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Role of the CpxAR Two-Component Signal Transduction System in
Control of Fosfomycin Resistance and Carbon Substrate Uptake
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Although fosfomycin is an old antibiotic, it has resurfaced with particular interest. The antibiotic is still effective against many
pathogens that are resistant to other commonly used antibiotics. We have found that fosfomycin resistance of enterohemor-
rhagic Escherichia coli (EHEC) O157:H7 is controlled by the bacterial two-component signal transduction system CpxAR. A
cpxA mutant lacking its phosphatase activity results in constitutive activation of its cognate response regulator, CpxR, and fosfo-
mycin resistance. We have shown that fosfomycin resistance requires CpxR because deletion of the cpxR gene in the cpxA mutant
restores fosfomycin sensitivity. We have also shown that CpxR directly represses the expression of two genes, glpT and uhpT,
which encode transporters that cotransport fosfomycin with their native substrates glycerol-3-phosphate and glucose-6-phos-
phate, and repression of these genes leads to a decrease in fosfomycin transport into the c¢pxA mutant. However, the cpxA mutant
had an impaired growth phenotype when cultured with glycerol-3-phosphate or glucose-6-phosphate as a sole carbon substrate
and was outcompeted by the parent strain, even in nutrient-rich medium. This suggests a trade-off between fosfomycin resis-
tance and the biological fitness associated with carbon substrate uptake. We propose a role for the CpxAR system in the revers-
ible control of fosfomycin resistance. This may be a beneficial strategy for bacteria to relieve the fitness burden that results from

fosfomycin resistance in the absence of fosfomycin.

nterohemorrhagic Escherichia coli (EHEC) O157:H7 is a food-

borne pathogen that can cause hemolytic-uremic syndrome
(HUS), which can be fatal (1, 2). However, the efficacy of antibi-
otic treatment for this infectious disease is controversial because
in vitro experiments suggest that some antibiotics promote the
release of Shiga-like toxins (verotoxins) produced by the bacte-
rium and may increase the risk of HUS development (3-5). On the
other hand, animal studies and clinical trials have shown that
treatment with fosfomycin at an early time point during the
course of infection decreased HUS development and mortality
(6-8). Furthermore, the antibiotic is effective against some mul-
tidrug-resistant (MDR) pathogens because it has no structural
relationship with other known antibiotics; hence, there is no
cross-resistance (9, 10). A shortage of new antimicrobial agents is
a critical issue at present, and together with the spread of MDR
pathogens, the use of fosfomycin to treat infections is being revis-
ited (11).

Fosfomycin is an antagonist of the UDP-N-acetylglucosamine-
3-enolpyruvyltransferase MurA, which transfers phosphoenol-
pyruvate (PEP) to the 3'-hydroxyl group of UDP-N-acetylglucos-
amine. Fosfomycin is a PEP analog that inhibits MurA activity
and results in interference of the first step in peptidoglycan bio-
synthesis (12). Mechanisms for fosfomycin resistance are encoded
on plasmids and the chromosome. Resistance to fosfomycin is
conferred by the production of the plasmid-encoded enzymes
FosA, FosB, FosC, and FosX, which leads to inactivation of fosfo-
mycin (13-16). Chromosomal mutations that lead to the expres-
sion of MurA variants that have impaired fosfomycin binding or
result in overexpression of MurA also confer resistance to fosfo-
mycin. Substitution of the Cys115 residue in MurA, which forms
a covalent bond with fosfomycin, leads to a significant increase in
the MIC (17-19). In addition, a MurA-overexpressing clinical iso-
late has been reported, although the mutation site was uncharac-
terized (20). In E. coli, UhpT, a glucose-6-phosphate (G6P) trans-
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porter, and GIpT, a glycerol-3-phosphate (alternatively called
alpha-glycerophosphate [alpha-GP]) transporter, are involved in
the uptake of fosfomycin, and mutations in the genes encoding
these transporters can confer fosfomycin resistance (21, 22). Ad-
ditionally, mutations in genes encoding the regulators of uhpT
expression, UhpA and CyaA, confer resistance because bacteria
with these mutations do not activate uhpT expression and, as a
consequence, have reduced uptake of fosfomycin (17, 23). Chro-
mosomal mutations that increase fosfomycin resistance rely on
defects in GIpT, UhpT, and/or MurA production or native biolog-
ical function. Therefore, fosfomycin resistance is believed to be
associated with a high biological cost to the cell. In support of this
hypothesis, mutants that are resistant to fosfomycin can be fre-
quently isolated in vitro (24, 25). However, epidemiologic data
indicate that susceptibility rates have remained relatively stable
since the introduction of this agent in clinical practice (26-28).
Bacteria have the ability to sense and adapt to environmental
stress. CpxAR is a pair of proteins that makes up a two-component
system (TCS) that responds to a number of environmental cues
(29). CpxA is a sensor kinase that senses bacterial envelope stress
and transfers a phosphoryl group to its cognate response regula-
tor, CpxR. Phosphorylated CpxR activates the expression of genes
encoding a subset of proteins involved in envelope maintenance,
including a periplasmic protease, chaperones, and peptidoglycan
enzymes (30). Although CpxAR has been characterized largely as a
sensor of bacterial envelope stress, CpxAR has also been impli-
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TABLE 1 Strains and plasmids used in this study

