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ABSTRACT Two common signal transduction mechanisms used by bacteria to sense
and respond to changing environments are two-component systems (TCSs) and
eukaryote-like Ser/Thr kinases and phosphatases (eSTK/Ps). Enterococcus faecalis is a
Gram-positive bacterium and a serious opportunistic pathogen that relies on both a TCS
and an eSTK/P pathway for intrinsic resistance to cell wall-targeting antibiotics. The TCS
consists of a histidine kinase (CroS) and a response regulator (CroR) that become acti-
vated upon exposure of cells to cell wall-targeting antibiotics, leading to a modulation
of gene expression. The eSTK/P pathway consists of a transmembrane kinase (IreK) and
its cognate phosphatase (IreP), which act antagonistically to mediate antibiotic resistance
through an unknown mechanism. Because both CroS/R and IreK/P contribute to entero-
coccal resistance toward cell wall-targeting antibiotics, we hypothesized that these sig-
naling systems are intertwined. To test this hypothesis, we analyzed CroR phosphoryla-
tion and CroS/R-dependent gene expression to probe the influence of IreK and IreP on
CroS/R signaling. In addition, we analyzed the phosphorylation state of CroS, which re-
vealed the IreK-dependent phosphorylation of a Thr residue important for CroS function.
Our results are consistent with a model in which IreK positively influences CroR-
dependent gene expression through the phosphorylation of CroS to promote antimicro-
bial resistance in E. faecalis.

IMPORTANCE Two-component signaling systems (TCSs) and eukaryote-like Ser/
Thr kinases (eSTKs) are used by bacteria to sense and adapt to changing envi-
ronments. Understanding how these pathways are regulated to promote bacte-
rial survival is critical for a more complete understanding of bacterial stress
responses and physiology. The opportunistic pathogen Enterococcus faecalis re-
lies on both a TCS (CroS/R) and an eSTK (IreK) for intrinsic resistance to cell wall-
targeting antibiotics. We probed the relationship between CroS/R and IreK, re-
vealing the convergence of IreK and the sensor kinase CroS to enhance signaling
through CroS/R and increase antimicrobial resistance in E. faecalis. This newly de-
scribed example of eSTK/TCS convergence adds to our understanding of the sig-
naling networks mediating antimicrobial resistance in E. faecalis.

KEYWORDS Enterococcus, PASTA kinase, cell wall stress, eSTK, two-component
signaling system

Most bacteria are well equipped to sense and respond to their environment. Two
types of conserved signal transduction systems used by bacteria are two-

component systems (TCSs) and eukaryote-like Ser/Thr kinases and phosphatases (eSTK/
Ps). TCSs are ubiquitous in bacteria and respond to a variety of environmental cues.
Typically, a TCS consists of a transmembrane sensor histidine kinase (HK) and a
cytoplasmic response regulator (RR). Upon sensing a signal, the HK autophosphorylates
on a conserved histidine, which subsequently donates its phosphoryl group to a
conserved aspartate on the cognate RR. Many RRs bind DNA and modulate gene
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expression upon phosphorylation in response to specific stimuli. In addition to pro-
moting the phosphorylation of a cognate RR, many HKs dephosphorylate their cognate
RR (1–3). Therefore, the balance of kinase and phosphatase activities by an HK regulates
the output of a given TCS. Unlike TCSs, eSTK/P pathways use distinct enzymes to
regulate the phosphorylation state of effector proteins and are thought to be more
promiscuous in substrate phosphorylation (i.e., capable of phosphorylating more than
one substrate) (4). This appears to be true for a particular family of eSTKs known as the
PASTA kinases, which are transmembrane eSTKs containing extracellular PASTA
(penicillin-binding protein- and Ser/Thr kinase-associated) domains that are widespread
among the Actinobacteria and Firmicutes. Protein substrates identified for PASTA ki-
nases are involved in a variety of cellular processes, including cell wall homeostasis,
protein synthesis, and transcriptional regulation (5). However, much is still to be learned
about PASTA kinase substrates and their roles in regulating bacterial physiology.

Although TCS and eSTK/P pathways are often conceptualized as distinct systems,
they have coevolved in bacterial cells, and examples of convergence have emerged.
Staphylococcus aureus, group A and group B streptococci, and Bacillus subtilis carry a
homologous PASTA kinase (known as Stk1 or PrkC) capable of directly phosphorylating
TCS RRs to modulate RR DNA binding (6–11). Although conceptually similar observa-
tions have been made for multiple bacterial species, generalization is difficult, and it
remains challenging to predict new interactions between signaling systems. For exam-
ple, in different species, the PASTA kinase RR substrates are part of different TCSs, Thr
phosphorylation occurs at different sites within the RR, and phosphorylation by Stk1/
PrkC can have positive or negative effects on the RR output.

Enterococcus faecalis is a Gram-positive bacterium and a serious opportunistic
pathogen that relies on both a TCS and a PASTA kinase for intrinsic resistance to cell
wall-targeting antibiotics. The TCS consists of the HK CroS and the RR CroR. The
phosphorylation of CroR by CroS is stimulated by cell wall-targeting antibiotics and is
required for resistance (12, 13). Although CroR modulates gene expression in response
to cell wall-targeting antibiotics (12, 14), the genes regulated by CroR that promote
resistance remain unknown. The PASTA kinase IreK (originally known as PrkC [15]) is the
only eSTK readily identifiable in the genome of E. faecalis. IreK acts antagonistically to
its cognate phosphatase IreP to mediate antibiotic resistance (15, 16). One substrate
for IreK has been identified (IreB), which acts as a negative regulator of the pathway
(17). Cell wall stresses lead to the enhanced phosphorylation of IreK, resulting in the
activation and, subsequently, the phosphorylation of IreB (18), although it remains
unclear how IreB influences antimicrobial resistance. The CroS/R and IreK/P pathways
have been characterized for their ability to dynamically influence resistance to cepha-
losporins (a subset of beta-lactam antibiotics targeting peptidoglycan biosynthesis). For
example, E. faecalis strains lacking IreK or CroR are more susceptible to cephalosporins
than are wild-type strains (14, 15). Conversely, strains lacking negative regulators of IreK
or CroR (i.e., the phosphatase activity of IreP or CroS) display a dramatic increase in
cephalosporin resistance compared to wild-type strains (12, 16).

