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ABSTRACT Enterococci are opportunistic pathogens that can cause severe bacterial
infections. Treatment of these infections is challenging because enterococci possess
intrinsic and acquired mechanisms of resistance to commonly used antibiotics, including
cephalosporins. The transmembrane serine/threonine PASTA kinase, IreK, is an important
determinant of enterococcal cephalosporin resistance. Upon exposure to cephalosporins,
IreK becomes autophosphorylated, which stimulates its kinase activity to phosphorylate
downstream substrates and drive cephalosporin resistance. However, the molecular
mechanisms that modulate IreK autophosphorylation in response to cell wall stress,
such as that induced by cephalosporins, remain unknown. A cytoplasmic protein, GpsB,
promotes signaling by PASTA kinase homologs in other bacterial species, but the func-
tion of enterococcal GpsB has not been previously investigated. We used in vitro and in
vivo approaches to test the hypothesis that enterococcal GpsB promotes IreK signaling
in response to cephalosporins to drive cephalosporin resistance. We found that GpsB
promotes IreK activity both in vivo and in vitro. This effect is required for cephalosporins
to trigger IreK autophosphorylation and activation of an IreK-dependent signaling path-
way, and thereby is also required for enterococcal intrinsic cephalosporin resistance.
Moreover, analyses of GpsB mutants and a DireK gpsB double mutant suggest that
GpsB has an additional function, beyond regulation of IreK activity, which is required for
optimal growth and full cephalosporin resistance. Collectively, our data provide new
insights into the mechanism of signal transduction by the PASTA kinase IreK and the
mechanism of enterococcal intrinsic cephalosporin resistance.

IMPORTANCE Enterococci are opportunistic pathogens that can cause severe bacterial
infections. Treatment of these infections is challenging because enterococci possess
intrinsic and acquired resistance to commonly used antibiotics. In particular, entero-
cocci are intrinsically resistant to cephalosporin antibiotics, a trait that requires the ac-
tivity of a transmembrane serine/threonine kinase, IreK, which belongs to the bacterial
PASTA kinase family. The mechanisms by which PASTA kinases are regulated in cells
are poorly understood. Here, we report that the cytoplasmic protein GpsB directly pro-
motes IreK signaling in enterococci to drive cephalosporin resistance. Thus, we provide
new insights into PASTA kinase regulation and control of enterococcal cephalosporin
resistance, and suggest that GpsB could be a promising target for new therapeutics to
disable cephalosporin resistance.
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Enterococci are Gram-positive bacteria and normal commensals of the human gas-
trointestinal tract. However, enterococci can transition to become pathogenic

under certain conditions, often leading to serious bacterial infections, including urinary
tract infections, endocarditis, and bacteremia (1). Treatment of these infections can be
difficult because enterococci possess intrinsic and acquired mechanisms of resistance
to various commonly used antibiotics (2, 3). In particular, enterococci are intrinsically
resistant to cephalosporins, a class of b-lactam antibiotics, but the mechanism of this
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resistance is incompletely understood. Cephalosporin therapy is a known risk factor for
developing an enterococcal infection (4), likely because the intrinsic cephalosporin
resistance of enterococci enables them to proliferate to abnormally high numbers in
the intestinal tract during cephalosporin therapy and readily disseminate to other sites
(5, 6). Therefore, elucidating the mechanisms of cephalosporin resistance can aid in the
development of novel therapeutics to disable resistance and treat or prevent entero-
coccal infections.

One factor known to be important for cephalosporin resistance in enterococci is IreK,
a transmembrane serine/threonine kinase that belongs to the bacterial “PASTA kinase”
family due to the presence of multiple extracellular PASTA domains (7). An Enterococcus
faecalis strain lacking IreK activity exhibits decreased cephalosporin resistance compared
to wild-type cells, and conversely a strain lacking the cognate phosphatase IreP—in
which IreK is hyperactivated—exhibits increased cephalosporin resistance (8, 9). IreK
phosphorylates substrates to initiate a signaling cascade in response to cell wall stress,
such as that induced by cephalosporins (10). Robust phosphorylation of downstream
substrates requires initial activation of the kinase through autophosphorylation (9, 10).
Upon exposure to cell wall stressors or other signals indicative of growth, the kinase
becomes autophosphorylated at three threonine residues on a structural element known
as the “activation loop” located in the intracellular kinase domain (10, 11). Mutation of
these activation loop threonines to alanines to prevent their phosphorylation results in
decreased cephalosporin resistance, comparable to that of a DireK mutant, indicating
how important this autophosphorylation is for activation of IreK to phosphorylate sub-
strates and thereby initiate a signaling cascade to drive cephalosporin resistance (9, 10).
In other words, autophosphorylation of IreK “licenses” it to phosphorylate substrates at a
high level, and full analysis of the activation state of the IreK signaling pathway in cells
therefore requires assessment of both IreK phosphorylation (is IreK licensed to phosphoryl-
ate substrates?) and substrate phosphorylation (is IreK actually phosphorylating substrates?).
To turn off the signaling pathway, the cognate phosphatase, IreP, dephosphorylates IreK (9).
Accordingly, a DirePmutant exhibits increased levels of IreK autophosphorylation, substrate
phosphorylation, and resistance to cephalosporin antibiotics (9, 10, 12). Additional mecha-
nisms which regulate IreK activity and signaling in enterococci remain unknown.

