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in Enterococcus faecalis
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Enterococcus faecalis is a Gram-positive bacterium that is a major cause of hospital-acquired infections, in part due to its intrin-
sic resistance to cephalosporins. The mechanism that confers intrinsic cephalosporin resistance in enterococci remains incom-
pletely defined. Previously, we have shown that the Ser/Thr protein kinase and phosphatase pair IreK and IreP act antagonisti-
cally to regulate cephalosporin resistance in E. faecalis. We hypothesize that IreK senses antibiotic-induced cell wall damage and
activates a signaling pathway leading to antibiotic resistance. However, the factors downstream of IreK have not yet been identi-
fied. To discover such factors, suppressor mutations that restored resistance to a AireK kinase mutant were identified. Mutations
were found in IreB, a highly conserved gene of unknown function that is widespread among low-GC Gram-positive bacteria. We
show that IreB plays a negative regulatory role in cephalosporin resistance and is an endogenous substrate of both IreK and IreP.

IreB is phosphorylated on conserved threonine residues, and mutations at these sites impair cephalosporin resistance. Our re-
sults are consistent with a model in which the activity of IreB is modulated by IreK-dependent phosphorylation in a signaling
pathway required for cephalosporin resistance and begin to shed light on the function of this previously uncharacterized

protein.

E nterococcus faecalis is a Gram-positive bacterium and a ubiq-
uitous member of the gastrointestinal tract (1). E. faecalis is
also an opportunistic pathogen and a leading cause of hospital-
acquired infections, especially urinary tract infections and endo-
carditis (2, 3). Like other members of the genus Enterococcus, E.
faecalis exhibits intrinsic resistance to a wide array of antimicro-
bials, including cephalosporins. Cephalosporins are beta-lactam
antibiotics that inhibit peptidoglycan synthesis by binding to the
active site of penicillin-binding proteins, thereby preventing pep-
tidoglycan cross-linking. Although the underlying mechanisms E.
faecalis uses to survive therapeutic concentrations of cephalospo-
rins are still being unraveled, one important contributing factor is
a recently described signaling system comprised of a eukaryotic-
like serine/threonine kinase (IreK) and phosphatase (IreP) pair
that antagonistically regulate cephalosporin resistance (4, 5). Of
note, homologs of IreK and IreP (widely referred to as STKs and
STPs for serine/threonine kinases or phosphatases, respectively)
are encoded in the genomes of nearly all Gram-positive bacteria.

Eukaryotic-like STK/STPs have been reported to play key roles
in responding to changes in environmental conditions in Gram-
positive bacteria. For example, STK/STPs have been implicated in
processes such as stress responses (6), virulence (7), and spore
germination (8). It now appears that STK/STPs also perform im-
portant functions in basal cellular metabolism such as nucleotide
biosynthesis (9), lipid synthesis (10), and cell wall division (11,
12). To delineate the signaling pathways initiated by STK/STPs,
considerable effort has been invested in identifying their protein
substrates, resulting in a number of reports describing substrates
for reversible phosphorylation by IreK/IreP homologs in many
Gram-positive bacteria (recently summarized in reference 13). In
most cases, these substrates were identified by in vitro assays, and
it remains unclear whether many of them are also phosphorylated
in vivo.

Previously, we reported that in E. faecalis, IreK and IreP act
antagonistically to regulate cephalosporin resistance as mutants
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lacking ireK exhibit cephalosporin susceptibility, whereas mutants
lacking ireP exhibit hyper-resistance (5). We hypothesize that IreK
senses cephalosporin-induced cell wall damage, perhaps by the
binding of muropeptides (8, 14), and activates a signaling pathway
that leads to cephalosporin resistance. However, no endogenous
E. faecalis substrates for IreK phosphorylation (other than IreK
itself) have yet been identified. In the present study, we have iden-
tified a gene (now called ireB) whose product acts to negatively
regulate cephalosporin resistance. Biochemical assays show that
IreB is an endogenous substrate of both IreK kinase and IreP phos-
phatase in vitro. IreB is phosphorylated on conserved threonine
residues, and mutations at these sites impair cephalosporin resis-
tance in E. faecalis cells. Our results are consistent with a model in
which the activity of IreB is modulated by IreK-dependent phos-
phorylation in a signaling pathway required for cephalosporin
resistance and begin to shed light on the function of this previ-
ously uncharacterized protein.

MATERIALS AND METHODS

Bacterial strains, growth media, and chemicals. Bacterial strains and
plasmids used in the study are listed in Table 1. Unless otherwise indi-
cated, E. coli strains were grown in lysogeny broth. E. faecalis strains were
grown in brain heart infusion (BHI) or half-strength BHI (hBHI) for
routine maintenance or in Mueller-Hinton broth (MHB) for susceptibil-
ity assays at 37°C. The concentrations of antibiotics were as follows: spec-

Received 9 July 2013 Returned for modification 3 August 2013
Accepted 22 September 2013

Published ahead of print 30 September 2013
Address correspondence to Christopher J. Kristich, ckristich@mcw.edu.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AAC01472-13.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/AAC.01472-13

aac.asm.org 6179


http://dx.doi.org/10.1128/AAC.01472-13
http://dx.doi.org/10.1128/AAC.01472-13
http://dx.doi.org/10.1128/AAC.01472-13
http://aac.asm.org

Hall et al.