The parallel effects of the IreK/P and CroS/R pathways on cephalosporin resistance
prompted us to hypothesize that these signaling systems converge to coordinately
regulate cephalosporin resistance in enterococci. We probed the relationship between
the IreK/P and CroS/R pathways, yielding a model in which IreK positively affects CroS/R
signaling by promoting the phosphorylation of CroS. CroS was found to be phosphor-
ylated in response to cell wall-targeting antimicrobial agents in an IreK-dependent
manner, at a site distinct from that of the autophosphorylated His residue. Furthermore,
substitutions at the newly identified site altered CroR phosphorylation and cephalo-
sporin resistance. This newly described example of TCS/eSTK convergence at the level
of HK phosphorylation extends our knowledge of the signaling networks mediating
antimicrobial resistance in E. faecalis and diversifies the known mechanisms by which
eSTKs influence TCS function.
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RESULTS
IreK and IreP reciprocally affect CroS/R signaling. The output of the IreK signal-

ing pathway is unknown. Previously, we showed that IreK is constitutively active in the
absence of its cognate phosphatase IreP, resulting in hyperresistance to cephalosporins
(16, 18). To determine if CroR was required for this effect, we analyzed the resistance of
an E. faecalis mutant lacking both IreP and CroR. The double mutant was no longer
highly resistant (Table 1), demonstrating that the ΔcroR mutation is epistatic and
suggesting that the IreK and CroS/R pathways might be integrated. To test this
hypothesis, we examined signal transduction through CroS/R in strains exhibiting
altered IreK activity. Phos-tag SDS-PAGE and immunoblot analyses of lysates from
unstressed cells revealed a more slowly migrating isoform of CroR in the ΔireP mutant
(Fig. 1A). Our previous work demonstrated that this more slowly migrating isoform
corresponds to phosphorylated (activated) CroR (CroR-P) (12). Additionally, CroR was
overexpressed in the ΔireP mutant, reflecting constitutively enhanced CroS/R produc-
tion due to the CroR-P-dependent autoregulation of its own synthesis (14). Consis-
tent with this, a lacZ reporter fusion revealed enhanced expression from the CroR-
dependent PcroR promoter in the ΔireP mutant (Fig. 1B, black bars). Analysis of the
ΔirePK double mutant confirmed that IreK was required for the activation of CroR in the
ΔireP mutant. Collectively, these observations indicate that CroS/R signaling is upregu-
lated in the presence of constitutively activated IreK.

In contrast, ΔireK mutant cells exhibited attenuated expression of a CroR-dependent
reporter gene compared to the wild-type strain after treatment with a known stimulant
of CroS/R signaling, vancomycin (Fig. 1B, gray bars). This attenuation of CroS/R signal-
ing was apparent over a range of vancomycin concentrations and with a distinct
CroR-dependent reporter fusion (Fig. 1C), suggesting a global defect in CroS/R signal
transduction in the absence of IreK. Moreover, a strain expressing an IreK variant with
a substitution at its catalytic site that severely impairs in vitro kinase activity and ablates
the in vivo functions of IreK (IreK K41R) (16, 18) is also impaired in CroS/R signal
transduction (Fig. 1C), indicating the kinase activity of IreK is required for the full
induction of CroS/R signaling. Together, these data demonstrate that IreK and IreP
reciprocally influence CroS/R signal transduction and that the kinase activity of IreK
enhances, but is not essential for, signaling through CroS/R.

The IreK-dependent activation of CroR in the absence of ireP indicates that IreK can
directly or indirectly influence the phosphorylation of CroR. To determine if CroR was
phosphorylated at the canonical Asp residue in its receiver domain or at a Ser/Thr
residue elsewhere, the ΔireP whole-cell lysate sample was subjected to heating before
Phos-tag SDS-PAGE analysis. Because phosphoryl-Asp bonds are heat sensitive and
phosphoryl-Ser/Thr bonds are heat resistant, we can discriminate between these types
of phosphorylation by Phos-tag SDS-PAGE. The CroR-P isoform disappeared upon
heating (Fig. 1A), indicating that CroR is likely phosphorylated at the canonical Asp
residue. Although CroS is the cognate histidine kinase for CroR, our previous study
revealed the possibility of CroR phosphorylation by another histidine kinase, CisS, under
certain conditions (12). To determine which histidine kinase is responsible for the

TABLE 1 Ceftriaxone resistancea of E. faecalis strains

Strain descriptionb Ceftriaxone MIC (�g/ml)

Wild type 64
ΔireK 1
ΔireB 512
ΔireP �1,024
ΔireP ΔcroR 8
ΔcroR 8
ΔireP ΔcisS �1,024
ΔireP ΔcisS ΔcroS 8
aMedian MIC from �2 biological replicates.
bStrains analyzed were wild-type strain OG1, ΔireK strain JL206, ΔireB strain JL367, ΔireP strain JL455, ΔireP
ΔcroR strain JL457, ΔcroR strain SB23, ΔireP ΔcisS strain SB95, and ΔireP ΔcisS ΔcroS strain SB97.
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phosphorylation of CroR in the ΔireP mutant, double and triple ΔireP ΔcisS ΔcroS
mutants were constructed. Phos-tag SDS-PAGE and antimicrobial susceptibility analy-
ses revealed that CroS is specifically required for the phosphorylation of CroR and for
the cephalosporin hyperresistance of the ΔireP mutant (Fig. 2 and Table 1). Together,
these results suggest that IreK does not modulate CroR through direct Ser/Thr phos-
phorylation but rather influences CroR indirectly through the activity of CroS.