Previous work identified two proteins important for enterococcal cephalosporin re-
sistance, CroS and IreB, which become phosphorylated in an IreK-dependent manner
(12, 13). To identify additional proteins that become phosphorylated through IreK sig-
naling which may be important for cephalosporin resistance, a phosphoproteomic
study was performed (14). Among other putative substrates, the cytoplasmic protein
GpsB was identified and confirmed to be phosphorylated by IreK (14). Enterococcal
GpsB has not been previously investigated, but GpsB homologs have been studied in
other bacterial species. GpsB homologs have been implicated in cell division and elon-
gation, as evidenced by localization to the septa of dividing cells; interaction with cell
division and elongation proteins EzrA, MreC, and several penicillin-binding proteins
(PBPs; transmembrane enzymes which catalyze the final steps of peptidoglycan cell
wall synthesis); and the fact that cells lacking gpsB are either not viable or exhibit an
elongated cell phenotype with multiple, non-constricted septa (15–20). The GpsB hom-
olog in Bacillus subtilis was identified as a substrate of PrkC, the PASTA kinase (IreK)
homolog (21), but whether GpsB becomes phosphorylated in other bacterial species
(besides E. faecalis) has not been determined. While only one residue becomes phos-
phorylated on the B. subtilis GpsB homolog (21), our phosphoproteomic study identi-
fied eight putative phosphorylation sites for GpsB in E. faecalis (14). The importance of
each of these predicted sites on protein phosphorylation and the role of phosphoryla-
tion at these sites in enterococci remain to be determined.

GpsB influences signaling by PASTA kinases in B. subtilis and Streptococcus pneumo-
niae. Specifically, B. subtilis and S. pneumoniae cells lacking gpsB exhibit decreased
PASTA kinase phosphorylation (18, 21, 22). Accordingly, PASTA kinase substrate phos-
phorylation has been shown to be decreased in S. pneumoniae cells lacking gpsB, but
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has not been investigated in vivo for B. subtilis (18, 22). Incubation of the purified intra-
cellular kinase domain of the B. subtilis PASTA kinase homolog, PrkC, with purified
B. subtilis GpsB in vitro resulted in increased substrate phosphorylation compared to
reaction mixtures lacking GpsB, suggesting that GpsB acts directly on the kinase (21).
Additionally, a GpsB phosphomimetic mutant exhibited reduced ability to promote
PrkC activity, suggesting that phosphorylation of GpsB impairs the ability of GpsB to
promote PrkC signaling (21). In principle, GpsB could also influence signaling through
PASTA kinase pathways by altering the activity of the cognate phosphatase for PASTA
kinases (known as PrpC, Stp, or IreP in various bacterial species), although such an
effect has not been reported. The importance of GpsB phosphorylation and the role of
GpsB as it relates to PASTA kinase signaling has not been thoroughly investigated in
other bacterial species.

Here, we investigated the function of GpsB in E. faecalis and in the context of ceph-
alosporin resistance. We hypothesized that GpsB would be required for enterococcal
cephalosporin resistance by specifically promoting IreK signaling. Using in vivo and in
vitro approaches, we found that GpsB does not influence IreP phosphatase activity, but
instead acts directly on IreK to promote IreK autophosphorylation and signaling in
E. faecalis upon exposure to physiologically relevant stimuli, thereby promoting cepha-
losporin resistance.

RESULTS
GpsB promotes IreK signaling. To test the hypothesis that GpsB promotes IreK sig-

naling in enterococci, we constructed a markerless, in-frame deletion of gpsB in an other-
wise wild-type E. faecalis strain. The DgpsB mutant grew as well as wild-type at 37°C but
exhibited a growth defect at 45°C, consistent with the temperature-sensitive phenotype
of the Listeria monocytogenes DgpsBmutant (23) (Fig. S1 and S2 in the supplemental ma-
terial). The DgpsB mutant also exhibited an abnormal chained morphology compared to
wild-type cells (Fig. S3). Both the growth and cellular morphology phenotypes of the
DgpsB mutant mimicked the phenotypes of strains with a catalytically impaired IreK or
no IreK at all (ireK K41R mutant and DireK mutant, respectively), consistent with the hy-
pothesis that GpsB promotes IreK signaling. We analyzed IreK phosphorylation and acti-
vation of the IreK signaling pathway (reflected by substrate phosphorylation) in the
DgpsB mutant by monitoring phosphorylation of IreK and MltG (a transmembrane pro-
tein phosphorylated by IreK [14]) by Phos-tag sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), as previously described (10, 14). During Phos-tag SDS-PAGE,
phosphorylated proteoforms migrate more slowly than unphosphorylated proteoforms,
enabling separation and quantitation of unphosphorylated versus phosphorylated pro-
teoforms. As previously reported (10, 14), both IreK and MltG were partially phosphoryl-
ated in untreated wild-type cells (Fig. 1A), and exposure to the cephalosporin ceftriaxone
significantly increased phosphorylation of both IreK and MltG (Fig. 1A). These results
confirm that IreK had been licensed for signaling (via autophosphorylation), and that an
IreK-dependent signaling pathway was activated in response to the cell wall stress
caused by cephalosporins (10). However, both IreK and MltG phosphorylation were sig-
nificantly decreased in the DgpsBmutant (Fig. 1B) and did not change upon exposure to
ceftriaxone (Fig. 1C). Furthermore, the lack of MltG phosphorylation in the DgpsBmutant
was comparable to that of the DireK mutant (Fig. S4). Together, these data indicate that
IreK is unable to sense ceftriaxone-mediated cell wall stress to become activated or
phosphorylate substrates in the absence of GpsB. Ectopic expression of gpsB in the
DgpsB mutant restored IreK and MltG phosphorylation as well as the response to cef-
triaxone-mediated cell wall stress (Fig. 1D and E), confirming that this defect was due to
loss of GpsB. We noted that ectopic expression of GpsB from a plasmid led to a signifi-
cant increase in IreK and MltG phosphorylation compared to that in wild-type cells,
which may be because gpsB is overexpressed from this plasmid compared to chromoso-
mally expressed gpsB (Fig. S5). Collectively, these data support our hypothesis that GpsB
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promotes both IreK phosphorylation and activation of an IreK-dependent signaling path-
way in E. faecalis cells.

