present (Fig. 4C).

The addition of iron greatly reduced the survival of the
AfetB(pCntl) strain against H,O, stress (Fig. 4C), suggesting that
the knockout strain is unable to overcome iron overload coupled
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with oxidative stress. Is this increased H,O, sensitivity due to iron,
which can increase ROS through Fenton reactions, or due to the
inability of the cells to cope with the excess metal? To address
these questions, we studied the survival of the overexpression
AfetB(pF3) strain in the presence of metals (Fig. 4D). Overexpres-
sion of fetA and fetB in the AfetB strain increased survival against
H,O0, for all metals tested, and iron sensitivity was eliminated (Fig.
4D). This suggests that FetA and FetB have a role in iron homeo-
stasis and that the decrease in the tolerance of the AfetB strain to
H,O, stress was due to its inability to cope with iron overload.
We next examined the survival rates of E. coli wild-type strain
BW25113 and the BW25113 AfetA and BW25113 AfetB mutant
strains under conditions of H,O, stress in minimal medium in the
presence and absence of iron to characterize all strains. The strains
tested were more sensitive to H,0, when iron was present, pre-
sumably due to the increased number of Fenton reactions, which
result in higher ROS levels within the cells (Fig. 5A). However, the
AfetA and AfetB strains were more severely impacted by iron than
the parent E. coli strain BW25113 (Fig. 5A). Overexpression of
fetA and fetB (plasmid pF3) increased resistance to H,O, for all
strains and abrogated the negative effect of iron (Fig. 5B). This
suggests that FetA and FetB are able to regulate iron homeostasis
and increase cell survival (Fig. 5C). The benefit of fetA and fetB
overexpression in increasing survival against H,O, stress was
quantified. In the absence of iron, the survival rate of BW25113
increased 2-fold compared to that of the plasmid control strain
(Fig. 5D). When iron was present, the survival rate of E. coli
BW25113(pF3) increased 5-fold relative to that of control strain
BW25113(pCntl) (Fig. 5D). The effects of fetA and fetB overex-
pression are evident in the AfetA and AfetB strains, where toler-
ance to oxidative stress was increased by a factor of 10 in minimal
medium with no iron supplementation and was increased >100-

Applied and Environmental Microbiology


http://aem.asm.org

100

g 10

s

2

e 1r

=

n

01

0.01 . =
WT WT Afur Afur
(pCntl)  (pF3) (pCnitl) (PF3)

FIG 6 Survival of WT E. coli BW25113 and the Afur mutant under conditions
of H,0, stress in LB medium containing 30 wM FeSO,. pCntl and pF3 descrip-
tions are included in the legend of Fig. 1. The H,O, stress assay was performed
as described in the legend of Fig. 1, but the cultures were grown in medium
containing 30 uM FeSO, to facilitate iron overload. Data are means * stan-
dard errors of the means (n = 5).

fold when iron was added (Fig. 5D). Taken together, these data
demonstrate that the FetA and FetB transporter has a role in iron
homeostasis and increases H,O, stress survival.

fetA and fetB overexpression guards against lethal oxidative
damage in Afur mutants. The Fur protein regulates iron uptake
and superoxide dismutase expression (4), with fur mutants being
unable to balance cellular iron content, thus resulting in iron over-
load (50). Iron accumulation in fur mutants results in severe oxi-
dative damage and mutagenesis, with fur recA mutants being un-
able to survive under aerobic conditions (50). To investigate if
overexpression of fetA and fetB could minimize iron overload in
fur mutants, we constructed the BW25113 Afur and Afur AfetB
strains and carried out H,O, survival assays in the presence of 30
uM FeSO, in LB medium.

The BW25113 Afur and BW25113 Afur AfetB strains did not
exhibit statistically different growth rates when cultured in LB
medium with 100 uM FeSO, (see Fig. S3 in the supplemental
material), indicating that iron overload alone is not sufficient for
growth inhibition. However, the BW25113 Afur strain was more
sensitive to oxidative damage than the parent BW25113 strain, as
iron overload results in Fenton reactions that generate more ROS,
resulting in cell death (see Fig. S4 in the supplemental material).
As expected, the BW25113 Afur AfetB double mutant was ex-
tremely sensitive to H,O,, with the strain being unable to survive
H,O, stress under the assay conditions (see Fig. S4 in the supple-
mental material).