CroS is modified in an IreK-dependent manner. One way in which IreK could
modify the activity of CroS is by direct phosphorylation. To test for phosphorylation,
CroS was analyzed by Phos-tag SDS-PAGE. Because we do not have an antibody specific
for CroS, we used epitope-tagged variants of CroS. To rule out the possibility that an
epitope tag itself could be subject to spurious phosphorylation, we independently
fused 2 distinct tags (hemagglutinin [HA] [YPYDVPDYA] or Strep-tag [WSHPQFEK]) to
the C terminus of CroS. Plasmids coexpressing croR and croS together (to maintain the

FIG 1 IreK enhances CroS/R signaling. (A) Phos-tag SDS-PAGE and immunoblot analyses of whole-cell
lysates from unstressed, exponentially growing E. faecalis strains carrying different combinations of ireP
and ireK deletions. Samples were not boiled before electrophoresis except where indicated. A subunit of
RNA polymerase (RpoA) was used as a loading control. Data are representative of results from �2
experiments. (B) Beta-galactosidase activity from Pcro=-lacZ was determined in exponentially growing
cells in the presence and absence of vancomycin (2 �g/ml). (C) Beta-galactosidase activity was deter-
mined in exponentially growing cells in response to various concentrations of vancomycin using a lacZ
fusion with the promoter of OG1RF_12500. Error bars represent the standard deviations from �3
biological replicates; * indicates a P value of �0.05, as determined by a t test. Strains were ΔcroR strain
SB21, wild-type strain OG1RF, ΔireP strain CK121, ΔirePK strain CK125, ΔireK strain CK119, and ireK K41R
strain SK131. Strains carried no plasmid (A), pJLL170 (B), or pSLK235 (C).
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appropriate stoichiometric ratio) were introduced into E. faecalis lacking the chromo-
somal croRS locus. The expression of croR croS-HA is driven by the native Pcro promoter
and yields CroR levels comparable to those of wild-type strains (12). Additionally,
the expression of croR croS-HA drives cephalosporin resistance in the ΔcroRS deletion
mutant, indicating that CroS is functional with the HA tag extension (Table 2). Anti-HA
immunoblot analyses of lysates from unstressed cells after Phos-tag SDS-PAGE revealed
two isoforms of CroS, indicating the presence of a small fraction of the phosphorylated
isoform (Fig. 3A). The abundance of the phosphorylated CroS isoform was increased
when cells were treated with the same cell wall-targeting stressors that induced the
phosphorylation of CroR (Fig. 3B) (13, 14, 19). Stressors that did not stimulate
the phosphorylation of CroR also did not enhance the phosphorylation of CroS, such as
the beta-lactam ampicillin and the DNA gyrase inhibitor norfloxacin. The result with
ampicillin is perhaps unexpected, given that ampicillin is a cell wall-targeting antibiotic,
but in previous studies of CroS/R signal transduction, we observed a similar disconnect
(13). This disconnect remains unexplained, but it may result from a more robust
stimulation of signaling by antibiotics that act earlier in the peptidoglycan synthesis
pathway than ampicillin or may simply be due to the specific experimental conditions
used (as a previous study demonstrated CroS/R-dependent changes in gene expression
after ampicillin exposure [14]).

The production of phosphorylated CroS was not an artifact of the HA tag, because
CroS with Strep-tag also exhibited a phosphorylated isoform upon treatment with
ceftriaxone (Fig. 4A). However, no phosphorylated CroS was observed after treatment
of the ΔireK mutant with ceftriaxone, indicating that IreK is directly or indirectly
required for CroS phosphorylation. To determine if the phosphorylated CroS isoform
observed after Phos-tag SDS-PAGE was phosphorylated at the canonical, conserved
histidine residue in the HisKA domain of CroS, we expressed a CroS H172A variant in
E. faecalis. The phosphorylated CroS isoform was still observed, indicating that phos-
phorylation was occurring elsewhere (Fig. 4B). It remains unclear whether the His-
phosphorylated isoform of CroS is lost during sample preparation or if it is not resolved

TABLE 2 Ceftriaxone resistancea of strains carrying CroS variants

croS alleleb

Median MIC (�g/ml) for host strain genotypeb

�croRS �croRS �cisRS

None 8 8
Wild type 32 32
T346A 1,024 1,024
T346A D173A 8 ND
T346V 1,024 ND
T346E �1,024 ND
S343A 512 512
S341A 1,024 1,024
aMedian MIC from �2 biological replicates. ND, not determined.
bStrains analyzed were SB35 strains with pJRG8 (empty vector), pSLK134, pSLK141-3, pSLK225-7, or pCEM1.
All plasmids except pJRG8 express the croRS locus with an HA tag on CroS.

FIG 2 CroS phosphorylates CroR in the ΔireP mutant. Shown are data from Phos-tag SDS-PAGE and
immunoblot analyses of whole-cell lysates from unstressed, exponentially growing E. faecalis strains. A
subunit of RNA polymerase (RpoA) was used as a loading control. Data are representative of results from
�2 experiments. Strains were wild-type strain OG1, ΔireP strain JL455, ΔireP ΔcisS strain SB95, and ΔireP
ΔcisS ΔcroS strain SB97.
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under our Phos-tag SDS-PAGE conditions. Regardless, we conclude that CroS is phos-
phorylated in vivo in response to cell wall stress, in an IreK-dependent manner, at a site
distinct from H172.