TABLE 1 Strains and plasmids used in this study

Source or
Strain or plasmid Relevant description or genotype* reference
Strains
E. coli
Topl0 Routine cloning host Invitrogen
BL21(DE3) Protein overexpression host Lab stock
E. faecalis
OGIRF Wild-type reference strain (MLST 1) 21
CK119 OGI1RF AireK2 4
CK121 OGI1RF AireP2 5
CK164 OGIRF AireB2 This study
CK167 OGI1RF AireK2 ireB2 This study
]G4 Ceftriaxone-resistant suppressor This study
mutant of CK119; carries D50A
mutation in IreB
T1 (S5498) Wild-type (MLST 21), CDC 22
reference strain
JL376 T1 AireB2 This study
Plasmids
pET28b E. coli expression vector (Kn") Novagen
pJLL20 pET28b::ireB-Hisg This study
pJLL22 pET28b::ireB T4A T7A-His, This study
pCLH32 pET28b::ireB T4A-His, This study
pCLH33 pET28b::ireB T7A-His, This study
pCJK111 pET28b::ireK-n 5
pCJK112 pET28b::ireP 5
pCJK142 pET28b::ireK-n K41R 5
pJRG32 E. faecalis allelic exchange vector 23
with pheS* counterselectable
marker (Em")
pCJK174 pJRG32::AireB2 (AE6-H84) This study
pDL278p23 E. faecalis expression vector, 24
constitutive p23 promoter (Sp*)
pJRG39 pDL278p23::ireB-strep This study
pJLL14 pDL278p23::ireB T4A T7A-strep This study
pCI3340 E. coli/E. faecalis shuttle vector (Cm") 25
pCJK187 pCI3340::p23-ireB-strep This study
pCLH140 pClI3340::p23-ireB T4V-strep This study
pCLH141 pClI3340::p23-ireB T7V-strep This study
pCLH142 pClI3340::p23-ireB T4V T7V-strep This study
pCLHI111 pClI3340::p23-ireB T4I-strep This study
pCLH126 pClI3340::p23-ireB T7I-strep This study

% Cm", chloramphenicol resistance; Em", erythromycin resistance; Sp", spectinomycin
resistance; Kn", kanamycin resistance.

tinomycin, 100 pg/ml (E. coli) or 1,000 pg/ml (E. faecalis); kanamycin, 50
pg/ml (E. coli); and chloramphenicol, 10 pg/ml. All antibiotics and chem-
icals were obtained from Sigma-Aldrich unless stated otherwise.
Isolation of AireK suppressor mutants. Independent cultures of the
AireK mutant (CK119) in BHI were subjected to serial dilutions in BHI
and plated on BHI agar supplemented with an inhibitory concentration of
ceftriaxone (1 pg/ml; note that, for reasons that are unknown, the MIC of
CK119 for ceftriaxone in BHI is lower than the MIC in MHB). After
overnight incubation at 37°C, colonies appeared on the ceftriaxone-con-
taining plates at a frequency of ~5 X 107 to 5 X 10~ per viable CFU.
Ceftriaxone-resistant colonies were streaked for purification on BHI
plus ceftriaxone and then retested to confirm that they retained enhanced
ceftriaxone resistance following growth in the absence of ceftriaxone.
Genomic DNA (gDNA) was isolated from the parental AireK strain and
two suppressor mutants using Qiagen genomic tip 100/G columns,
according to the manufacturer’s instructions, following an initial in-
cubation with lysozyme (10 mg/ml) and mutanolysin (500 U/ml) at
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37°C for 10 min. The gDNA was subjected to next-generation sequenc-
ing at the Human and Molecular Genetics Center at the Medical Col-
lege of Wisconsin.

Whole-genome sequencing. Genome sequencing was performed by
using 454 technology on a Genome Sequencer FLX according to the man-
ufacturer’s instructions (Roche). Sequencing yielded ~20-fold coverage
of the genome for the parent CK119 and 15-fold coverage for the suppres-
sor mutant JG4.

Sequences were aligned against the E. faecalis OGIRF (the isogenic
parent of CK119) reference genome (NCBI CP002621) to identify single-
nucleotide variants using Roche GS Reference Mapper version 2.3. High-
confidence variants (differences) between the sequenced and reference
genome identified via 454 sequence analysis were confirmed by subse-
quent Sanger sequencing on PCR amplicons of the corresponding
genomic regions derived from the mutants. A single variant was detected
in the genome of suppressor mutant JG4 relative to its parent (CK119),
giving rise to a D50A substitution in IreB.

Construction of plasmids. For protein expression and purification of
IreB or mutant derivatives, we used the IPTG-inducible pET28b expres-
sion vector. Briefly, we encoded substitutions at Thr4 and/or Thr7 within
the forward primers designed to amplify the ireB ORF from E. faecalis
OGI1RF gDNA. Using primer-encoded restriction sites (Ncol/Xhol), the
ireB amplicon was digested and ligated into similarly digested pET28b to
create IreB with a C-terminal His, tag provided by the vector.

For two-dimensional immunoblot analysis of Strep-tagged IreB in E.
faecalis, we used the pDL278p23 vector encoding the constitutive p23
promoter. ireB was amplified from E. faecalis OGIRF gDNA, using for-
ward primers that encoded the mutations at Thr4 and Thr7 when appli-
cable, and the reverse primer encoded the 8-amino-acid C-terminal
Strep-tag (WSHPQFEK). The ireB amplicon was cloned into pDL278p23
using primer-encoded BamHI and Sphl restriction sites.