Reference or

Strain or plasmid  Relevant genotype or phenotype® source
Strains
HH-H7-008 Parent strain (tnaA lacZI deletion 34
from EHEC O157:H7 [RIMD
0509952])
HH-H7-040 cpxA mutant from HH-H7-008 This work
HH-H7-062 cpxR mutant from HH-H7-008 This work
HH-H7-093 cpxAR double mutant from This work
HH-H7-008
MG1655 E. coli K-12; wild type; reporter strain 35
Rosetta(DE3) T7 expression strain; Cm" Novagen/EMD
Bioscience
Plasmids
pKO3 Temperature-sensitive vector for gene 36
targeting of sacB; Cm"
pTrc99A Vector for IPTG-inducible 31
expression; Ap”
pTrc99cpxA CpxA complement expression This work
plasmid; Ap"
pTrc99nlpE NIpE overexpression plasmid; Ap" This work
pTrc99glpT GlpT overexpression plasmid; Ap* This work
pTrc99uhpT UhpT overexpression plasmid; Ap" This work
pQE80 Vector for expression of His-tagged Qiagen
protein; Ap”
pQE80cpxR N-terminal Hisg-CpxR This work

overexpression plasmid; Ap"

@ Ap", ampicillin resistance; Cm", chloramphenicol resistance.

cated in drug resistance. We previously found that CpxR overex-
pression confers moderate resistance to novobiocin, B-lactams,
and deoxycholate (31, 32). In other studies, constitutive phos-
phorylation of CpxR decreases aminoglycoside and hydroxyurea
susceptibility (33). The role of CpxAR in resistance to these com-
pounds remains unclear.

We are interested in determining if there is a reversible mech-
anism of resistance control for fosfomycin. This may be beneficial
for bacteria because they can perhaps relieve the fitness burden
conferred by fosfomycin resistance in fosfomycin-free circum-
stances. Resistance control is achieved by the alteration of drug
uptake attributed to the production of the transporters GlpT and
UhpT. Activation of the Cpx pathway reduced production of
GIpT and UhpT and elevated fosfomycin resistance but led to a
defect in the uptake of carbon substrates during growth and re-
duced biological fitness. We therefore propose a regulatory model
of reversible fosfomycin resistance and carbon substrate uptake
operated by CpxAR.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains and plas-
mids used in this study are listed in Table 1. Unless otherwise indicated, all
bacteria were grown in LB (Luria-Bertani) medium. For marker selection
and maintaining plasmids, antibiotics were added to growth medium at
following concentrations: 150 pg/ml for ampicillin and 15 wg/ml for
chloramphenicol. For growth experiments, EHEC strains were grown at
37°C with shaking for 12 to 16 h. The pellets were washed twice with
carbon-free M9 minimal medium (M9 salts, 2 mM MgSO,, 0.1 mM
CaCl,, and 2 puM FeSO,) and resuspended in half the volume with the
same medium. The cell suspensions were diluted into fresh medium (M9
minimal medium containing 0.5% glycerol-3-phosphate, glucose-6-
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phosphate, or galactose as a sole carbon source) at a 1:100 ratio. Bacteria
were grown at 37°C with shaking, and cell growth was monitored by
determining the absorbance at 600 nm.

Cloning and mutant constructions. In-frame deletions of cpxA and
cpxR were constructed by sequence overlap extension PCR according to a
strategy described previously (36), with primer pairs cpxA-deltal/cpxA-
delta2 and cpxA-delta3/cpxA-delta4 for cpxA and primer pairs cpxR-
deltal/cpxR-delta2 and cpxR-delta3/cpxR-delta4 for cpxR (Table 2). The
upstream flanking DNA included 450 bp, the first 3 amino acid codons for
cpxA, and the first 6 amino acid codons for cpxR. The downstream flank-
ing DNA included the last 2 amino acid codons for cpxA and the last 9
amino acid codons for cpxR, the stop codon, and 450 bp of DNA. These
deletion constructs were ligated into BamHI- and Sall-digested tempera-
ture-sensitive vector pKO3 and introduced into HH-H7-008, the parent
strain (34). We selected sucrose-resistant/chloramphenicol-sensitive col-
onies at 30°C and confirmed the resulting mutant strains by using PCR
analysis and DNA sequencing. We also constructed a cpxAR double dele-
tion mutant by same method, using primer pairs cpxR-deltal/cpxAR-
delta2 and cpxAR-delta3/cpxA-delta4.

To construct cpxA, nlpE, glpT, and uhpT expression plasmids
pTrc99cpxA, pTrcIonlpE, pTrc99glpT, and pTrc99uhpT, respectively,
each gene was amplified with the primer pairs shown in Table 2. The
product was digested with Ncol and BamHI for ¢pxA and nlpE or EcoRI
and HindIII for glpT and uhpT and ligated into similarly digested plasmid
pTrc99A. His-CpxR expression plasmid pQE80-cpxR was constructed
by ligating the cpxR gene, PCR amplified with primers pQE-cpxR-F and
pPQE-cpxR-R, into BamHI- and HindIII-digested plasmid pQE80 (Table
2). The resulting E. coli construct produces CpxR as an N-terminally
hexahistidine-tagged protein in the presence of IPTG (isopropyl-3-p-
thiogalactopyranoside). All constructs were confirmed by DNA se-
quencing.