Because the presence of CroS-P depends on IreK (Fig. 4A), we hypothesized that IreK
modulates the activities of CroS in response to cell wall stress through an as-yet-
uncharacterized phosphorylation event. One possibility is that CroS is a direct substrate
for IreK and IreP. To test this, we sought to perform in vitro kinase and phosphatase
reactions by using CroS as a substrate. However, purified cytoplasmic fragments of CroS
have proven to be insoluble (12). As an alternative approach, membrane preparations
from E. faecalis cells expressing epitope-tagged CroS were used as a source of CroS for
reactions with recombinant IreK (cytoplasmic kinase fragment) or IreP in vitro. Mem-
branes derived from otherwise wild-type cells initially contained a small fraction of
phosphorylated CroS, and the addition of recombinant IreK did not lead to increased
CroS phosphorylation (Fig. 5). In contrast, membranes derived from ΔireP mutant cells
initially contained predominantly phosphorylated CroS, and the addition of recombi-
nant IreP led to a shift in mobility consistent with the loss of CroS phosphorylation.

FIG 3 CroS is phosphorylated in response to cell wall stressors. Exponentially growing cells treated with various stressors
were analyzed for CroS-HA (A) and CroR (B) by Phos-tag and standard SDS-PAGE and immunoblot analyses. Stressors were
ceftriaxone (Cx), ampicillin (Amp), vancomycin (Van), bacitracin (Bac), hydrogen peroxide (H2O2), and norfloxacin (NF). A
subunit of RNA polymerase, RpoA, was used as a loading control. Data are representative of results from �2 experiments.
The strain used is SB35(pSLK134). The empty vector strain is SB35(pJRG8).

FIG 4 CroS modification requires IreK. (A) Phos-tag SDS-PAGE and immunoblot analyses of CroS-Strep-
tag from strains containing or lacking ireK. Cells were harvested during exponential growth with or
without exposure to ceftriaxone. Strains are SB6(pSLB30) (Wild type) and ΔireK strain SB17(pSLB30). A
subunit of RNA polymerase, RpoA, was used as a loading control. (B) Phos-tag SDS-PAGE and immuno-
blot analyses of CroS-HA (wild type [WT]) and a variant substituted at the site of autophosphorylation,
H172A. Cells were harvested during exponential growth without the addition of cell wall stressors. Strains
were SB35(pSLK134) and SB35(pSLK135). A subunit of RNA polymerase, RpoA, was used as a loading
control. Data are representative of results from �2 experiments.
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Although it remains unclear why IreK was unable to act on CroS under our in vitro
conditions (perhaps the truncated form of IreK cannot efficiently recognize CroS, or
perhaps a cofactor was missing), these results suggest that CroS is indeed phosphor-
ylated in vivo and can be dephosphorylated by IreP, the cognate phosphatase of IreK.

Thr-346 is required for CroS phosphorylation. To define where CroS is phosphor-
ylated, mass spectrometry was performed on CroS-His6 that was affinity purified from
the E. faecalis ΔireP mutant. We obtained 70% sequence coverage of CroS (including
coverage of the entire cytoplasmic domain) and identified four phosphopeptides with
a mass shift consistent with a single Ser/Thr/Tyr phosphoryl group (Fig. 6A), although
we were not able to unambiguously define the specific site of phosphorylation in all
peptides. To determine which of the candidate sites were phosphorylated in vivo, we
generated a series of CroS variants in which each of the potential sites of phosphory-
lation was individually replaced with a nonphosphorylatable residue (Ala). These mu-
tants were individually expressed in the E. faecalis ΔireP mutant to determine if any of
the substitutions would result in an altered mobility of CroS during Phos-tag SDS-PAGE.
Two variants initially were of interest: CroS Y223A and CroS T346A (Fig. 6B). Of note,

FIG 5 Recombinant IreP can promote dephosphorylation of CroS. Membrane fractions containing
CroS-HA were used as substrates in reactions with recombinant IreK and IreP and analyzed by Phos-tag
SDS-PAGE and immunoblot analyses. Membranes from a wild-type strain were incubated with recom-
binant IreK (the cytoplasmic kinase domain of IreK) and ATP, while membranes from an ΔireP mutant
were incubated with recombinant IreP. Results from a 60-min incubation with recombinant IreK and a
10-min incubation with recombinant IreP are shown. Images are representative of results from �2
experiments. Strains were SB35(pSLK134) and JL457(pSLK134).

FIG 6 Identification of Thr-346 as the critical site of CroS phosphorylation. (A) Mass spectrometry
identified four peptides with a mass shift consistent with the addition of one phosphoryl group. Specific
sites of phosphorylation could not be unambiguously resolved; phosphorylatable residues within each
peptide are underlined. Numbers correspond to the peptide sequence of CroS. (B) Phos-tag and standard
SDS-PAGE and immunoblot analyses of an E. faecalis ΔireP mutant carrying variants of CroS-HA. Samples
were harvested during exponential growth without the addition of cell wall stressors. The strain is JL457
with pSLK134, pSLK135, or pSLK137-145. (C) Phos-tag SDS-PAGE and immunoblot analyses of otherwise
wild-type cells carrying wild-type CroS-HA or a T346A variant exposed to ceftriaxone (Cx). Images are
representative of results from �2 experiments. The strain is SB35 with pSLK134 or pSLK143.
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CroS Y223A was clearly less abundant than the other mutants, and longer exposures of
the immunoblot revealed the presence of a phosphorylated CroS isoform with this
mutant (see Fig. S1 in the supplemental material). In contrast, even with long immu-
noblot exposures, the phosphorylated CroS isoform was not detected with the CroS
T346A variant, suggesting that the phosphorylated isoform of CroS resolved under our
Phos-tag SDS-PAGE conditions represents CroS that has been phosphorylated at Thr-
346. Thr-346 was also required for the appearance of the phosphorylated CroS isoform
detected when wild-type cells were exposed to ceftriaxone (Fig. 6C). It remains unclear
if the additional putative sites of phosphorylation that emerged from the mass spec-
trometry analysis are simply not phosphorylated under our experimental conditions, if
they are phosphorylated but unresolved under our Phos-tag SDS-PAGE conditions, or
if phosphorylation at other sites is dependent on Thr-346.