For complementation analysis and antimicrobial susceptibility studies
of IreB point mutants, a two-step cloning procedure was used to intro-
duce ireB into the shuttle vector pCI3340. First, ireB was amplified from
OGIRF gDNA (with primer-encoded C-terminal Strep-tag) and cloned
into pDL278p23 using primer-encoded BamHI and Sphl restriction sites.
A fragment encoding the p23-ireB-strep was then excised and cloned into
pCI3340 using EcoRI and HindIII restriction enzymes (derived from the
multiple cloning site of pDL278p23). All plasmid clones were sequenced
to verify the absence of any errors.

Construction of mutants lacking ireB. Modification of the ireB locus
in the E. faecalis chromosome was performed using markerless exchange
as described previously (15). A derivative of pJRG32 carrying an in-frame
deletion allele of ireB (pCJK174) was constructed using a Bsal-based clon-
ing scheme to seamlessly fuse two PCR amplicons flanking EF1202 to
generate the in-frame deletion. In an effort to avoid perturbing the ex-
pression of adjacent genes, the deletion allele was designed such that the
first and last five codons remained (88% of the open reading frame was
deleted). This deletion allele was transferred to the native ireB locus in
either the wild-type (OGIRF or T1) or AireK (CK119) chromosome by
allelic exchange, as previously described (15). Deletion mutants were iso-
lated by plating on counterselection medium containing p-Cl-Phe (15) at
30°C for 2 to 3 days. Two such AireB mutants isolated completely inde-
pendently from each other were analyzed and found to exhibit identical
phenotypes.

Determination of MICs. Serial 2-fold dilutions of antibiotics in MHB
were prepared in 96-well plates. Overnight cultures of test strains were
grown in MHB, normalized by optical density at 600 nm (ODy,) values,
and inoculated into the wells at a density of ~10° CFU/mL. Plates were
incubated for 24 h at 37°C and 225 rpm. For MICs against daptomycin,
CaCl, was included at 50 mg/liter. MIC values were determined as the
lowest antibiotic concentration to inhibit growth as determined by the
ODg,, measured by a Molecular Devices Spectra Max MS plate reader.

Protein purification. Proteins were purified from E. coli BL21(DE3)
according to the method previously described (5). Of note, IreB proteins
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were not dialyzed in storage buffer as we observed protein precipitation
during dialysis. For all experiments, IreB in the elution buffer after puri-
fication (50 mM Tris [pH 8], 300 mM NaCl, 500 mM imidazole) was used
directly.

In vitro enzymatic assays. (i) Kinase assays. Recombinant IreB-His,
(14.2 wM) was incubated alone or in combination with recombinant
Hisg-IreK-n (0.33 wM) in kinase buffer (50 mM Tris [pH 7.5], 25 mM
NaCl, 1 mM MgCl,, 1 mM MnCl,, 1 mM dithiothreitol [GoldBio], 0.1
mM EDTA). The reaction was initiated by the addition of 2 mM ATP, 1
uCi [y-**P]ATP, followed by incubation at 37°C for the indicated time.
The reactions were stopped with the addition of 5X sodium dodecyl sul-
fate (SDS) Laemmli sample buffer, boiled for at least 5 min, and subjected
to SDS-PAGE. The gels were then fixed, dried, and exposed to a phosphor-
imager screen for detection of radiolabeled proteins using a Typhoon FLA
7000 phosphorimager.

(ii) Staurosporine inhibition of IreK-n kinase activity. A kinase assay
was set up as described above except the IreK-n concentration was re-
duced to 33 nM. The reaction was split in half. To one aliquot, 0.15 mM
staurosporine was added; to the other, an equal volume of vehicle
(DMSO) was added. Finally, 0.5 mM ATP, 1 nCi [y-**P]ATP was added,
and the reactions were incubated at 37°C. Samples were taken at the indi-
cated times, and the reactions were stopped with addition of 5X SDS
Laemmli sample buffer, boiled for at least 5 min, and subjected to SDS-
PAGE and phosphorimaging as described above.

(iii) Phosphatase assays. Initially, 14.2 WM recombinant IreB and 33
nM IreK-n were incubated with 0.5 mM ATP, 1 n.Ci [y-**P]ATP in kinase
buffer at 37°C for 60 min to generate phospho-IreB. Subsequently, 0.15
mM staurosporine and 2 M IreP were added and aliquots of the reaction
were taken at the indicated times. The reactions were stopped by the
addition of 5X SDS Laemmli sample buffer, boiled for 5 min, and sub-
jected to SDS-PAGE and phosphorimaging as described above.

Phosphoamino acid analysis. IreB was phosphorylated with radioac-
tive ATP using IreK-n as described above, with slight modifications (1.32
MM IreK-n, 14.2 pM IreB, and 2 mM ATP, 3 pCi [y->*P]ATP). After 30
min of incubation at 37°C reactions were stopped with the addition of 5X
SDS-Laemmli sample buffer, boiled for at least 5 min, and subjected to
SDS-PAGE. Proteins were then transferred to Immobilon P membrane
(Millipore), and autoradiography was used to identify positions of the
radioactive bands on the membrane. Phosphoamino acid analysis was
performed as described previously (16) with some modification. Briefly,
radioactive IreB bands on membrane were excised and treated with 6 N
HCl for 1 h at 110°C. The membrane pieces were removed, and the solu-
tion was evaporated in a Speed-Vac to obtain a dried pellet. The pellet was
resuspended in 3.5 buffer (5% glacial acetic acid [Fisher] and 0.5% pyrim-
idine [vol/vol] in water) and split into two aliquots. To one aliquot, phos-
phoserine and phosphotyrosine standards were added; to the other ali-
quot, a phosphothreonine standard was added. The samples were then
spotted onto a cellulose thin-layer chromatography plate (20 by 20 cm;
EMD) and separated by high-voltage electrophoresis at 1,800 V for 35
min. Ninhydrin spray (Acros Organics) was used to visualize phospho-
amino acid standards on the cellulose TLC plate, and autoradiography
was used to detect radiolabeled amino acids.