Drug susceptibility assays. MIC assays were performed by serial agar
dilution methods as described previously (31), with minor modifications.
Bacteria were grown for 20 h at 37°C in LB medium without shaking. Five
microliters of 100-fold-diluted cultures (~5,000 cells) was inoculated
onto an LB agar plate containing antibiotics and incubated for 16 h at
37°C. The MICs were determined as the lowest concentration at which
growth was inhibited. To examine bacterial growth rates in fosfomycin-
containing broth, a 100-fold dilution of a culture left standing overnight
was inoculated into fresh LB broth in the presence or absence of fosfomy-
cin. Bacteria were grown at 37°C with shaking, and CFU were counted.

RNA extraction and quantitative real-time PCR analyses. Bacteria
were grown to the mid-logarithmic growth phase (optical density at 600
nm [ODg,,] of ~0.7) in LB medium. NIpE was overexpressed in the
wild-type parent harboring pTrc99nlpE grown with 0.01 mM IPTG. In-
dole was added to LB medium at a concentration of 1 mM. For time
course experiments, the wild-type parent and AcpxA strains were grown
with 0.2 pg/ml of fosfomycin for 1, 2, 3, and 4 h. Total RNA extraction and
c¢DNA synthesis were performed by using the SV Total-RNA isolation
system and the GoScript reverse transcription system according to the
manufacturer’s instructions (Promega Corp., Madison, WI). Real-time
PCR mixtures included 2.5 ng cDNA and 200 nM primers in SYBR Select
master mix (Applied Biosystems, Foster City, CA) and were run on an ABI
Prism 7900HT Fast real-time PCR system. Constitutively expressed rrsA
and rpoD genes were used as an internal control. Primers are listed in
Table 2. Amplification plot and melting-curve data are available upon
request.

Overexpression and purification of His,-CpxR. His,-CpxR was ex-
pressed in and purified from Escherichia coli Rosetta(DE3) (Novagen/
EMD Bioscience, Philadelphia, PA). Bacteria containing recombinant
plasmids were grown at 37°C to an ODy, of 0.4 in LB medium, 0.5 mM
IPTG was then added, and culture growth was continued for 3 h. Cells
were harvested and stored at —80°C overnight. The cell pellet was sus-
pended in lysis buffer (20 mM Tris [pH 7.9], 500 mM NaCl, and 10%
glycerol) and lysed by sonication. The lysate was centrifuged, and the
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TABLE 2 Primers used in this study

Primer DNA sequence (5'-3")

Use

cpxA-deltal GCGGGATCCTGAACTTGATCGCGTTCTCG
cpxA-delta2 CTACAAATGCGGAGTTTAACTCCGGCCTATCATGAAGCAGAAACC
cpxA-delta3 GATGGTTTCTGCTTCATGATAGGCCGGAGTTAAACTCCGCATTTG
cpxA-deltad GCGGTCGACAATTCAGGTCAGCCAGCCGC

cpxR-deltal GCGGGATCCCTGCCTGTGCGCGCACAGC
cpxR-delta2
cpxR-delta3
cpxR-delta4
cpxAR-delta2

cpxAR-delta3

GCGGTCGACTGCTGGCCGGACGAATCAG

GCAGAAACCATCAGGTAGCCGCGTAACAGGATTTTATTCATTG
TAAACAATGAATAAAATCCTGTTACGCGGCTACCTGATGGTTTC

CTACAAATGCGGAGTTTAACTCCGTAACAGGATTTTATTCATTG
TAAACAATGAATAAAATCCTGTTACGGAGTTAAACTCCGCATTTG

cpxA mutant construction

cpxA mutant construction

cpxA mutant construction

cpxA mutant construction

cpxR mutant construction

cpxR mutant construction

cpxR mutant construction

cpxR mutant construction

cpxAR double mutant construction
cpxAR double mutant construction
pTrc99cpxA construction
pTrc99cpxA construction
pTrc99nlpE construction
pTrc99nlpE construction

pTrc99glpT construction
pTrc99glpT construction
pTrc99uhpT construction
pTrc99uhpT construction
PQE80cpxR construction
pQE80cpxR construction

Probe preparation for gel shift assay
Probe preparation for gel shift assay
Probe preparation for gel shift assay
Probe preparation for gel shift assay
Probe preparation for gel shift assay