Thr-346 and the ATP lid influence CroS activity. Based on these results, we
hypothesized that the reversible phosphorylation of Thr-346 alters the activity of CroS
in times of cell wall stress. Thr-346 is located within a structure of the CroS ATPase
domain known as the ATP lid. This structure is important for nucleotide positioning
and exchange during HK autophosphorylation and makes contact with cognate RRs
during phosphoryltransfer events (20, 21). To test if Thr-346 is important for the proper
regulation of CroS activity, we analyzed the accumulation of CroR-P and ceftriaxone
resistance in strains expressing CroS variants with substitutions at Thr-346. Replace-
ment of Thr-346 with the nonphosphorylatable residue Ala resulted in an accumulation
of CroR-P in unstressed cells (Fig. 7); moreover, replacement with Ala or Val resulted in
a 32-fold enhancement of ceftriaxone resistance over that of the wild-type strain (Table
2), reflecting a marked dysregulation of CroS activity. Replacement of Thr-346 with Glu,
which often acts as a “phosphomimetic” analogous to a permanently phosphorylated
site, also led to an accumulation of CroR-P and to a dramatic enhancement of
ceftriaxone resistance, suggesting that the T346E mutation does not behave as a
phosphomimetic in CroS or, alternatively, that the reversible phosphorylation of CroS is
critical for the proper regulation of CroS activity in vivo.

These results suggest that the ATP lid plays an important role in the regulation of
CroS activity. Substitutions with Ala at two other sites in the ATP lid (Ser-341 and
Ser-343), which do not prevent IreK-mediated CroS phosphorylation in vivo (Fig. 6B),
also led to an accumulation of CroR-P and substantially increased ceftriaxone
resistance (Fig. 7 and Table 2), again reflecting the dysregulation of CroS activity.
Previous studies revealed that the loss of CroS, or a mutation that specifically
impairs the phosphatase activity of CroS, also leads to ceftriaxone hyperresistance
due to the cross-phosphorylation of CroR by a noncognate TCS kinase (CisS) (12). We
confirmed that the hyperresistance of the CroS ATP lid mutants was not due to CisS
(Table 2), indicating that hyperresistance is indeed due to alterations in the activity of
CroS itself rather than an altered stability of the protein. Moreover, a substitution that
specifically ablated the kinase activity of CroS (D173A) (12) prevented the accumulation

FIG 7 Substitutions within the ATP lid of CroS alter CroR phosphorylation. Shown are data from Phos-tag
SDS-PAGE and immunoblot analyses of whole-cell lysates from unstressed, exponentially growing E.
faecalis strains carrying variants of CroS. A subunit of RNA polymerase (RpoA) was used as a loading
control. Data are representative of results from �2 experiments. Strains were empty vector strain
SB35(pJRG8), wild-type strain SB35(pSLK134), S341A mutant strain SB35(pSLK141), S343A mutant strain
SB35(pSLK142), T346A mutant strain SB35(pSLK143), T346E mutant strain SB35(pSLK226), and D173A
T346A mutant strain SB35(pCEM1).
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of CroR-P in the T346A mutant and rendered it sensitive to ceftriaxone (Fig. 7 and Table
2). These observations indicate that the kinase activity of CroS drives the accumulation
of CroR-P and enhanced cephalosporin resistance when Thr-346 is substituted and
furthermore that the phosphatase activity of the CroS T346A mutant is intact (i.e.,
capable of eliminating any cross-phosphorylation of CroR by CisS). Together, our results
suggest that the ATP lid plays an important role in regulating the kinase activity of CroS
in vivo, and the IreK-dependent phosphorylation of the ATP lid at T346 may serve to
regulate this function.

DISCUSSION

Bacteria use TCS and eSTK/P signaling systems to sense and adapt to changing
environments. Understanding how these pathways are regulated to influence bacterial
survival under unfavorable conditions is critical for a more complete understanding of
bacterial stress responses and physiology. Although convergence between eSTKs and
TCSs has been documented previously, it is challenging to predict which systems interact
with each other and the molecular logic of these connections. For example, the PASTA
kinases from streptococci, S. aureus, and B. subtilis each phosphorylate a TCS RR, but the
identities of the target RRs, the sites of phosphorylation, and the effects on the signaling
output in each case are not equivalent (6–11). Therefore, experimental studies are required
to dissect interactions between TCS and eSTK systems and reveal the nature and extent of
cross-communication between these distinct signaling systems in bacterial cells.

In this study, we investigated the effect of the PASTA kinase IreK and its cognate
phosphatase IreP on CroS/R signal transduction. Consistent with both systems being
positive regulators of cephalosporin resistance, we showed that IreK positively influ-
ences CroS/R signal transduction by promoting the phosphorylation of CroS, phospho-
ryltransfer to CroR, and, ultimately, CroS/R-dependent gene expression. Furthermore,
we demonstrated that CroS is phosphorylated at a site distinct from the autophospho-
rylated His-172, likely at Thr-346 located within the ATP lid. Genetic perturbation of the
ATP lid of CroS (including the substitution of Thr-346) resulted in an accumulation of
CroR-P and a dramatic increase in the cephalosporin resistance of E. faecalis that was
dependent on the kinase activity of CroS. Additionally, the phosphorylation of CroS at
Thr-346 was enhanced in the presence of cell wall stressors, an effect that was
dependent on IreK. Coupled with data from previous work demonstrating the en-
hanced activity of IreK upon cell wall stress in E. faecalis (18), these data suggest a
model in which IreK promotes the phosphorylation of CroS at T346 in response to cell
wall damage, which in turn enhances CroS/R signal transduction by modulating the
function of the ATP lid of CroS.