Mass spectrometry. IreK-n was used to phosphorylate IreB in vitro as
described above. The protein mixture was separated by SDS-PAGE and
stained with Gel-Code Blue (Pierce). The band corresponding to IreB was
excised and subjected to tryptic digestion and mass spectrometry at the
Proteomics and Mass Spectrometry Facility, University of Massachusetts
Medical School to identify the site(s) of phosphorylation.

Two-dimensional gel electrophoresis (2DGE) and immunoblot.
Overnight cultures of E. faecalis strains were diluted 1:50 in hBHI media
containing spectinomycin at 37°C. Once the ODy,, is 0.6, the cultures
were centrifuged and stored overnight at —20°C if necessary. For samples
treated with staurosporine: back-diluted overnight cultures were grown
until the OD, reached 0.2, at which point they were treated with 10 uM
staurosporine or an equivalent volume of the DMSO solvent, and incu-
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bation continued until the ODy, increased to 0.6. Thawed pellets were
resuspended in 500 pl of lysis buffer (10 mM Tris [pH 8], 50 mM NaCl,
1X Halt protease inhibitor cocktail [Pierce], 0.5X Halt phosphatase in-
hibitor cocktail [Pierce], 5 mM EDTA). Soluble protein (50 pg) obtained
from cleared lysates after bead-beating was precipitated by using metha-
nol and chloroform as described previously (17) and subjected to two-
dimensional electrophoresis as described previously (18). Separated pro-
teins were then transferred to polyvinylidene difluoride membrane for
immunoblotting with rabbit anti-strep antibody (Genescript), followed
by horseradish peroxidase-conjugated goat anti-rabbit antibody (Invitro-
gen). Detection was performed using Pierce Super Signal chemilumines-
cence substrate according to the manufacturer’s instructions.

RESULTS AND DISCUSSION

IreB is a negative regulator of IreK-mediated cephalosporin re-
sistance. Although IreK is required for cephalosporin resistance
in E. faecalis, protein targets for phosphorylation by IreK have not
been described. To identify genes that act downstream of IreK to
mediate cephalosporin resistance, at least a subset of which might
be expected to be direct IreK substrates, we isolated single-step
cephalosporin-resistant suppressor mutants that restore resis-
tance to ceftriaxone (a broad-spectrum cephalosporin) for the
AireK mutant. We chose one suppressor mutant (strain JG4) that
exhibited enhanced resistance to two different cephalosporins
(the MICs for both ceftriaxone and ceftazidime for strain JG4 were
64 g ml~") for whole-genome resequencing to identify the mu-
tation(s) responsible for enhanced resistance. Comparison of the
suppressor mutant genome to that of the parental AireK mutant
(which was also resequenced for comparison) revealed a single
nucleotide change in EF1202 (OGIRF_10974), resulting in a
D50A substitution in the gene product. Targeted sequencing of
the EF1202 gene in other independently isolated ceftriaxone-re-
sistant suppressor mutants (which were not subjected to whole-
genome sequencing nor studied in depth) identified a EF1202
D50G substitution, as well as two mutants in which the EF1202
protein was truncated prematurely: a 1-bp deletion in the codon
for D59 that leads to a frameshift and premature stop, and a mu-
tant in which the codon for E71 was converted to a stop codon.
Overall, a sequence variant of some type was found in EF1202 in 9
of 15 independent ceftriaxone-resistant suppressor mutants for
which the EF1202 gene locus was sequenced. Thus, the identifica-
tion of distinct mutations in the EF1202 gene in multiple, inde-
pendently isolated AireK suppressor mutants suggested that the
EF1202 gene product participates in IreK-mediated signaling.
EF1202 is a small protein (89 amino acids) that is widespread
and almost exclusively found among the Firmicutes but has no
known function. Sequence analysis shed little light on potential
functions of EF1202, since only a domain of unknown function
was identified (DUF965, Pfam 06135; E value 1.8 X 10~ *®). Given
that several mutants we identified produced prematurely trun-
cated proteins, we hypothesized that the EF1202 alleles repre-
sented loss of function mutations. To confirm that the loss of
EF1202 (henceforth called ireB for intrinsic resistance of entero-
cocci, based on studies described below) is responsible for the
enhanced ceftriaxone resistance of the AireK suppressor mutant,
ireB was deleted in the background of the parental AireK strain,
and antibiotic susceptibility assays were conducted. The suscepti-
bility analyses revealed that the AireK AireB double mutant exhib-
its enhanced resistance to ceftriaxone compared to the AireK par-
ent (Table 2; see also Fig. SI in the supplemental material),
suggesting that IreB acts to negatively regulate cephalosporin re-

aac.asm.org 6181


http://aac.asm.org

Hall et al.