pTrc-cpxA-F GCGCCATGGTAGGCAGCTTAACCGC
pTrc-cpxA-R GCGGGATCCTTAACTCCGCTTATACAGCG
pTrc-nlpE-F GCGCCATGGTGAAAAAAGCGATAGTG
pTrc-nlpE-R GCGGGATCCTTACTGCCCCAAACTACTG
pTrc-glpT-F GCGGAATTCTTGAGTATTTTTAAACCAGCGC
pTrc-glpT-R GCGAAGCTTTTAGCCTCCGTTGCGTTTTTGC
pTrc-uhpT-F GCGGAATTCCTGGCTTTCTTAAACCAGGTC
pTrc-uhpT-R GCGAAGCTTTTATGCCACTGTCAACTGCTG
pQE-cpxR-F GCGGGATCCAATAAAATCCTGTTAGTTGATG
pQE-cpxR-R GCGAAGCTTTCATGAAGCAGAAACCATCAG
glpT-PF GCGGCGGCCGCTCACTTGATTGCGAGTCGCG
glpT-PR GCGAAGCTTTGAAAGCCTCCGTGGCCCGTG
uhpT-PF GCGGCGGCCGCGCTTGTTTGCTTATCTGGGG
uhpT-PR GCGAAGCTTGGGTTACTCCTGAAATGAATAC
cpxP-PF GCGGCGGCCGCTAATAGGGAAGTCAGCTCTC
cpxP-PR GCGAAGCTTCATTTGCTCCCAAAATCTTTC
rhIR-PF GCGGGATCCGACCAAGTCCCCGTGTCGTG
rhIR-PR GCGGGATCCTCGCCATCATCCTGAGCATC
rrsA-qPCR-F CGGTGGAGCATGTGGTTTAA

rrsA-qPCR-R GAAAACTTCCGTGGATGTCAAGA
rpoD-qPCR-F CAAGCCGTGGTCGGAAAA

rpoD-qPCR-R GGGCGCGATGCACTTCT

glpT-qPCR-F TGCCCGCAGGTTTGATTC

glpT-qPCR-R CCATGGCACAAAGCCCATA

uhpT-qPCR-F AAGCCGACCCTGGACCTT

uhpT-qPCR-R ACGGTTTGAACCACATTTTGC

murA-qPCR-F CACAATTTCCGGCGCTAAA

murA-qPCR-R GCCAGTAGAGCGGCAAAAAG

cpxP-qPCR-F TGGAGACAATGCATCGTCITG

cpxP-qPCR-R GCGCGCACAGCGTTTT

Probe preparation for gel shift assay
Probe preparation for gel shift assay
Probe preparation for gel shift assay
Quantitative real-time PCR
Quantitative real-time PCR
Quantitative real-time PCR
Quantitative real-time PCR
Quantitative real-time PCR
Quantitative real-time PCR
Quantitative real-time PCR
Quantitative real-time PCR
Quantitative real-time PCR
Quantitative real-time PCR
Quantitative real-time PCR
Quantitative real-time PCR

resulting supernatant was mixed with Ni-nitrilotriacetic acid (NTA) aga-
rose (Qiagen, Valencia, CA) for 1 h. The agarose was washed with 50 mM
imidazole, and Hisg-CpxR was then eluted with 200 mM imidazole. Pu-
rified protein was desalted with Zeba Desalt spin columns (Thermo Sci-
entific, Rockford, IL) and then eluted with buffer for gel shift assays (20
mM Tris [pH 7.5], 50 mM KCl, 1 mM dithiothreitol, and 10% glycerol).
The protein was >95% pure, as estimated by SDS-PAGE and Coomassie
brilliant blue staining. Protein concentration was determined by using a
Bio-Rad protein assay (Bio-Rad, Hercules, CA). Proteins were stored at
—80°C.

Gel shift assays. To assess CpxR binding to glpT and uhpT promoter
sequences in gel shift assays, we used 321-bp DNA probes containing the
300-bp region upstream of the glpT and uhpT start codons, respectively.
We also used a 220-bp DNA fragment from the 200-bp region upstream of
the cpxP start codon as a positive control and a 323-bp DNA fragment
from the Pseudomonas aeruginosa rhiR gene as a nonspecific control
probe. Purified CpxR was phosphorylated with 50 mM carbamoyl phos-
phate (Sigma-Aldrich, St. Louis, MO) and 10 mM magnesium chloride
for 1 h at 30°C. We then expected that at least some of the CpxR protein
would be phosphorylated in the in vitro reaction. The probe DNA frag-
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ments (0.30 pmol) were mixed with phosphorylated His,-CpxR ina 10- .l
reaction mixture containing 20 mM Tris (pH 7.5), 50 mM KCl, 1 mM
dithiothreitol, and 10% glycerol. After incubation for 20 min at room
temperature, samples were separated by electrophoresis on a 5% non-
denaturing acrylamide—Tris-glycine-EDTA (10 mM Tris [pH 8.0], 380
mM glycine, and 1 mM EDTA) gel in Tris-glycine-EDTA buffer at 4°C.
The gel was incubated in 10,000-fold-diluted SYBR green I nucleic acid
stain (Lonza, Walkersville, MD), and DNA was visualized under UV
light at 300 nm.