It remains unclear if this communication with CroS/R is the only mechanism by
which IreK drives cephalosporin resistance or if other factors downstream of IreK
influence resistance independent of CroS/R. Of note, the ΔireK mutant is more suscep-
tible to ceftriaxone than the ΔcroR mutant (Table 1), suggesting that IreK contributes to
cephalosporin resistance at least in part independently of CroS/R. Such a mechanism
could involve IreB, a known substrate for phosphorylation by IreK (17, 18). Mutants
lacking IreB exhibit elevated resistance to cephalosporins (17) although not to the
extent of the ΔireP mutant (16) (Table 1), which implies the existence of multiple
IreK-dependent effectors to promote resistance. Thus, the IreK “pathway” may be a
branched signaling network that influences cephalosporin resistance through CroS/R
signal transduction and through other mechanisms that are yet to be elucidated.

Despite the identification of several CroS phosphopeptides by mass spectrometry,
Thr-346 was the only residue to modulate the phosphorylation state of CroS, as
detected by Phos-tag SDS-PAGE. It remains unclear if the additional sites are simply
not phosphorylated under our experimental conditions, if they are phosphorylated but
unresolved under our Phos-tag SDS-PAGE conditions, or if phosphorylation at other
sites is dependent on Thr-346. Biochemical approaches would allow us to further
explore the relationship between Thr-346 and other potential sites of phosphorylation
and their effect on the activity of CroS. Unfortunately, we have thus far been unable to
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obtain a soluble, active form of CroS that would enable such studies (12). However, the
phosphorylation of CroS at Thr-346 is well positioned to influence the activity of CroS
through modulation of the ATP lid, as ATP lids are considered to be critical for
nucleotide binding and positioning before HK autophosphorylation (22–24). Although
our in vivo data suggest that the kinase activity of CroS is enhanced when the ATP lid
is perturbed, biochemical data are required to thoroughly probe the molecular effects
of Thr-346 phosphorylation.

The communication between IreK and CroS/R is distinct from previously described
examples of TCS/eSTK convergence (6–11) in that the kinase CroS, rather than the
response regulator CroR, is the target of eSTK-dependent phosphorylation. One previ-
ous report described the phosphorylation of an HK by an eSTK in B. subtilis. B. subtilis
possesses 3 eSTKs, 2 of which (YbdM and YabT, neither of which is a PASTA kinase) were
reported to phosphorylate the atypical cytosolic HK DegS in vitro (25). Although the site
of phosphorylation by YabT was not identified, YbdM was reported to phosphorylate
DegS on a serine residue in the sensing domain. Phosphorylation by YbdM enhanced
DegS kinase activity and phosphoryl transfer to the RR DegU in vitro, and the substi-
tution of the site of phosphorylation for a phosphomimetic residue promoted pheno-
types consistent with an intermediate level of DegU phosphorylation (25). Although we
predict that the phosphorylation of CroS by IreK enhances CroS kinase activity and
phosphoryl transfer to CroR, there are important differences between these examples
of eSTK/HK convergence. First, the HKs are phosphorylated in different domains.
Serine phosphorylation of DegS in the sensing domain likely alters the activity of DegS
indirectly, perhaps by mimicking or augmenting the detection of the natural stimulus
for DegS. On the other hand, the phosphorylation of CroS within the ATP lid likely
modulates the mechanics of the ATPase domain directly. Second, IreK and YbdM
belong to different protein families of eSTKs. IreK is a PASTA kinase and is homologous
to eSTKs with a known ability to phosphorylate TCS response regulators (e.g., PrkC and
Stk1), while YbdM does not have PASTA domains and has not previously been impli-
cated in convergence with TCSs. These differences highlight the need for continued
investigations of cross-communication between TCSs and eSTKs in bacterial signaling
networks, as the emerging examples suggest that the protein players and molecular
details of each system may vary.

MATERIALS AND METHODS
Bacterial strains, growth media, and chemicals. Bacterial strains and plasmids used in the study

are listed in Table 3. E. faecalis strains were grown in half-strength (0.5�) brain heart infusion (hBHI)
medium or Mueller-Hinton broth (MHB) for routine maintenance. Escherichia coli strains were grown in
lysogeny broth (LB). Erythromycin (Em) was used at 10 �g/ml or 100 �g/ml for plasmid selection in E.
faecalis and E. coli respectively. Chloramphenicol (Cm) was used at 10 �g/ml for plasmid selection in E.
faecalis and E. coli. Kanamycin (Kn) was used at 50 �g/ml for plasmid selection in E. coli. All cultures were
grown aerobically with shaking.

Plasmid construction. Plasmids were constructed by using either a BsaI-based seamless cloning
strategy with primer-encoded restriction sites or Gibson assembly (26). All inserts in recombinant
plasmids were sequenced in their entirety to confirm the absence of mutations. Plasmid pJRG8 (16) was
used to express various alleles of croRS in E. faecalis cells. For pSLB30, croRS was expressed from the P23S

promoter of pJRG8 with a carboxy-terminal Strep-tag fused to CroS. The remaining croRS plasmids were
constructed as previously described (12), with the P23S promoter of pJRG8 being removed and replaced
with the promoter region of the croRS locus and the croRS genes. During the construction of these
plasmids, a carboxy-terminal HA tag was fused to CroS.

Constructs for lacZ fusions with promoter regions of CroR-dependent genes were constructed by
using pCI3340 (27). First, the transcriptional terminator, multiple-cloning site, and lacZ gene of pCJK4 (28)
were amplified and introduced into pCI3340, generating pSLK234. Subsequently, the region upstream of
OG1RF_12500 was amplified (350 bp upstream of the start codon) and cloned into pSLK234 to generate
pSLK235. Because a lacZ fusion with the promoter region of croR already existed (pCJK106) (19), the
transcriptional terminator, croR promoter region, and lacZ gene were amplified from pCJK106 and
inserted into pCI3340, generating pJLL170. The lacZ-promoter fusions in the pCI3340 backbone gave a
larger range of beta-galactosidase activity in E. faecalis cells compared to pCJK4 derivatives.