TABLE 2 Susceptibility analyses for antibiotics that target various
cellular processes

MIC? (g ml™")

OGIRF Tl

Drug type or target AireB AireK AireB  AireK AireB
and drug name® WT mutant mutant mutant WT mutant
Cephalosporins

Ceftazidime (BS) 128 1,024 256 4 128 512

Ceftriaxone (BS) 128 2,048 128 4 64 512

Cefuroxime (ES) 64 512 256 4 64 256

Cefadroxil (NS) 64 64 64 32 64 64
Other cell wall

Ampicillin 05 1 0.5 0.5 1 1

Vancomycin 2 2 2 1 2 2

Daptomycin 8 32 16 4 4 4
Protein synthesis

Erythromycin 2 1 1 2 0.5 0.5

Chloramphenicol 4 4 4 4 8 8

Kanamycin 128 128 128 128 64 32
DNA replication

Norfloxacin 4 4 4 4 2 4

@ BS, broad spectrum; ES, expanded spectrum; NS, narrow spectrum.

Y MICs are reported as the medians of three independent experiments performed in
MHB broth at 37°C for 24 h. The strain designations in the OGIRF genetic lineage are
indicated as follows: the wild type (WT) is strain OGIRF, the AireB mutant is strain
CK164, the AireK AireB mutant is strain CK167, and the AireK mutant is strain CK119.
Strain designations in the T1 genetic lineage are indicated as follows: the wild type is
strain T1, and the AireB mutant is strain JL376.

sistance downstream of IreK. Because IreK is required for robust
resistance to all expanded- and broad-spectrum cephalosporins
tested (4), we examined susceptibility of the double mutant to-
ward other cephalosporins (Table 2), revealing that loss of IreB
conferred enhanced resistance to both expanded- and broad-
spectrum cephalosporins. Similarly, we found that deletion of ireB
in two independent genetic lineages of otherwise wild-type E.
faecalis (E. faecalis OGIRF and E. faecalis T1) led to enhanced
cephalosporin resistance (Table 2), a finding consistent with the
hypothesis that IreB acts as a negative regulator of cephalosporin
resistance. Complementation analysis of the AireB mutant by ex-
pression of plasmid-encoded IreB eliminated the hyper-resistance
phenotype, confirming that ireB deletion is indeed responsible
(Table 3). In addition, the resistance phenotypes are not due to
general changes in growth rate, as the AireB and AireK AireB mu-
tants exhibited identical growth kinetics to the wild type (see Fig.
S1 in the supplemental material).

IreK is required for full resistance toward expanded- and
broad-spectrum cephalosporins but not toward antibiotics with
other cellular targets (4). To determine whether IreB also func-
tions in a cephalosporin-specific pathway, we performed suscep-
tibility tests with noncephalosporin antibiotics that target various
cellular functions (Table 2). Wild-type and AireB E. faecalis strains
exhibit similar levels of susceptibility toward antibiotics that target
protein synthesis, DNA replication, and even most noncepha-
losporin antibiotics that target cell wall biosynthesis, indicating
that the activity of IreB is specific to the cephalosporin resistance
pathway. Of note, deletion of ireB led to enhanced resistance to
daptomycin (thought to be active against the cell membrane) in E.
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TABLE 3 Susceptibility analyses for strains expressing IreB mutants

E. faecalis strain and plasmid

Plasmid-borne Ceftriaxone MIC
Strain Plasmid allele of IreB (pgml™")?
AireB mutant pCI3340 None 256
pCJK187 Wild type 16
pCLH140 T4V 8
pCLH141 T7V 2
pCLH142 T4V T7V 4
pCLHI11 T4l 8
pCLH126 T71 2
Wild-type strain pCI3340 None 16
AireK mutant pCI3340 None 1

@ MICs are reported as the median of three independent experiments performed in
MHB broth supplemented with chloramphenicol at 37°C for 24 h. Strain designations
are as follows: the wild-type E. faecalis strain is strain OG1RF, the AireB mutant is strain
CK164, and the AireK mutant is strain CK119. All plasmid-encoded IreB proteins
contain a C-terminal Strep-tag.

faecalis OGIRF but not in the T1 lineage. The reasons for this
discrepancy are not known but may be related to other differences
in the genomes of these two lineages, and explanation of this phe-
nomenon will require further investigation. In any case, the subset
of antibiotics for which susceptibility of the AireB mutant is al-
tered closely parallels that observed for the AireK mutant (albeit in
the opposite direction; see Table 2), suggesting that IreK and IreB
participate in a common biological pathway. Of note, deletion of
IreB in an otherwise wild-type E. faecalis strain containing func-
tional IreK also led to enhanced cephalosporin resistance (Table
2), at a higher level than that observed in a mutant lacking both
IreB and IreK, indicating that IreK is also able to promote cepha-
losporin resistance in an IreB-independent manner, likely by
phosphorylating other, as-yet-unknown cellular targets.

In addition to reduced cephalosporin resistance, AireK strains
also exhibit reduced resistance to sodium cholate (4), a detergent
found in bile, and to nisin (C. J. Kristich, unpublished data), a
lantibiotic that acts in part by binding the lipid II intermediate in
peptidoglycan synthesis. To determine whether IreB also influ-
enced these IreK-dependent traits, we sought to determine
whether the loss of ireB could enhance resistance to sodium
cholate and nisin (see Fig. S2 in the supplemental material). Con-
sistent with the results obtained with the antibiotics above, we
observed that the AireK AireB strains exhibited enhanced resis-
tance to both sodium cholate and nisin compared to the AireK
strain, further suggesting that IreB acts downstream of IreK to
modulate IreK-dependent signaling.