Fosfomycin active transport assays. Assays to test fosfomycin accu-
mulation in bacterial cells were conducted as previously described, with
some modifications (37). Bacteria were grown in 20 ml of LB medium to
late-logarithmic phase and resuspended in 1 ml of LB medium. This sus-
pension was incubated for 60 min at 37°C in the presence of 2 mg of
fosfomycin per ml and then washed three times with hypertonic buffer (10
mM Tris [pH 7.3], 0.5 mM MgCl,, and 150 mM NaCl) to remove the
antibiotic. Cells were resuspended in 0.5 ml of distilled water and plated
onto LB agar to determine the number of CFU/ml. The bacterial resus-
pension was boiled at 100°C for 3 min to release the fosfomycin. After
centrifugation, the antibiotic concentration in the supernatant was deter-
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TABLE 3 Fosfomycin MICs for EHEC O157:H7 and cpxAR mutant
derivatives

Strain Fosfomycin MIC (pug/ml)
HH-H7-008 (parent) 4
HH-H7-040 (AcpxA) 16
HH-H7-062 (AcpxR) 4
HH-H7-093 (AcpxAR) 4
HH-H7-008/pTrc99A 4
HH-H7-008/pTrc99glpT <0.25
HH-H7-008/pTrc99uhpT 0.5
HH-H7-040/pTrc99A 16
HH-H7-040/pTrc99cpxA 4
HH-H7-040/pTrc99glpT <025
HH-H7-040/pTrc99uhpT 0.5

mined by a disc diffusion assay. In this assay, sterilized assay discs (13 mm;
Whatman, Florham Park, NJ) were saturated with 0.1 ml of the superna-
tant and deposited onto LB agar plates overlaid with a 1:10 dilution of a
culture of E. coli MG1655 as a reporter strain grown overnight (35). Com-
mercial fosfomycin was used as a standard (Wako Pure Chemical Indus-
tries, Ltd., Osaka, Japan). The fosfomycin concentration in supernatants
was quantified by the diameter (mm) of inhibitory rings on the LB agar
culture and is represented as g per 107 cells.

Competition assays. The parent and mutant strains were grown in 3
ml of LB medium with shaking at 37°C overnight. Cultures grown over-
night and diluted 1:100 were mixed at a ratio of 1 to 1 in 3 ml of LB
medium and grown with shaking at 37°C. After 2, 3, 6, and 24 h of growth,
subpopulations of the mixed culture were estimated from 50 independent
colonies on serially diluted plates. The wild-type and mutant strains were
distinguished by PCR.

RESULTS

Activation of the CpxAR pathway confers fosfomycin resistance
in EHEC. Previous work with nonpathogenic E. coli K-12 sug-
gested that the CpxAR TCS is involved in resistance to antibiotics,
including B-lactams (31, 32). To further investigate the CpxAR
function in bacterial drug resistance, we determined the role of
CpxAR in antibiotic resistance of toxin-producing pathogenic E.
coli strains. We constructed cpxA and cpxR gene deletion mutants
of EHEC O157:H7, which produces a Shiga-like toxin, and deter-
mined the MICs on LB agar containing various drugs for the wild-
type parent and the cpxA and cpxR deletion mutant strains. We
found that the cpxA mutant had a lower susceptibility to fosfomy-
cin than the parent (MICs of 4 pg/ml for the parent strain versus
16 pg/ml for the cpxA mutant), and unlike the cpxA mutant, de-
letion of cpxR did not affect susceptibility to fosfomycin (Table 3).
Deletion of cpxA is proposed to increase the amount of phosphor-
ylated CpxR because the phosphatase activity of CpxA prevents
CpxR from nonspecific phosphorylation and consequently causes
constitutive activation of the CpxAR regulon (38). To examine
whether or not the increase in fosfomycin resistance in the cpxA
mutant can be attributed to CpxR activation, we constructed a
cpxAR double deletion mutant and compared MICs of the antibi-
otic between the parent and the ¢pxAR mutant strains. As ex-
pected, deletion of both the cpxA and cpxR genes no longer exhib-
ited increased resistance to fosfomycin, as determined by MIC
(Table 3). We demonstrated that wild-type susceptibility to fosfo-
mycin could be restored in the cpxA mutant when complemented
with a cpxA-expressing plasmid, pTrc99cpxA (Table 3).

We also compared the growth rates of the wild-type parent and
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cpxA mutant strains grown in LB medium with and without 0.78
pg/ml of fosfomycin. The ODg,, and CFU/ml were similarly in-
creased between the wild-type parent and cpxA mutant strains in
the absence of fosfomycin (Fig. 1A and B). When fosfomycin was
present, the CFU/ml of the wild-type parent immediately de-
creased to 10% in first 1 h and subsequently increased until 3 h.
After this period, the number of CFU/ml again largely decreased.
On the other hand, the cpxA mutant grew without any inhibition
of growth until 3 h, even when fosfomycin was present; the growth
was slightly inhibited beyond 3 h. The growth experiments indi-
cate that the wild-type parent was more sensitive to fosfomycin
than the cpxA mutant (Fig. 1A and B). This is consistent with the
results of MIC experiments. Therefore, we can conclude that the
constitutively activated CpxAR pathway increases the resistance of
EHEC O157:H7 to fosfomycin.