GpsB associates with IreK in vivo. To explore the possibility that GpsB promotes IreK
signaling through an interaction with IreK in vivo, we ectopically overexpressed IreK-His6 in
cells lacking ireK and used immobilized metal affinity chromatography to enrich for IreK-His6
from cell lysates along with any associated proteins. Immunoblotting verified that IreK-His6

FIG 1 GpsB promotes IreK phosphorylation and signaling in vivo. Exponentially growing cells were treated (or
not) with ceftriaxone (Cftx, 128 mg/mL). Total protein lysates were prepared, and pairwise comparisons were
subjected to Phos-tag SDS-PAGE followed by immunoblot analysis using antiserum to detect IreK or MltG. (A)
WT/vector (wild-type harboring empty vector control), untreated (–) and ceftriaxone-treated (1). (B) WT/vector
and DgpsB/vector, both untreated. (C) DgpsB/vector untreated and ceftriaxone-treated. (D) WT/vector and
DgpsB/p-gpsB-His6, both untreated. (E) DgpsB/p-gpsB-His6, untreated and ceftriaxone-treated. Immunoblot
images are representative of at least 3 biological replicates per strain or condition. Bar graph data show the
average % of IreK or MltG phosphorylation (% IreK-P or % MltG-P, respectively) of the 3 replicates. Error bars
represent one standard deviation. *, P , 0.05; **, P , 0.01; ns, not significant; Student’s t test (heteroscedastic,
two-tailed). Strains used were WT/vector, OG1/pJRG9; DgpsB/vector, JL635/pJRG9; DgpsB/p-gpsB-His6, JL635/
pNEM4; DireK/vector, JL206/pJRG9; and DmltG/vector, JL650/pJRG9.
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was successfully enriched from cells that were overexpressing IreK-His6, but not in the vec-
tor-only controls (Fig. 2). The cytoplasmic GpsB was also present in the IreK-His6 containing
elution fraction, but not in the vector-only controls, indicating that GpsB directly or indi-
rectly associated with IreK in vivo. In contrast, CroR, another cytoplasmic protein important
for cephalosporin resistance (12), was not present in any of the elution fractions, indicating
that the pulldown of GpsB with IreK-His6 was specific.

GpsB acts directly on IreK. Having found that GpsB associated with IreK in vivo, we
reasoned that GpsB could act directly on IreK to promote signaling and investigated
this possibility using in vitro assays with purified proteins. To test the hypothesis that
GpsB increases the rate of IreK autophosphorylation, the dephosphorylated, cytoplas-
mic kinase domain of IreK (His6-IreK-n) was incubated in the presence or absence of
GpsB and ATP. After separating the proteins by SDS-PAGE, Pro-Q Diamond phospho-
protein gel stain was used to visualize phosphorylated His6-IreK-n and SYPRO Ruby
protein gel stain was used to visualize total His6-IreK-n. Without ATP, His6-IreK-n did
not become phosphorylated after incubation for 120 min (Fig. 3A). The low level of
Pro-Q Diamond signal observed for these samples could be because His6-IreK-n was
not completely dephosphorylated prior to the experiment, or because the stain non-
specifically interacted with His6-IreK-n at some low level. Regardless, after adding ATP,
the Pro-Q Diamond signal increased over time, indicative of increasing phosphoryla-
tion of His6-IreK-n. The emergence of an additional faint upper band in the gels stained
with Pro-Q Diamond represents heavily phosphorylated His6-IreK-n (IreK is capable of
being phosphorylated at multiple sites) (9, 11). This upper band was not seen as clearly
in the SYPRO Ruby-stained gels (total His6-IreK-n) presumably because the SYPRO stain
was not sensitive enough to detect the small amount of heavily phosphorylated pro-
teoforms present. Addition of GpsB significantly increased the relative His6-IreK-n auto-
phosphorylation rate by 2.2-fold (Fig. 3B and C). These results indicate that GpsB acts
directly on IreK to enhance IreK autophosphorylation in vitro.