IreB is a substrate of IreK and IreP in vitro. In light of the
genetic evidence described above linking IreK and IreB function,
we hypothesized that IreB might represent a direct substrate for
phosphorylation by IreK. To test this, in vitro kinase assays were
conducted using recombinant IreB-His,. Two forms of the IreK
kinase were used: an N-terminal fragment of IreK containing
the wild-type IreK kinase domain (Hise-IreK-n), which was
previously shown to exhibit kinase activity in vitro (5), or a point
mutant of IreK-n bearing a K41R substitution that dramatically
reduces kinase activity. We found that IreK-n robustly phosphor-
ylated purified IreB (Fig. 1A), thereby defining IreB as the first
identified enterococcal substrate for IreK. In contrast, IreB was
only weakly phosphorylated in reactions with the kinase-impaired
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FIG 1 IreBis a substrate of both IreK kinase and IreP phosphatase. (A) Kinase
assays were performed to monitor phosphorylation of IreB with [y-*P]ATP.
Reactions contained no IreK kinase (none), wild-type IreK-n kinase (WT), or
IreK-n K41R catalytically defective mutant kinase (K41R) and were incubated
at 37°C for the indicated times. Radiolabeled proteins were analyzed by SDS-
PAGE and phosphorimaging. (B) Prelabeled IreB was incubated in the pres-
ence or absence of IreP, as indicated, at 37°C for the indicated times. Stauro-
sporine (sts; to inhibit kinase activity) was included in all reactions except
where indicated. Radiolabeled proteins were analyzed by SDS-PAGE and
phosphorimaging. Gel images are representative of three independent repli-
cates. Points on the graphs represent the mean and SEM of all three indepen-
dent replicates.

IreK-n K41R mutant, excluding the possibilities that the robust
IreB phosphorylation is due to a contaminating kinase or to IreB-
mediated autophosphorylation. In addition, IreB incubated in the
absence of any kinase did not become phosphorylated.

We previously showed that IreP, encoded immediately up-
stream of IreK in the E. faecalis genome, is a Ser/Thr protein phos-
phatase that dephosphorylates IreK and antagonizes IreK activity
in the regulation of cephalosporin resistance (5). To test whether
IreB is also a substrate of IreP, we performed in vitro phosphatase
assays (Fig. 1B). IreK-n and IreB were first incubated with [vy-
*?P]ATP to phosphorylate IreB, after which IreP phosphatase and
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staurosporine were added. Staurosporine, a promiscuous kinase
inhibitor that is known to inhibit the IreK homolog of Bacillus
subtilis (19), also inhibits E. faecalis IreK kinase activity (see Fig. S3
in the supplemental material) and was added to inhibit rephos-
phorylation of IreB by IreK-n. Addition of IreP resulted in loss of
IreK-dependent phosphorylation from IreB, indicating that IreB
is a substrate of both IreK kinase and IreP phosphatase in vitro.

IreK-n phosphorylates IreB on threonine residues. To iden-
tify the site(s) of phosphorylation on IreB, we began by perform-
ing phosphoamino acid analysis on IreB that had been phosphor-
ylated in vitro by IreK-n. Radiolabeled IreB was separated by
SDS-PAGE and transferred to polyvinylidene difluoride (PVDEF)
membrane. The IreB band was excised, subjected to acid hydroly-
sis, and analyzed by high-voltage electrophoresis. Radiolabeled
amino acids in the hydrolysate comigrated exclusively with the
phosphothreonine standard, indicating that IreK-n phosphoryl-
ates IreB solely on threonine residues (Fig. 2A). ireB encodes five
threonine residues (at positions 4, 7, 23, 26, and 77). Thr7 appears
to be highly conserved among IreB homologs in the genomes of
most other Firmicutes. In contrast, Thr4 and Thr23 are conserved
predominantly in IreB homologs found among the streptococci,
and Thr26 and Thr77 are generally not conserved among IreB
homologs. To identify which of the five threonine residues en-
coded in IreB are phosphorylated by IreK-n, mass spectrometry
analysis was carried out on IreB previously phosphorylated by
IreK-n in vitro. Thr7 of IreB was the only site of phosphorylation
identified in tryptic digests of phospho-IreB following phospho-
peptide enrichment (data not shown).

To determine whether IreB T7 is the only site of phosphoryla-
tion, we constructed and purified a IreB T7A-His; mutant and
performed kinase assays with IreK-n (Fig. 2B). Phosphorylation of
IreB T7A-His, was substantially diminished compared to wild-
type IreB, a finding consistent with the hypothesis that Thr7 is a
major site of IreK-n-dependent phosphorylation. However, we
observed weak phosphorylation of the IreB T7A mutant, suggest-
ing that other unidentified sites of phosphorylation on IreB ex-
isted. A phosphoproteome analysis of group B Streptococcus
(GBS) by Silvestroni et al. (20) provided a clue about the identity
of the second phosphorylation site: their study reported evidence
for phosphorylation of the GBS homolog of IreB (SAK_2030) at
sites corresponding to Thr4, as well as Thr7 of E. faecalis IreB. To
test whether Thr4 of E. faecalis IreB could be phosphorylated by
IreK-n, we constructed and purified an IreB T4A T7A-Hisg double
mutant and performed kinase assays with IreK-n (Fig. 2). IreK-n
kinase was unable to phosphorylate the IreB T4A T7A mutant,
confirming that Thr4 and Thr7 represent all sites of IreK-n-de-
pendent phosphorylation, at least in vitro. Analysis of the kinetics
of phosphorylation of IreB T4A and IreB T7A mutants (Fig. 2B)
revealed that the rate of phosphorylation for IreB T4A was only
slightly attenuated compared to that of wild-type IreB, while the
rate of IreB T7A phosphorylation was significantly attenuated.
These results argue that IreK-n Thr7 represents the primary site of
phosphorylation, at least in vitro.