Activation of the CpxAR pathway represses glpT and uhpT
expression and results in reduced fosfomycin uptake. GlpT and
UhpT transporters and the MurA target enzyme are determinants
for susceptibility to fosfomycin. CpxAR may affect the expression
of the gIpT, uhpT, and/or murA gene and result in fosfomycin
resistance. To test this hypothesis, we compared the levels of gIpT,
uhpT, and murA transcription between the parent and the cpxA
mutant strains by quantitative PCR (qPCR) analysis. We found
that levels of both glpT and uhpT expression in the cpxA mutant
were 8- and 2.5-fold lower than those in the parent, respectively,
whereas no significant difference between these strains in levels of
murA expression were seen (The murA transcript level in the cpxA
mutant was 1.2-fold lower than that in the parent) (Fig. 2A). In
addition to a deletion in ¢pxA, overproduction of NIpE, an outer

A
1 -©- Parent -FOS
-~ Parent +FOS
A~ AcpxA -FOS
8 - AcpxA +FOS
8 0.1
0.01+4 T T T T T T
0 1 2 3 4 5 6
Time (hours)
B 1010
-©- Parent -FOS
10° -o- Parent +FOS
—10® 2 AcpxA -FOS
E -+ AcpxA +FOS
S107
('8
0106
105
10‘ T T ] T T T L}
0 1 2 3 4 5 6

Time (hours)

FIG1 Cell growth of the wild-type parent and AcpxA strains in the presence or
absence of 0.78 ug/ml fosfomycin (FOS). The growth of these strains was
monitored by determining the absorbance at 600 nm (A), and the numbers of
live cells are reported as CFU/ml (B). The experiment was repeated at least
three times, and similar results were obtained.
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FIG 2 Transcript levels of the glpT, uhpT, and murA genes in the wild-type
parent and ¢pxA mutant strains (A), the wild-type parent strain harboring
pTrc99A (vector control) or pTrc99nlpE (NIpE expression plasmid) with 0.01
mM IPTG (B), and the wild-type parent strain grown with or without 1 mM
indole (C). Transcript levels of glpT, uhpT, and murA are shown as relative
values compared those of rpoD (housekeeping gene). Data plotted are the
means of two biological replicates, and error bars indicate ranges.

membrane lipoprotein, or indole can activate the CpxAR pathway
(39-41). We observed that the introduction of an NIpE overex-
pression plasmid and exogenous indole addition to the parent
strain showed significantly reduced glpT and uhpT expression lev-
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Promoter

probe: uhpT

glpT cpxP (control) rhiIR (control)

CpxR
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(pmol)
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FIG 3 Gel shift assay showing binding of CpxR to the glpT and uhpT promot-
ers. CpxR protein (0, 5, 10, or 20 pmol) was added to reaction mixtures con-
taining 0.3 pmol of DNA probe. DNAs upstream of cpxP and rhIR were used as
the positive control and nonbinding (negative) control, respectively. Reaction
mixtures were separated on polyacrylamide gels. Free and CpxR-bound DNAs
were visualized by SYBR green I staining under UV light at 300 nm.

els (Fig. 2B and C). This indicates that the CpxAR pathway either
directly or indirectly controls the expression of glpT and uhpT.

To determine if CpxR directly regulates the expression of glpT
and uhpT, we purified CpxR as an N-terminally hexahistidine-
tagged protein and examined its ability to bind the promoters of
glpT and uhpT by gel shift assays. We used a 321-bp region up-
stream of the glpT and uhpT genes as a probe. CpxR bound to both
glpT and uhpT promoter DNA fragments. We also observed bind-
ing of the CpxR protein to cpxP promoter DNA used as a positive
control but not to a similarly sized nonspecific probe from the
region upstream of the rhIR gene from P. aeruginosa (Fig. 3). The
mobility of glpT and cpxP promoter DNA fragments by electro-
phoresis was completely shifted in the presence of 20 pmol of
CpxR. On the other hand, an unshifted uhpT promoter DNA frag-
ment was still observed at the same concentration of CpxR. This
suggests that CpxR has a higher affinity for the glpT promoter than
the uhpT promoter, which is in agreement with results of gPCR
analyses showing that CpxR represses glpT to a higher degree than
uhpT. These observations indicate that CpxR functions as a re-
pressor of glpT and uhpT gene expression. CpxR is proposed to
bind to a tandem repeated GTAAA sequence that is separated by a
5-base spacer (GTAAA-[N];-GTAAA) (42, 43). We found a sim-
ilar sequence 146 bp upstream of the glpT translational start site
(GTAAA-tctta-TTTAA) and 109 bp upstream of the uhpT trans-
lational start site (GCAAA-actaa-GAAAT). (Underlining indi-
cates conserved nucleotides in the CpxR binding motif, and low-
ercase letters indicate nucleotides corresponding to the [N];
spacer region.)

Suppression of GlpT and UhpT production in the cpxA mutant
may impair fosfomycin uptake by cells, which leads to an increase
in fosfomycin resistance. To test this hypothesis, we measured
intracellular fosfomycin levels of the wild-type parent and cpxA
mutant strains by fosfomycin active transport assays, as described
in Materials and Methods. The mutant showed lower fosfomycin
accumulation than the parent (Fig. 4). The level in the ¢pxA mu-
tant was 2% of the parental level (1.1 = 0.3 g per 107 cells for the
AcpxA mutant versus 66.0 + 17.3 g per 107 cells for the parent).
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FIG 4 Intracellular accumulation of fosfomycin in the wild-type parent and
AcpxA strains. Accumulation among these strains is shown as amounts of
fosfomycin (pug) in 107 cells. Data plotted are the means from three indepen-
dent experiments; error bars indicate standard deviations.

We also demonstrated that overexpression of the ¢glpT and
uhpT genes from an IPTG-inducible promoter in the cpxA mutant
resulted in hypersensitivity to fosfomycin (Table 3). This result
supports our proposed model that the elevated fosfomycin resis-
tance through the CpxAR pathway is attributed to downregula-
tion of the glpT and uhpT genes.