Another potential way that GpsB could impact activation of IreK-dependent signaling
pathways would be to alter the activity of the cognate phosphatase, IreP, thereby modu-
lating IreK phosphorylation indirectly. To test whether GpsB could act on the IreP phos-
phatase to alter its dephosphorylation activity, we monitored IreP-mediated His6-IreK-n
dephosphorylation in the presence and absence of a 10-fold excess of GpsB relative to
His6-IreK-n. The presence of GpsB did not alter the rate of His6-IreK-n dephosphorylation
by IreP in vitro (Fig. S6), indicating that GpsB does not influence IreK-dependent signal-
ing by altering IreP activity, at least in vitro.

GpsB is required for cephalosporin resistance. Because GpsB promotes IreK signal-
ing in E. faecalis, and IreK signaling is important for cephalosporin resistance (8–10), we
hypothesized that GpsB was also essential for cephalosporin resistance in enterococci. To

FIG 2 GpsB associates with IreK in vivo. Ectopically expressed IreK-His6 was enriched from exponentially
growing Enterococcus faecalis cell lysates using immobilized metal affinity chromatography. Immunoblotting
was performed on the input (lysate) and elution fractions using antisera to detect IreK (IreK and IreK-His6),
GpsB, and CroR. Data are representative of at least 3 independent experiments. Strains were DirePireK/
vector, CK125/pJRG9; DirePireK/p-irePireK-His6, CK125/pJLL47; DgpsB/vector, JL635/pJRG9; and DcroR/vector,
SB23/pJRG9.
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test this, we performed antibiotic susceptibility assays. The E. faecalis DgpsB mutant exhib-
ited decreased resistance to the cephalosporins ceftriaxone and cefuroxime compared to
the wild type (Table 1, Table S1 in the supplemental material), but exhibited little to no
changes in resistance to other antibiotics with diverse targets (Table S1). Additionally, the
ceftriaxone MIC value for the DgpsB mutant was the same as that for the DireK mutant
(Table 1), as might be predicted if IreK signaling is defective in the DgpsB mutant. An
E. faecium DgpsB mutant also exhibited decreased resistance to ceftriaxone compared to
its otherwise isogenic wild-type strain (Table 1), indicating the importance of GpsB for
cephalosporin resistance across clinically relevant enterococci. Ectopic overexpression of
GpsB restored ceftriaxone resistance to the DgpsBmutant and even led to increased ceph-
alosporin resistance compared to the wild type (Table 2), presumably due to overexpres-
sion of GpsB from the plasmid (Fig. S5). This is also unsurprising given that IreK signaling
was found to be significantly increased in the strain ectopically overexpressing gpsB.
Taken together, these data indicate that GpsB is required for cephalosporin resistance in
enterococci.

In other bacterial species, GpsB homologs have been found to interact with and are

FIG 3 GpsB enhances the rate of IreK autophosphorylation in vitro. In vitro kinase assays were performed with
purified proteins to assess the impact of wild-type (WT) GpsB, the GpsB 8A mutant, or the GpsB DP114-F136
mutant on IreK autophosphorylation. Dephosphorylated, wild-type His6-IreK-n was incubated with or without a 10-fold
excess of wild-type GpsB, GpsB 8A mutant, or GpsB DP114-F136 mutant at 37°C. Samples of each reaction were taken
at intervals after the addition of excess ATP. (A) After SDS-PAGE, Pro-Q Diamond phosphoprotein stain was used to
visualize phosphorylated His6-IreK-n (P-His6-IreK-n) and SYPRO Ruby protein gel stain was used to visualize total
His6-IreK-n. Gel images are representative of at least three independent experiments. (B) The phosphorylated
His6-IreK-n and total His6-IreK-n signals from the gel images were quantified. Relative His6-IreK-n phosphorylation
at each time point was calculated by determining the ratios of phosphorylated His6-IreK-n to total His6-IreK-n for
each time point. Graph is representative of results from at least 3 independent experiments. (C) Initial relative
His6-IreK-n phosphorylation rates were determined by finding the slopes of the best-fit lines in graph (panel B)
from time points 2 to 30 min for each reaction. Data are the mean x-fold changes in rates for each reaction
relative to the His6-IreK-n-only reaction from at least 3 independent experiments. Error bars represent one
standard deviation. *, P , 0.05; Student’s t test (heteroscedastic, two-tailed).
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important for the localization and function of penicillin-binding proteins (PBPs) (15, 18,
19, 23). To test whether E. faecalis GpsB might have some additional function beyond
promoting activation of IreK, we constructed an DireK gpsB double-deletion mutant
and analyzed its growth and cephalosporin resistance properties. The DireK gpsB dou-
ble mutant exhibited a modestly reduced MIC for ceftriaxone compared to the DireK
strain (Table 1). Additionally, the DireK gpsB mutant exhibits a marked growth defect at
37°C compared to the DireK strain (Fig. S1). Complementation of the DireK gpsB double
mutant with gpsB from a plasmid rescued the growth defect (Fig. S7) and modestly
increased cephalosporin resistance (Table S2). Together, these data demonstrating the
phenotypic effects of GpsB deletion in the absence of IreK indicate that GpsB has some
IreK-independent function in E. faecalis.