IreB phosphorylation state in vivo is dependent on IreK ac-
tivity. To explore the state of IreB phosphorylation in vivo, we
introduced plasmids encoding epitope-tagged IreB into E. faecalis
strains and performed two-dimensional gel electrophoresis
(2DGE). 2DGE, a technique that separates proteins based on both
isoelectric point and size, enables interrogation of the posttrans-
lational modification state of a protein because the addition of a
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FIG 2 IreK-n phosphorylates IreB on threonine residues. (A) Phosphoamino
acid analysis on IreB phosphorylated by IreK-n in vitro. Radiolabeled phos-
pho-IreB protein was subjected to acid hydrolysis and separated by high volt-
age electrophoresis in 2 adjacent lanes of a cellulose TLC plate. To facilitate
unambiguous identification of the phosphorylated amino acid derived from
IreB, phosphoamino acid standards were mixed with the IreB hydrolysate and
applied in separate lanes (lane 1, phospho-Ser + phospho-Tyr; lane 2, phos-
pho-Thr) and their positions marked (black circles) after staining with ninhy-
drin. All detectable radiolabeled signal derived from IreB comigrated with the
phosphothreonine standard. (B) Kinase assays were performed with 0.33 uM
IreK-n and 14.2 uM recombinant hexahistidine-tagged IreB (WT, wild-type
IreB; point mutants with substitutions as indicated). Reactions were per-
formed in kinase buffer containing 2 mM ATP, 1 wCi [y->*P]ATP at 37°C for
the indicated times. Radiolabeled proteins were analyzed by SDS-PAGE and
phosphorimaging. Gel images are representative of three independent repli-
cates. Points on the graphs represent the mean and SEM of all three indepen-
dent replicates.

phosphoryl group decreases the isoelectric point by 0.3 U. 2DGE
analysis of tagged IreB expressed in wild-type E. faecalis showed
that IreB is present in two isoforms with distinct isoelectric points
(Fig. 3), indicating that IreB is present as a mixed population of
modified species. If IreK phosphorylates IreB in vivo, enhance-
ment of IreK activity would be expected to promote a shift in the
distribution of IreB species to the more acidic (i.e., phosphory-
lated) isoform. To test this, we used the E. faecalis AireP mutant, in
which IreK kinase activity is thought to be unregulated and hyper-
activated (5). Expression of tagged IreB in the AireP mutant re-
vealed that IreB exists predominantly as one isoform that aligns
with the most acidic species of IreB observed in wild-type E. faeca-
lis, a finding consistent with the hypothesis that the majority of
IreB is phosphorylated due to the hyperactivated IreK kinase in
the AireP mutant.

If IreK were required for phosphorylation of IreB in vivo, IreB
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FIG 3 IreB phosphorylation state in vivo is dependent on IreK activity. Clar-
ified lysates from exponentially growing cells were spiked with an ~27-kDa
Strep-tagged protein standard (to serve as a landmark) and subjected to iso-
electric focusing (pH gradient depicted at top) followed by SDS-PAGE and
immunoblotting with anti-strep antibody. The protein standard is indicated
with an asterisk, and isoforms of IreB-strep are indicated with an arrow in each
panel. Strains: WT, OGIRF; AireP, CK121. Plasmids: vector, pDL278p23;
plreB strep, pJRG39; plreB T4A T7A strep, pJLL14.

would not exist in the most acidic (i.e., phosphorylated) isoform
in the absence of IreK. Unfortunately, we were unable to intro-
duce the tagged IreB expression plasmid into E. faecalis strains that
lack the IreK kinase, suggesting that increased levels of unphos-
phorylated IreB in the absence of the IreK kinase are detrimental
to normal cell growth. To circumvent this hurdle, we treated wild-
type E. faecalis expressing tagged IreB with staurosporine to phar-
macologically inhibit IreK activity in vivo and performed 2DGE.
We observed a shift in the distribution of IreB isoforms toward the
less acidic species compared to that observed in untreated cells
(Fig. 3), suggesting that a greater population of IreB molecules
exist in a dephosphorylated state after staurosporine treatment, a
finding consistent with the hypothesis that IreK phosphorylates
IreB in vivo.