CpxAR-activated cells have limited glycerol-3-phosphate
and glucose-6-phosphate uptake. Since GlpT and UhpT trans-
port glycerol-3-phosphate and glucose-6-phosphate, respectively,
into cells, we predicted that the constitutive activation of the
CpxAR pathway should lead to a growth defect for bacterial cells
grown with glycerol-3-phosphate or glucose-6-phosphate as a sole
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carbon source. As shown in Fig. 5A and B, the cpxA mutant had a
growth defect compared to the wild-type parent strain when
grown in M9 minimal medium with glycerol-3-phosphate or glu-
cose-6-phosphate as a sole carbon source (Fig. 5A and B). These
data suggest a limited availability of glycerol-3-phosphate and glu-
cose-6-phosphate as carbon sources in CpxAR-activated cells.
However, the effect of the cpxA mutation on the growth defect in
minimal medium supplemented only with glucose-6-phosphate
was not drastic. This is in agreement with our above-described
data from qPCR and gel shift assays. There was no significant
difference in growth between the cpxA mutant and the wild-type
parent strain when grown in M9 minimal medium with galactose,
which does not depend on GlpT and UhpT transport (Fig. 5C).

Constitutive activation of the CpxAR pathway confers a fit-
ness burden on EHEC cells. The defect that we observed in the
cpxA mutant’s ability to utilize certain carbon sources may confer
a fitness burden on the cells. To investigate this hypothesis, we
cocultured the wild-type parent and cpxA mutant strains and ex-
amined their subpopulations in competitive growth. For primary
cultures, strains were separately grown in LB medium overnight,
and their final CFU per ml were determined to be equivalent in the
resulting cultures (approximately 4.5 X 10° CFU/ml). The same
number of CFU/ml of stationary-phase cultures was coinoculated
into fresh LB medium and grown for 3 or 6 h. After this period of
growth, we determined that the percentage of the cpxA mutant in
the total population compared to the wild-type parent was ap-
proximately 15% and became <4% after 24 h (Fig. 6). The cpxA
mutant was outcompeted even in nutrient-rich medium, indicat-
ing that this mutant is less fit under these conditions.

B M9 + Glucose-6P
14
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0 100 200 300 400
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FIG 5 Cell growth of the wild-type parent and AcpxA strains in M9 minimal medium with 0.5% (wt/vol) glycerol-3-phosphate (glycerol-3P) (A), glucose-6-
phosphate (glucose-6P) (B), or galactose (C) as a sole carbon source. The growth of these strains was monitored by determining the absorbance at 600 nm. The

experiment was repeated twice, and similar results were obtained.
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FIG 6 Coculture of the wild-type parent and AcpxA strains in LB medium.
The same numbers of CFU of strains grown overnight were coinoculated into
fresh LB medium and grown. After 2, 3, 6, and 24 h, percentages of AcpxA CFU
in the total colonies tested were determined. Data plotted are the means from
two independent experiments; error bars indicate ranges.

Fosfomycin activates the CpxAR pathway and represses glpT
expression. To gain insights into the physiological relevance of
CpxAR-induced fosfomycin resistance, we tested whether fosfo-
mycin can activate the CpxAR pathway and induce fosfomycin
resistance. We measured transcript levels of cpxP (a gene that is
activated by CpxAR), glpT, and uhpT in the wild-type parent and
cpxA mutant strains grown in LB medium with 0.2 pg/ml of fos-
fomycin by qPCR. Cell growth was not affected with this concen-
tration of fosfomycin (data not shown). The level of cpxP expres-
sion in the wild-type parent strain was highest 2 and 3 h after the
addition of fosfomycin, while the cpxP expression level was high in
the cpxA mutant even in the absence of fosfomycin (Fig. 7A).
Expression of glpT in the wild-type parent strain was repressed by
the addition of fosfomycin and remained the same in the cpxA
mutant with and without the addition of fosfomycin (Fig. 7B).
Growth assays depicted in Fig. 1A and B show that the wild-type
parent strain grew even in the presence of fosfomycin, 1 to 3 h after
the addition of fosfomycin. This appears to be consistent with the
timing of glpT repression. Unlike glpT, the effect of fosfomycin on
the repression of uhpT was not detected in this assay (data not
shown). GlpT is more likely responsible for CpxAR-induced fos-
fomycin resistance. Thus, fosfomycin activates the CpxAR path-
way and induces resistance to fosfomycin by repressing the ex-
pression of gipT.

DISCUSSION

Fosfomycin is classified as an old antibiotic, but the problem of
overcoming antimicrobial resistance has reinvigorated interest in
its use. Fosfomycin is not affected by development of cross-resis-
tance in MDR pathogens such as extended-spectrum (3-lactamase
(ESBL) producers because of its structure, which is unrelated to
the structure of any other traditional antibiotics (9, 10). The Clin-
ical and Laboratory Standards Institute (CLSI) reported that fos-
fomycin has a lower antibacterial activity for E. coli species than
other commonly used antibiotics, such as 3-lactams and fluoro-
quinolones (53). However, fosfomycin offers a great advantage,
because so far, cross-resistance to other antibiotics has not been
reported.