Unphosphorylated GpsB enhances IreK autophosphorylation in vitro. GpsB is
itself phosphorylated by IreK, with 8 putative sites of phosphorylation identified via
phosphoproteomics: S80, T84, T107, S109, T110, T113, T120, and T133 (14) (Fig. S8).
Accordingly, incubation of purified wild-type GpsB with wild-type His6-IreK-n, but not a
catalytically impaired mutant His6-IreK-n (K41R), resulted in phosphorylation of GpsB
(Fig. 4), as previously observed (14). To determine if GpsB phosphorylation impacts its
ability to promote IreK signaling, we created a GpsB phosphoablative mutant in which
all 8 putative phosphorylation sites were simultaneously mutated to alanine (here
referred to as the GpsB 8A mutant). Analysis of the purified GpsB 8A mutant by in vitro
phosphorylation assays revealed that it did not become phosphorylated by IreK (Fig. 4),
confirming that one or more of those 8 sites are critical for GpsB phosphorylation. To
determine if unphosphorylated GpsB can promote IreK autophosphorylation, we per-
formed in vitro IreK autophosphorylation assays as previously in the presence and ab-
sence of the GpsB 8A mutant. As in the case of wild-type GpsB, addition of the GpsB 8A
mutant significantly increased the relative phosphorylation rate of His6-IreK-n to levels
comparable to wild-type GpsB (Fig. 3) indicating that phosphorylation of GpsB is not
required to enhance IreK-n autophosphorylation in vitro.

Unphosphorylated GpsB impairs cephalosporin resistance and IreK phospho-
rylation in vivo. Because the GpsB 8A mutant increased the rate of IreK-n autophos-

TABLE 1 GpsB is required for enterococcal cephalosporin resistance

Enterococcus straina Ceftriaxone MIC (mg/mL)b

E. faecalis
WTc 64
DgpsB 2
DireK 2
DireK gpsB 0.5

E. faecium
WT 32
DgpsB 2

aE. faecalis strains: WT, OG1; DgpsB, JL635; DireK, JL206; and DireK gpsB, NM6. E. faecium strains: WT, 1141733; and
DgpsB, JL638.

bData represent the median minimal inhibitory concentration (MIC) from 3 independent biological replicates.
cWT, wild type.

TABLE 2Median MICs of E. faecalis strains ectopically expressing GpsB mutants

E. faecalis straina Ceftriaxone MIC (mg/mL)b

WT/vectorc 64
DgpsB/vector 2
DgpsB/p-gpsB-His6 512
DgpsB/p-gpsB 8A-His6 8
DgpsB/p-gpsB DP114-F136-His6 32
aWT/vector, OG1/pJRG9; DgpsB/vector, JL635/pJRG9; DgpsB/p-gpsB-His6, JL635/pNEM4; DgpsB/p-gpsB 8A-His6,
JL635/pNEM29; and DgpsB/p-gpsB DP114-F136-His6, JL635/pNEM6.

bData represent the median MIC from 3 independent biological replicates.
cWT, wild type.
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phorylation like wild-type GpsB in vitro, and wild-type GpsB is required for IreK signal-
ing in vivo, we hypothesized that the GpsB 8A mutant would promote cephalosporin
resistance and IreK signaling in vivo as well. Immunoblotting confirmed that the GpsB
8A mutant was ectopically expressed at levels comparable to ectopically expressed
wild-type GpsB (Fig. S5). Expression of the GpsB 8A mutant led to a modest increase in
ceftriaxone resistance of the DgpsB mutant, but unlike wild-type GpsB, the GpsB 8A
mutant did not promote robust ceftriaxone resistance (Table 2), suggesting that phos-
phorylation of GpsB is critical for some aspect of its function in driving cephalosporin
resistance. Phos-tag SDS-PAGE and immunoblotting revealed that the strain ectopically
expressing the GpsB 8A mutant exhibited decreased IreK phosphorylation in untreated,
growing cells compared to the strain ectopically expressing wild-type GpsB (Fig. 5A).
However, there was no significant difference in MltG phosphorylation between the two
strains (Fig. 5A), suggesting that the (relatively) low level of IreK signaling occurring in
unstressed growing cells was unaffected by expression of the GpsB 8A mutant. When
exposed to ceftriaxone, both IreK and MltG phosphorylation significantly increased in
the strain ectopically expressing the GpsB 8A mutant (Fig. 5B). Therefore, because IreK
signaling (as reflected by MltG phosphorylation) is unchanged and is responsive to cell
wall stress induced by cephalosporins, we conclude that phosphorylation of GpsB is not
required for the ability of GpsB to promote IreK signaling in vivo.

The C-terminal tail of GpsB promotes cephalosporin resistance and GpsB phos-
phorylation. Enterococcal GpsB possesses an extension of ;25 amino acids of unknown
function at its C terminus relative to GpsB homologs in other bacterial species (Fig. S8). To
determine if this “C-terminal tail” is functionally important for GpsB to promote IreK