To determine whether phosphorylation of IreB at Thr4 and
Thr7 occurs in vivo, we expressed tagged IreB T4A T7A in wild-
type E. faecalis cells and performed 2DGE. The distribution of IreB
isoforms shifted toward the less acidic species (Fig. 3), which is
consistent with the loss of phosphorylated IreB and indicates that
phosphorylation of Thr4 or Thr7 occurs in E. faecalis cells. In-
triguingly, two isoforms with distinct isoelectric points were still
observed for IreB T4A T7A, suggesting that IreB is subject to an
additional modification in vivo at an as-yet-unidentified site.
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Mutations at sites of phosphorylation in IreB impair cepha-
losporin resistance in E. faecalis. Because IreB acts a negative
regulator of cephalosporin resistance and is a substrate of the IreK
kinase, we hypothesized that phosphorylation of IreB would in-
fluence its activity in the cephalosporin resistance pathway. To test
whether IreB phosphorylation plays a role in regulation of ceph-
alosporin resistance, we expressed IreB T4A T7A in the AireB mu-
tant and assessed cephalosporin resistance by determining MIC
values. Surprisingly, AireB strains expressing IreB T4A T7A exhib-
ited similar levels of ceftriaxone resistance to the AireB mutant
expressing wild-type IreB (data not shown). However, substitu-
tions at Thr4 or Thr7 of IreB with nonphosphorylatable amino
acids valine and isoleucine, which bear greater structural similar-
ity to threonine than does alanine, resulted in reduced cephalo-
sporin resistance (Table 3). For example, expression of IreB T7V
led to an 8-fold reduction in resistance toward ceftriaxone com-
pared to the wild-type control. Similarly, expression of the IreB
T4V T7V double mutant led to a 4-fold reduction in resistance,
and expression of the IreB T4V mutant also resulted in modestly
reduced ceftriaxone resistance. Expression of IreB mutants carry-
ing isoleucine substitutions at either Thr4 or Thr7 also resulted in
changes in susceptibility that were identical to those observed with
the valine single mutants (Table 3). Thus, the reduced ceftriaxone
resistance exhibited by strains expressing the threonine-to-valine
or -isoleucine IreB point mutants suggests that phosphorylation is
required for normal IreB function, and further argues that the
nonphosphorylatable valine and isoleucine IreB point mutants
are locked in an inhibitory state that prevents activation of ceph-
alosporin resistance pathways in E. faecalis. The observations that
the Ala substitutions at Thr4 and Thr7 did not yield a similar
phenotype remain unexplained; we propose that the Ala mutants
are inherently impaired in their ability to inhibit cephalosporin
resistance due to structural differences in the amino acid side
chains (Ala lacks a methyl group found in the side chain of Thr;
Val and Ile possess an equivalent methyl group), independent of
any effect of phosphorylation. For example, the IreB Ala mutants
might not be able to bind to an interacting partner as efficiently
due to the loss of the methyl group.

If phosphorylation of IreB at T4 and/or T7 relieves its inhibi-
tory state and enables activation of a cephalosporin resistance
pathway, we predicted that an IreB mutant carrying phosphomi-
metic mutations would lead to constitutive and high-level resis-
tance comparable to that of the AireB mutant. Although not uni-
versally successful, a general strategy to mimic the effect of
phosphorylation in some phosphoproteins is to introduce gluta-
mate substitutions at the sites of phosphorylation, thereby intro-
ducing a negatively charged amino acid side chain to mimic the
negatively charged phosphoryl group. Therefore, we constructed
an IreB phosphomimetic mutant containing glutamate at Thr4
and Thr7. However, expression of IreB T4E T7E in AireB E. faeca-
lis resulted in wild-type levels of ceftriaxone resistance (data not
shown), suggesting that glutamate substitutions at Thr4 and Thr7
do not behave as phosphomimetics in IreB.

It remains unclear how, at the molecular level, IreB acts to
inhibit cephalosporin resistance. We speculate that IreB may par-
ticipate in protein-protein interactions with one or more as-yet-
unknown factors that promote resistance, thereby sequestering
those factors and preventing their activity. In this model, IreK-
mediated phosphorylation of IreB at Thr4 and/or Thr7 results in
the release of IreB from the unknown factor X, enabling factor X to
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FIG 4 Model for IreB function in IreK-mediated cephalosporin resistance in
E. faecalis. (Left) In the absence of cell-wall stressors such as cephalosporins,
the kinase activity of IreK is low, and the IreB population is maintained in a
relatively unphosphorylated state by IreP-mediated dephosphorylation. Un-
phosphorylated IreB inhibits the function of an as-yet-unknown resistance
factor (X) to restrict the activity of the signaling pathway and reduce pheno-
typic cephalosporin resistance. (Right) During cephalosporin-induced cell
wall stress, kinase activity of IreK is enhanced (bold arrows), resulting in phos-
phorylation of IreB and relief of its inhibitory activity against X, thereby en-
abling active signaling and enhanced cephalosporin resistance (boldface). Mu-
tants lacking IreB entirely will possess a completely uninhibited factor X and
therefore exhibit elevated levels of cephalosporin resistance, as observed.

actively promote cephalosporin resistance (Fig. 4). Although
phosphorylation at either Thr4 or Thr7 of IreB appears to modu-
late its influence on cephalosporin resistance (Table 3), the rela-
tionship between phosphorylation events at these sites remains
unclear. Future studies will be required to determine whether
phosphorylation at one site on IreB influences phosphorylation at
the other, whether the different phosphorylated isoforms exhibit
distinct biological properties, and whether the effect of phosphor-
ylation at Thr4 and Thr7 is additive, partially redundant, or inde-
pendent. Our in vitro phosphorylation analyses (Fig. 2) suggest
that Thr7 represents the primary site of phosphorylation. Consis-
tent with that hypothesis, in vivo susceptibility studies (Table 3)
indicate that phosphorylation at IreB T7 plays a more important
role than phosphorylation at Thr4 in relieving the inhibitory ac-
tivity of IreB. Because Thr7 is conserved in nearly all homologs of
IreB found in GenBank, the critical functional role of Thr7 may be
widely shared among many Gram-positive bacteria.

Although we do not yet understand the molecular details of the
inhibitory activity of IreB, the observation that we were unable to
introduce an expression vector encoding IreB into an E. faecalis
strain lacking the IreK kinase suggests that overexpression of un-
phosphorylated IreB either impairs growth or is overtly toxic to
the cells. We hope to exploit this property in future genetic screens
designed to identify the molecular target(s) of IreB. Finally, be-
cause putative homologs of IreB are conserved in most low GC
Gram-positive bacteria, further investigation of the important
role of IreB in bacterial physiology and stress responses promises
to provide a better understanding of the biology of other harmful
and opportunistic pathogens.
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