Fosfomycin resistance is known to be conferred by mutations
in the genes encoding GlpT, UhpT, and MurA. Since GlpT and
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FIG 7 Transcript levels of the cpxP (A) and glpT (B) genes in the wild-type
parent and ¢pxA mutant strains grown in LB medium with or without 0.2
pg/ml of fosfomycin (FOS) for 1, 2, 3, or 4 h. These transcript levels are shown
as values relative to those of rpoD (housekeeping gene). Data plotted are the
means of two biological replicates, and error bars indicate ranges.

UhpT mediate glycerol-3-phosphate and glucose-6-phosphate
uptake, and MurA functions as a peptidoglycan biosynthetic en-
zyme, fosfomycin resistance may come at a high biological cost.
This may account for the low frequency of clinical isolates resis-
tant to fosfomycin despite its prevalent use (44, 45). Our work
indicates that there is indeed a trade-off between fosfomycin re-
sistance and biological fitness in EHEC. When fosfomycin is pres-
ent, resistant strains will have an advantage over susceptible mem-
bers. However, we predict that under conditions of subinhibitory
levels of fosfomycin, resistant strains would be outcompeted by
their susceptible counterparts because of the fitness burden con-
ferred by resistance.

Our primary interest was to determine if there is a reversible
mechanism of resistance to fosfomycin. It would be physiologi-
cally beneficial for bacteria to have a reversible mechanism regu-
lating fosfomycin resistance. In this study, we found the mecha-
nism by which the CpxAR TCS reversibly controls fosfomycin
resistance. Our results suggest that the activation of the CpxAR
pathway increases fosfomycin resistance because there is reduced
expression of glpT and uhpT, which leads to a decrease in the
amount of intracellular fosfomycin. However, cells that have a
constitutively active CpxAR regulon are less competitive than the
wild-type parent strain in the absence of fosfomycin. These data
suggest that reversible activation of the CpxAR regulon could al-
low transient fosfomycin resistance without the long-term biolog-
ical cost attributed to carbon source uptake.
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We also found that fosfomycin activates the CpxAR pathway
and leads to the repression of glpT expression but not uhpT ex-
pression. This result suggests that fosfomycin activation of CpxAR
could be clinically relevant and that GlpT transport is primarily
responsible for the resistance mechanism. However, induction
does not render wild-type cells resistant because the cpxAR double
mutant presented a resistance phenotype that was similar to that
of the wild type in our MIC assays. Therefore, CpxAR may be not
the sole system responsible for the induction of fosfomycin resis-
tance. Our data demonstrate that CpxAR contributes to fosfomy-
cin resistance via the activation of CpxR.

The CpxAR system was originally characterized as a sensor of
bacterial envelope stress caused by misfolded envelope proteins
and membrane damage (29). In response to this stress, the CpxAR
system activates a subset of genes that contribute to envelope re-
arrangement and protein refolding and degradation (30). A link
between CpxAR-activated envelope stress adaptations and antibi-
otic resistance was recently proposed. CpxAR activation confers
resistance to aminoglycosides (33). It has been hypothesized that
aminoglycosides lead to protein mistranslations and the genera-
tion of reaction oxygen species (ROS), and CpxAR-induced pro-
teases and membrane proteins may relieve the bacteria from
membrane perturbations caused by the drug (46, 47). Bactericidal
agents stimulate the oxidation of NADH through the electron
transport chain, which is dependent on the tricarboxylic acid
(TCA) cycle, and hyperactivation of the electron transport chain
promotes ROS formation, causing stress-induced cell death. Sim-
ilar to aminoglycoside antibiotics, hydroxyurea also promotes
ROS formation and causes cell death (48). CpxAR activation alle-
viates ROS-induced envelope damage and confers resistance to
hydroxyurea. Our study represents yet another mechanism of
CpxAR-mediated drug resistance other than alleviation of ROS-
induced envelope stress. Fosfomycin is produced by Streptomyces
species (49). As another physiology aspect, the CpxAR response
might also contribute to a part of the innate biodefense against
fosfomycin produced by Streptomyces species for free-living E. coli
species, including EHEC, in nature.

The involvement of the Cpx system in biological fitness and
virulence was recently discussed. CpxAR activity is required for
optimal growth of uropathogenic E. coli (UPEC) in bladder cells
(50). This observation implies the contribution of CpxAR to the
biological fitness of UPEC in bladder cells, although the precise
mechanism has not been elucidated. However, in other studies,
Cpx-induced stress responses attenuate expression of LEE (locus
of enterocyte effacement) proteins, components of the type III
secretion system that contributes to the virulence in enteropatho-
genic E. coli (EPEC) (51, 52). It is possible that the activation of the
CpxAR pathway imposes energy costs because it simultaneously
induces the production of proteins to get rid of envelope stress,
such as periplasmic proteases, chaperones, and some membrane-
associated proteins. Therefore, CpxAR-active strains appear to
have high metabolic costs and are less virulent.

The CpxAR pathway could confer transient antibiotic resis-
tance and counteract the long-term biological cost of losing nu-
trient importers. We suggest that reversible mechanisms of resis-
tance may be an important clinical issue to keep in mind as new
antibiotics are developed or antibiotics already in use are repur-
posed.
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