FIG 4 Mutations impair GpsB phosphorylation by IreK in vitro. In vitro phosphorylation assays were
performed with purified proteins to assess phosphorylation of GpsB by IreK. Reactions contained
GpsB (wild-type [WT], 8A mutant, or DP114-F136 mutant) and either no kinase (none), wild-type His6-
IreK-n (WT), or a catalytically impaired His6-IreK-n K41R mutant (K41R), and were incubated at 37°C.
Samples of the reactions were taken at intervals after the addition of excess ATP. (A) After SDS-PAGE,
GpsB phosphorylation (P-GpsB) was visualized using Pro-Q Diamond phosphoprotein gel stain and
total GpsB was visualized using SYPRO Ruby protein gel stain. Data are representative of at least 2
independent experiments. (B) The x-fold change in relative GpsB phosphorylation was determined by
calculating the ratio of P-GpsB to total GpsB at 150 min in the reactions containing wild-type His6-
IreK-n. Data are the mean x-fold changes in phosphorylation for each GpsB mutant relative to wild-
type GpsB from 2 independent experiments. Error bars represent one standard deviation. *, P , 0.05;
**, P , 0.01; Student’s t test (heteroscedastic, two-tailed).
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signaling and cephalosporin resistance, we deleted the codons which encode amino acids
P114 to F136 from E. faecalis gpsB (here referred to as GpsB DP114-F136) and ectopically
expressed this truncated protein in the DgpsB mutant. Antibiotic susceptibility assays indi-
cated that the GpsB DP114-F136 mutant slightly increased the cephalosporin resistance of
the DgpsB mutant, but not to the same extent as wild-type GpsB (Table 2). However, im-
munoblotting revealed that the GpsB DP114-F136 mutant exhibited decreased abundance
compared to ectopically expressed wild-type GpsB (Fig. S5), which may account for the dif-
ference in cephalosporin resistance between the two strains. Analysis of the GpsB DP114-
F136 mutant by in vitro phosphorylation assays revealed that the mutant is minimally
phosphorylated after 150 min (Fig. 4), indicating that the C-terminal tail is important for
phosphorylation of GpsB by IreK.

The GpsB C-terminal tail modulates IreK signaling. To determine if the GpsB
DP114-F136 mutant impacts the rate of IreK autophosphorylation in vitro, we performed
an in vitro IreK autophosphorylation assay in the presence and absence of the purified
GpsB DP114-F136 mutant. The presence of GpsB DP114-F136 significantly increased the
rate of IreK autophosphorylation by 2.8-fold compared to a reaction that did not contain
the mutant (Fig. 3), indicating that the C-terminal tail is not required for GpsB to enhance
IreK autophosphorylation in vitro. Phos-tag SDS-PAGE analysis revealed that the strain
ectopically expressing GpsB DP114-F136 exhibited significantly increased IreK and MltG
phosphorylation in untreated, growing cells compared to the strain ectopically expressing

FIG 5 The GpsB 8A mutant impairs IreK autophosphorylation, but not IreK signaling, in unstressed,
growing cells in vivo. Exponentially growing cells were treated (or not) with ceftriaxone (Cftx, 128 mg/ml)0
as was done in the legend to Fig. 1A. Total protein lysates were prepared, and pairwise comparisons
were subjected to Phos-tag SDS-PAGE followed by immunoblot analysis using antiserum to detect IreK or
MltG. (A) DgpsB/p-gpsB-His6 and DgpsB/p-gpsB 8A-His6, both untreated. (B) DgpsB/p-gpsB 8A-His6,
untreated (–) and ceftriaxone-treated (1). Immunoblot images are representative of at least 3 biological
replicates per strain or condition. Bar graph data show the average % of IreK or MltG phosphorylation (%
IreK-P or % MltG-P, respectively) of the 3 replicates. Error bars represent one standard deviation. *, P ,
0.05; **, P , 0.01; ns, not significant; Student’s t test (heteroscedastic, two-tailed). Strains were DgpsB/p-
gpsB-His6, JL635/pNEM4; DgpsB/p-gpsB 8A-His6, JL635/pNEM29; DireK/vector, JL206/pJRG9; and DmltG/
vector, JL650/pJRG9.
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wild-type GpsB (Fig. 6A), suggesting that the C-terminal tail normally impairs the ability of
GpsB to activate IreK signaling in unstressed cells. When exposed to ceftriaxone, the distri-
bution of phosphorylated IreK proteoforms shifted in the strain ectopically expressing
GpsB DP114-F136 (Fig. 6B; note the decrease in the “middle” phosphorylated band and
increase in the “upper” phosphorylated band), indicating ceftriaxone-responsive changes
in IreK phosphorylation, although the overall level of IreK phosphorylation was not statisti-
cally different upon ceftriaxone exposure (possibly because IreK was already so highly
phosphorylated in the unstressed condition). MltG phosphorylation was significantly
increased upon ceftriaxone exposure (Fig. 6B), confirming that activation of IreK-depend-
ent signaling pathways can occur in the absence of the GpsB C-terminal tail. Taken to-
gether, these data suggest that one role of the GpsB C-terminal tail may be to impair the
ability of GpsB to promote IreK phosphorylation in unstressed cells when low levels of IreK
signaling are sufficient.