Construction of E. faecalis mutants. In-frame deletion mutants in various E. faecalis strains were
constructed by using markerless allelic exchange, as previously described (28). Mutant alleles were
constructed and introduced into pCJK218 by using either a BsaI-based seamless cloning strategy
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with primer-encoded restriction sites or Gibson assembly (26). Each deletion allele retains codons at
the 5= and 3= ends of the gene in an attempt to avoid perturbing the expression of adjacent genes
(2 to 10% of the gene remains). All mutant strains were constructed independently at least twice for
analysis.

TABLE 3 Strains and plasmids used in this study

Strain or plasmid Genotype or descriptiona Source or reference

Strains
E. coli

DH5� Routine cloning host Laboratory stock
BL21(DE3) Protein overexpression host Laboratory stock

E. faecalis
OG1 Wild-type laboratory strain isolated from an oral

sample (MLST 1)
29

OG1RF Spontaneous rifampin- and fusidic acid-resistant
derivative of OG1

30

CK119 OG1RF ΔireK2 15
CK121 OG1RF ΔireP2 16
CK125 OG1RF Δ(ireP ireK)2 16
JL206 OG1 ΔireK2 18
JL367 OG1 ΔireB2 18
JL455 OG1 ΔireP2 18
JL457 OG1 ΔcroR2 ΔireP2 This work
SB6 OG1RF Δ(croR croS)3 This work
SB17 OG1RF Δ(croR croS)3 ΔireK2 This work
SB21 OG1RF ΔcroR2 This work
SB23 OG1 ΔcroR2 31
SB35 OG1 Δ(croR croS)3 12
SB95 OG1 ΔcisS1 ΔireP2 This work
SB97 OG1 ΔcisS1 ΔcroS2 ΔireP2 This work
SK131 OG1RF ireK K41R This work

Plasmids
pBK200 E. faecalis expression vector (Emr) 31
pCEM1 Pcro-croR-croS D173A T346A-HA in pJRG8 This work
pCJK111 ireK-n (kinase/juxtamembrane domain) in pET28b 16
pCJK112 ireP in pET28b 16
pCJK218 E. faecalis allelic exchange vector (Cmr) 28
pCJK236 P23-croRS-his6 in pBK200 This work
pCJK242 ΔireP2 deletion allele in pCJK218 18
pCI3340 E. coli-E. faecalis shuttle vector (Cmr) 27
pET28b E. coli expression vector (Knr) Novagen
pJRG8 E. faecalis expression vector (Emr) 16
pJLL69 ΔireK2 deletion allele in pCJK218 This work
pJLL170 Pcro=-lacZ in pCI3340 This work
pSLB6 ΔcroS2 deletion allele 12
pSLB7 Δ(croR croS)3 deletion allele 12
pSLB30 P23S-croRS-strep in pJRG8 This work
pSLB38 ΔcroR2 deletion allele in pCJK218 31
pSLB73 ΔcisS1 deletion allele in pCJK245 12
pSLK134 Pcro-croRS-HA in pJRG8 This work
pSLK135 Pcro-croR-croS H172A-HA in pJRG8 This work
pSLK136 Pcro-croR-croS D173A-HA in pJRG8 This work
pSLK137 Pcro-croR-croS S132A-HA in pJRG8 This work
pSLK138 Pcro-croR-croS Y223A-HA in pJRG8 This work
pSLK139 Pcro-croR-croS T224A-HA in pJRG8 This work
pSLK140 Pcro-croR-croS S327A-HA in pJRG8 This work
pSLK141 Pcro-croR-croS S341A-HA in pJRG8 This work
pSLK142 Pcro-croR-croS S343A-HA in pJRG8 This work
pSLK143 Pcro-croR-croS T346A-HA in pJRG8 This work
pSLK144 Pcro-croR-croS T349A-HA in pJRG8 This work
pSLK145 Pcro-croR-croS S358A-HA in pJRG8 This work
pSLK225 Pcro-croR-croS T346V-HA in pJRG8 This work
pSLK226 Pcro-croR-croS T346E-HA in pJRG8 This work
pSLK234 Promoterless lacZ in pCI3340 This work
pSLK235 Promoter region of OG1RF_12500 in pSLK234

(includes 350 bp upstream of the translational
start site)

This work

aMLST, multilocus sequence type.
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Antibiotic susceptibility determinations and growth curves. The MIC for ceftriaxone was deter-
mined by using a microtiter plate serial dilution method as described previously (12). Briefly, bacteria
from stationary-phase cultures in MHB (plus 10 �g/ml Em for plasmid-carrying strains) were inoculated
at a cell density of �105 CFU/ml into wells containing 2-fold serial dilutions of ceftriaxone. Plates were
incubated in a Bioscreen C plate reader at 37°C for 24 h with brief shaking before each measurement. The
optical density at 600 nm (OD600) was determined every 15 min, and the lowest concentration of
antibiotic that prevented growth was recorded as the MIC.

Sample collection for Phos-tag SDS-PAGE. (i) Stimulation of phosphorylated CroS/R by various
stressors. Stationary-phase cultures of SB35(pSLK134) were diluted to an OD600 of 0.01 in fresh MHB
supplemented with Em and a subinhibitory concentration of various stressors: ceftriaxone (128 �g/ml),
ampicillin (4 �g/ml), vancomycin (1.25 �g/ml), bacitracin (30 �g/ml), hydrogen peroxide (1.5 mM), or
norfloxacin (2 �g/ml). Cultures were grown at 37°C with aeration, and exponentially growing cells were
harvested at an OD600 of 0.2 for Phos-tag SDS-PAGE and immunoblot analyses.

(ii) IreK dependency of phosphorylated CroS. Stationary-phase cultures of SB6(pSLB30) and
SB17(pSLB30) were diluted to an OD600 of 0.01 in fresh MHB supplemented with Em and grown at 37°C
with aeration. Cultures were split in the exponential phase (OD600 � 0.2), left untreated or treated with
1 mg/ml ceftriaxone, and harvested after 90 min for Phos-tag SDS-PAGE and immunoblot analyses.