We next investigated if overexpression of fetA and fetB can
overcome the deficiencies of the Afur strain. Survival of the
Afur(pF3) strain increased in the presence of 30 uM FeSO,, (Fig.
6), demonstrating that FetA and FetB have a role in overcoming
the iron overload elicited by the fur mutation. This result corrob-
orates data described above (Fig. 5), where we demonstrate that
fetA and fetB overexpression can abrogate the negative effects of
iron overload coupled with H,O, stress. Furthermore, this finding
suggests that the FetA and FetB transporter is not regulated by Fur
directly. The Fur consensus sequence is not found upstream of
fetA and fetB (53), suggesting that the transporter is regulated by
other means.

Overexpression of fetA and fetB decreases intracellular iron
levels in the Afur strain. The iron content in the BW25113 Afur
strain was investigated by electron paramagnetic resonance
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FIG 7 Overexpression of fetA and fetB in the E. coli BW25113 Afur strain
decreases the overall intracellular free iron concentration, as determined by
electron paramagnetic resonance (EPR). The BW25113 Afur(pF3) overexpres-
sion strain is shown in black, and the control Afur(pCntl) strain is shown in
gray. Cultures grown aerobically in LB medium in exponential phase (0D,
of 1 to 2) were harvested and were oxidized with desferrioxamine mesylate as
described previously (42). Samples loaded into 4-mm thin-wall precision
quartz EPR sample tubes (Wilmad) were analyzed on a Bruker EMXmicro
X-band spectrometer with a variable temperature unit (ER4141VT) with the
following measurement settings: 30.00 mW, with microwave frequency of 9.37
GHz, a modulation frequency of 100 kHz, a modulation amplitude of 10.00 G,
a sweep rate of 4.88 G/s, and a time constant of 81.92 ms. The signals were
normalized by the protein concentration. Five biological replicates were ana-
lyzed, and data for a representative sample are shown.

(EPR), as deregulation of Fur results in iron overload. Samples
from cultures grown aerobically in LB medium to exponential
phase were prepared and analyzed by EPR. The total intracellular
free iron content of the Afur strain with fetA and fetB overexpres-
sion was lower than that of the control strain (Fig. 7). The peak-
to-peak amplitudes of five biological samples for the Afur(pF3)
and Afur(pCntl) strains were compared by a t test (P value of
0.030), and the amplitude difference between the overexpression
and control strains decreased by 37%. The Afur strains were still
overloaded with iron, but overexpression of fefA and fetB resulted
in lower cellular iron contents. Because ABC-type transporters
operate between the cytoplasm and the periplasm, FetAB would
export iron from the cytoplasm to the periplasm, where it can still
be detected by whole-cell EPR. The overall iron content of the cells
would then not be expected to decrease dramatically. This would
explain why the amplitude of the signals for the Afur(pF3) strain
are high even with fetA and fetB overexpression (Fig. 7). These
EPR data indicate that FetA and FetB are involved in iron homeo-
stasis and suggest that resistance to H,0,-mediated stress is in-
creased by fetA and fetB overexpression due to decreased intracel-
lular iron content, which results in fewer Fenton reactions and
lower ROS formation rates.

DISCUSSION

In this study, we identified a genomic fragment spanning the E.
coli genes cueR, ybb], gqmcA, fetA, and fetB that enhances resistance
to H,0,-mediated oxidative stress by screening genomic libraries.
The genes included in the fragment were cloned in smaller subsets,
and our results demonstrate that fetA and fetB overexpression can
increase tolerance to oxidative stress. Gene knockouts were inves-
tigated, and we show that the deletion of cueR, fetA, or fetB results
in increased sensitivity to H,O, stress. The role of cueR in H,0,
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stress can be attributed to the fact that CueR is a MerR family
regulator that controls the expression of the copper efflux protein
CopA (21, 52). The disruption of cueR results in the loss of copA
expression (52), leading to increased copper overload and sensi-
tivity. Copper targets iron-sulfur clusters, displacing and releasing
iron (6), which, when coupled with H,O, stress, can result in more
ROS species being generated by Fenton reactions. This might ex-
plain why the deregulation of copper homeostasis in the AcueR
strain renders E. coli more sensitive to H,O, stress. Overexpres-
sion of cueR did not enhance tolerance to H,O,-mediated oxida-
tive stress, and so we focused on better understanding the role of
ybbL and ybbM in the observed phenotype.