DISCUSSION

GpsB has been shown to be important for PASTA kinase phosphorylation and/or signal-
ing in B. subtilis and S. pneumoniae (18, 21, 22), but whether this occurs in other bacterial
species, and the mechanism by which GpsB promotes PASTA kinase signaling, are poorly
understood. Here, we identified GpsB as a new determinant of cephalosporin resistance in
both of the most clinically relevant species of enterococci. Using both in vitro and in vivo

FIG 6 The GpsB DP114-F136 mutant enhances IreK autophosphorylation and signaling in vivo. Exponentially
growing cells were treated with ceftriaxone (Cftx, 128 mg/mL) or untreated. Total protein lysates were
prepared, and pairwise comparisons were subjected to Phos-tag SDS-PAGE followed by immunoblot analysis
using antiserum to detect IreK or MltG. (A) DgpsB/p-gpsB-His6 and DgpsB/p-gpsB DP114-F136-His6, both
untreated. (B) DgpsB/p-gpsB DP114-F136-His6, untreated (–) and ceftriaxone-treated (1). Immunoblot images
are representative of at least 3 biological replicates per strain or condition. Bar graph data show the average
% of IreK or MltG phosphorylation (% IreK-P or % MltG-P, respectively) of the 3 replicates. Error bars represent
one standard deviation. *, P , 0.05; **, P , 0.01; ns, not significant; Student’s t test (heteroscedastic, two-
tailed). Strains were DgpsB/p-gpsB-His6, JL635/pNEM4; DgpsB/p-gpsB DP114-F136-His6, JL635/pNEM6; DireK/
vector, JL206/pJRG9; and DmltG/vector, JL650/pJRG9.
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approaches, we determined that GpsB directly promotes autophosphorylation of the
PASTA kinase IreK and subsequent activation of IreK-dependent signaling pathways to
drive cephalosporin resistance. Multiple lines of evidence establish connections between
the biochemical results and in vivo phenotypes to support this conclusion: (i) deletion of
gpsB leads to losses in IreK phosphorylation, IreK substrate phosphorylation, and cephalo-
sporin resistance (Fig. 1, Tables 1 and 2); (ii) overexpression of wild-type GpsB leads to ele-
vated levels of IreK and substrate phosphorylation, and elevated cephalosporin resistance
(Fig. 1, Table 2); and (iii) exposure to cephalosporins leads to enhanced levels of IreK phos-
phorylation and substrate phosphorylation concomitant with cephalosporin resistance
(Fig. 1). The impact of GpsB on activation of IreK-dependent signaling does not appear to
involve modulation of the cognate phosphatase IreP, because GpsB did not alter IreP-
dependent dephosphorylation of IreK in vitro. Because the amount of GpsB added to these
dephosphorylation reactions was in 10-fold excess of His6-IreK-n, and His6-IreK-n was in
100-fold excess of IreP, our results argue against the following possibilities: (i) that GpsB
acts directly on IreP to inhibit phosphatase activity or (ii) that it acts on His6-IreK-n to block
IreP from dephosphorylating the PASTA kinase.

This is the first report, to the best of our knowledge, to identify that the cytoplasmic
protein GpsB is required for activation of PASTA kinase (IreK) signaling in response to a
physiologically relevant external cell wall stress (cephalosporins). In other words, IreK
appears to be “blind” to cephalosporin-induced stress without the assistance of GpsB.
While the extracellular domains of PASTA kinases have traditionally been viewed as
the functionally important “sensory input” modules that recognize cell wall stress to
trigger kinase activation, and the extracellular module of IreK is required for IreK to
respond to cell wall stress (10), our data suggest that regulation of PASTA kinase sig-
naling is more complex in that a cytoplasmic partner (GpsB) is also required for this
response. One possible model for how GpsB promotes IreK signaling in response to
cell wall stress is that upon sensing cell wall stress via the PASTA domains, a conforma-
tional change occurs in the intracellular kinase domain of IreK, and GpsB is required to
stabilize this conformational change to allow for efficient autophosphorylation of the
activation loop and subsequent activation of IreK signaling. However, more work is
required to elucidate the molecular mechanism by which GpsB acts to modulate
PASTA kinase phosphorylation.

GpsB has been identified as a substrate of the PASTA kinase homolog in B. subtilis
(21) and, more recently, of IreK in E. faecalis (14). Eight putative phosphorylation sites
were identified for E. faecalis GpsB (14), but the importance of phosphorylation on
GpsB function had not been previously determined. In B. subtilis, unphosphorylated
GpsB promotes PASTA kinase autophosphorylation as well as wild-type GpsB (21). Our
data agrees with the findings for B. subtilis, where unphosphorylated GpsB enhances
IreK autophosphorylation as well as wild-type GpsB in vitro (Fig. 3). In contrast, unphos-
phorylated GpsB does not promote IreK phosphorylation as well as wild-type GpsB in
unstressed, growing E. faecalis cells (Fig. 5A), although phosphorylation of both IreK
and MltG was enhanced upon exposure to ceftriaxone (Fig. 5B). Our previous work (10)
suggested that IreK may respond to two types of signals: one associated with growth
and/or division, and another resulting from cephalosporin-mediated cell wall stress. It
is clear from our results that unphosphorylated GpsB promotes the response to cepha-
losporins normally, but the decrease in IreK phosphorylation observed in unstressed
growing cells (Fig. 5A) suggests that phosphorylation of GpsB might be required for
IreK to efficiently detect the “growth signal” in vivo. Further work is required to deter-
mine whether phosphorylation at all eight GpsB residues collectively is important to
regulate the role of GpsB on IreK activation and cephalosporin resistance, or whether
phosphorylation at different sites has distinct functions which differentially impact IreK
phosphorylation and signaling in vivo.