Phos-tag SDS-PAGE and immunoblot analyses. Bacteria were harvested by centrifugation after
mixing with an equal volume of a cold ethanol-acetone (1:1) mixture to rapidly kill the bacteria and
prevent any further signaling events. Pellets were washed with water and normalized based on the OD600

before lysozyme treatment and lysis with 1� SDS Laemmli sample buffer. Samples were loaded onto 8%
SDS-PAGE gels with or without 30 �M Phos-tag and 60 �M MnCl2 (for analysis of CroS) or onto 10%
SDS-PAGE gels with or without 20 �M Phos-tag and 40 �M MnCl2 (for analysis of CroR). Gels were run
at 4°C at 200 V in Laemmli’s buffer system until the dye front reached the bottom of the gel. For better
separation of CroS, the Phos-tag gel was run for an additional 45 min (200 V at 4°C). After electrophoresis,
gels were soaked in a 5 mM EDTA solution before being soaked in Bjerrum Schafer-Nielsen transfer buffer
with SDS (48 mM Tris, 39 mM glycine, 20% methanol, 1.3 mM SDS) and transferred onto a polyvinylidene
difluoride (PVDF) membrane using a Bio-Rad Trans-Blot semidry transfer apparatus. Transfer conditions
were 15 V for 120 min for the detection of CroS and 12 V for 30 min for the detection of CroR. Membranes
were blocked with 5% milk in Tris-buffered saline (TBS). CroS was detected by using antibodies to
epitope tags used in this study: a polyclonal rabbit anti-Strep-tag antibody (catalog number A00626;
GenScript) or a polyclonal rabbit anti-HA antibody (catalog number 71-5500 [Invitrogen] or ab9110
[Abcam]). CroR was detected by using custom rabbit anti-CroR antiserum. A horseradish peroxidase
(HRP)-conjugated goat anti-rabbit secondary antibody was used for antigen detection (catalog number
G21234; Invitrogen). A subunit of RNA polymerase (RpoA) was detected as a loading control by using
custom rabbit anti-RpoA antiserum.

Beta-galactosidase activity assays. CroS/R-dependent gene expression was monitored by using
lacZ fusion reporter plasmids (pJLL170 or pSLK235). Stationary-phase cultures of plasmid-bearing strains
were diluted to an OD600 of 0.01 in MHB supplemented with Cm for plasmid selection and cultured to
the exponential phase (OD600 � 0.2). Cultures were split and left unstressed or exposed to various
concentrations of vancomycin for 30 min before being harvested. Beta-galactosidase activity was
measured as previously described (19). Briefly, cells were permeabilized with SDS and chloroform, and
�-galactosidase activity was measured by using ortho-nitrophenyl-�-galactoside. Samples were analyzed
in triplicate, and experiments were performed a minimum of three times.

Isolation of E. faecalis membranes. Stationary-phase cultures of SB35(pSLK134) and JL457(pSLK134)
were diluted 1:50, grown to exponential phase in 100 ml of hBHI broth supplemented with Em (OD600 �
0.6 to 0.7), and harvested by centrifugation. Samples were resuspended in 50 mM Tris (pH 8.0) plus 1�
Halt protease inhibitor cocktail and subjected to bead beating for six rounds of 30 s each at 4°C. Samples
were centrifuged (16,000 � g for 3 min at 4°C), and the supernatant was collected. Ultracentrifugation
was performed on the whole-cell lysates (100,000 � g for 60 min at 4°C), and the insoluble fractions were
resuspended in a solution containing 50 mM Tris (pH 7.2), 25 mM NaCl, and 1� protease inhibitors to
be used for kinase/phosphatase assays with recombinant IreK and IreP.

In vitro reactions with E. faecalis membranes and recombinant IreK and IreP. In vitro IreK and
IreP kinase and phosphatase assays were performed with a reaction buffer described previously by Hall
et al. (17). Half of the reaction volume was comprised of the insoluble (i.e., membrane) fraction from
SB35(pSLK134) or JL457(pSLK134) whole-cell lysates. The soluble kinase domain of IreK or full-length IreP
expressed and isolated as previously described (16) was added to the membranes at 7 �M. When
included, ATP was added at 7 mM. Reaction mixtures were incubated at 37°C, quenched with SDS
loading buffer, and analyzed by Phos-tag SDS-PAGE and immunoblotting.

Isolation of CroS from E. faecalis cells and mass spectrometry analysis. A stationary-phase culture
of JL457(pCJK236) was diluted 1:50 in 500 ml of fresh hBHI medium supplemented with Em. The culture
was grown to exponential phase (OD600 � 0.6 to 0.7) and harvested by centrifugation. Bacteria were
treated with 5 ml of 5 mg/ml lysozyme and 100 U/ml mutanolysin in 50 mM Tris (pH 8) for 30 min at 37°C,
lysed by the addition 1% SDS, and solubilized by incubation at 37°C for 2 h. At room temperature, 2 ml
of an immobilized-metal affinity chromatography (IMAC)–Ni-charged slurry (Bio-Rad) was equilibrated
and mixed with the lysate for 30 min. The lysate-slurry mix was centrifuged (1,000 � g), and the unbound
fraction was collected. The resin was subsequently washed three times with wash buffer (5 ml per wash;
wash buffer contained 50 mM Tris [pH 8.0], 300 mM NaCl, 20 mM imidazole, and 1% SDS). Elution was
performed with 3 ml elution buffer (wash buffer with 500 mM imidazole). SDS-PAGE analysis was
performed on all fractions, and the elution fraction was concentrated by acetone precipitation. The
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concentrated CroS sample was excised from a Phos-tag SDS-PAGE gel and stored in microcentrifuge
tubes before analysis at the Proteomics and Mass Spectrometry Facility at the University of Massachu-
setts Medical School.
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