The previously uncharacterized genes fetA and fetB are pre-
dicted to encode an ABC-type transporter that has a role in metal
resistance. Metals can influence the activity of superoxide dismu-
tase (SOD) (4), which catalyzes the removal of superoxide radi-
cals, and thus have a role in oxidative stress tolerance. For exam-
ple, a homologue of Salmonella enterica SitABCD was shown to
transport Mn and Fe in E. coli and increase resistance to H,O,
(20). Similarly, the MtsABC transporter for Mn and Fe in Strep-
tococcus pyogenes was implicated in oxidative stress resistance, and
the MtsABC mutant was shown to have reduced SOD activity,
attributed to lower intracellular Mn levels (19). We investigated
both the SOD and catalase activities of the AfetA and AfetB strains
to investigate if the lower levels of H,O, tolerance of these strains
can be attributed to a change in enzymatic activity. The knockout
strains had activities similar to those of the wild-type strain, sug-
gesting that the observed changes in tolerance are not due to a
change in enzyme activity but are due to another mechanism.

We demonstrate that FetB is indeed a membrane protein, and
we hypothesized that FetA and FetB allow for the transport of a
metal that is involved in H,O, resistance. For a metal that pro-
motes oxidative stress, such as Fe, import should decrease toler-
ance to H,O, stress, whereas export should increase survival by
eliminating the metal. Conversely, if the metal has a beneficial
effect on tolerance to ROS such as Mn, import should increase
survival against H,O, stress, and metal export should decrease
tolerance. We performed H,0,-mediated stress assays in cultures
grown in medium containing Al, Cu, Ni, Mn, or Fe.

Mn and Ni increased resistance to H,O, stress, but these metals
cannot be transported by FetA and FetB, since these assays were
performed with the AfetB strain, suggesting that the beneficial
effect is due to the metals and not due to the transporter. It is
established that manganese can have a protective effect against
oxidative stress by substituting for iron in different enzymes, thus
minimizing Fenton reactions, and by being a cofactor for manga-
nese-SOD (5, 19). The protective mechanism of Mn is supported
by our data, which show that Mn increases tolerance to H,O,
stress for BW25113 and the AfetA and AfetB mutant strains (see
Fig. S5A and S5B in the supplemental material). Therefore, man-
ganese provides a protective effect against H,O, regardless of
FetAB.

Iron had a detrimental effect on oxidative stress tolerance in
the absence of the ABC-type transporter in the AfetB strain. The
lower survival rate is presumably due to Fenton reactions that
produce more ROS. The overexpression of fetA and fetB increased
tolerance to H,0,-mediated stress in the presence of iron, sug-
gesting that the ABC-type transporter has a role in iron homeo-
stasis. The BW25113 Afur strain, where the iron regulator is de-
leted, rendering strains unable to survive H,O, stress in the
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presence of iron, was used to show that fetA and fetB overexpres-
sion can increase tolerance under conditions of iron overload.
Furthermore, whole-cell EPR revealed a lower intracellular iron
content in Afur strains in the presence of fetA and ferB. Combined,
these data suggest that the ABC-type transporter has a role in iron
homeostasis and increases H,O, stress tolerance. It is possible that
FetA and FetB function via another mechanism, such as a the
metalation of a secreted protein to minimize oxidative stress, but
the data presented here provide a strong link to iron transport.
This study is the first to reveal that overexpression of fetA and
fetB increases H,O, stress tolerance in E. coli and to experimen-
tally demonstrate that FetB is a membrane protein. To explain the
enhancement in oxidative stress survival, we put forward the hy-
pothesis that the ABC-type transporter FetAB allows for iron ho-
meostasis, thereby reducing Fenton reactions generated by H,O,.
We provide evidence to link these genes and their products to iron
transport, but the exact mechanism of transport remains unclear
and will require further investigation. This is just one possible
explanation, and further studies will need to be performed to fully
validate our hypothesis. However, the improved phenotype,
namely, the increased resistance to oxidative stress due to fefA and
fetB overexpression, can be utilized to increase the efficiency of E.
coli production systems in situations where oxidative stress arises.
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