One striking feature of enterococcal GpsB is that it possesses a functionally impor-
tant extension of ;25 amino acids at the C terminus which is not found in the previ-
ously studied GpsB homologs. There are two putative phosphorylation sites found in
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the C-terminal tail: T120 and T133. Our in vitro data reveal that the GpsB DP114-F136
mutant gets phosphorylated at a reduced level relative to wild-type GpsB (Fig. 4).
Therefore, either or both T120 and T133 residues may be important for phosphoryla-
tion of GpsB overall, although one or more other sites must also be phosphorylated at
some level. Pompeo et al. (21) identified that T75 in B. subtilis GpsB (which roughly cor-
responds to E. faecalis GpsB T84 and is close to S80) is important for GpsB phosphoryla-
tion and may be important for regulating PrkC signaling. Phosphorylatable residues
are conserved in this region of the sequence among GpsB homologs from diverse spe-
cies, including enterococci (Fig. S8). Therefore, we speculate that the residual phospho-
rylation on the GpsB DP114-F136 mutant occurs on T84 and/or S80. Future work will
tease apart the functional importance and relationships between the multiple sites of
phosphorylation on enterococcal GpsB.

In vivo, ectopic expression of the GpsB DP114-F136 mutant resulted in significantly
increased IreK autophosphorylation and IreK-dependent signaling in unstressed cells
compared to ectopic expression of wild-type, full-length GpsB (Fig. 6). This indicates
that the C-terminal tail is not required for GpsB to directly promote IreK autophospho-
rylation, and instead may act to autoinhibit this function in unstressed cells where (rel-
atively) low levels of IreK signaling are needed. Notably, the GpsB DP114-F136 mutant
exhibited decreased abundance compared to full-length GpsB, despite being expressed
from the same constitutive promoter (Fig. S4). It is unknown why this mutant exhibits
decreased abundance, but it is worth noting that the GpsB DP114-F136 mutant drives
elevated IreK phosphorylation despite the reduced abundance in vivo, suggesting the
GpsB DP114-F136 mutant is especially proficient at activating IreK.

Previous studies have correlated increased IreK signaling with hyper-resistance to
cephalosporins (9, 10), consistent with the majority of results reported here. However,
in our study, even though ectopic expression of the GpsB DP114-F136 mutant leads to
increased IreK signaling, the strain exhibits decreased cephalosporin resistance com-
pared to the strain expressing wild-type GpsB (Fig. 6; Table 2). Similarly, in the strain
expressing the GpsB 8A mutant, IreK signaling appears unchanged compared to that
in the strain expressing wild-type GpsB, but there is a decrease in cephalosporin resist-
ance (Fig. 5; Table 2). These two instances represent departures from the otherwise ro-
bust correlation between IreK-dependent signaling and cephalosporin resistance
noted above, and suggest that GpsB possesses an additional function that acts inde-
pendently and downstream of IreK to promote cephalosporin resistance. We tested
this by constructing the DireK gpsB double mutant and found that even in the absence
of IreK, loss of GpsB resulted in additional phenotypic consequences (Table 1, Fig. S1):
the DireK gpsB mutant exhibited reduced cephalosporin resistance compared to the
DireK mutant, and the DireK gpsB mutant exhibited a growth defect at 37°C that was
not present for the DireK mutant. Thus, our data are consistent with the hypothesis
that GpsB, in addition to promoting IreK activation, also acts independently of IreK to
promote normal growth and full cephalosporin resistance. In other bacterial species,
GpsB homologs are important for the localization and function of PBPs, enzymes which
catalyze the last steps in peptidoglycan synthesis (15, 18, 19, 23). Enterococcal PBPs
have been identified as additional determinants important for cephalosporin resistance
(24–26) and connections have been made between PASTA kinase signaling and pepti-
doglycan synthesis (27–29). Therefore, we speculate that GpsB has an additional role
involving one or more of the PBPs, either by correctly localizing the enzymes in the cell
or by promoting their enzymatic activity, which can drive cephalosporin resistance
downstream of IreK signaling.

Given the fact that GpsB is required for IreK signaling, it is unsurprising that GpsB is
also required for cephalosporin resistance in both E. faecalis and E. faecium. While IreK
is an appealing target for drug development to disable cephalosporin resistance, it
may also be useful to target factors that drive or support IreK signaling. Based on our
study, GpsB is one such candidate, but more work is required to determine the detailed
molecular mechanisms by which GpsB carries out its cellular functions.
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MATERIALS ANDMETHODS
Bacterial strains, growth, media, and chemicals. The bacterial strains and plasmids used in this

study are listed in Table S2. E. coli strains were grown in Lysogeny broth (LB) and E. faecalis and E. faecium
strains were grown in Mueller-Hinton broth (MHB) (prepared according to the manufacturer’s instructions;
Difco) for all experiments. Archives of bacterial strains were kept at280°C in MHB or LB with 30% glycerol.
Antibiotics were used at the following concentrations: kanamycin, 50mg/mL; chloramphenicol, 10mg/mL.

Genetic manipulation of enterococci. In-frame deletions of enterococcal genes were con-
structed using the temperature-sensitive, counter-selectable allelic exchange plasmid pJH086 as
previously described (30). In addition to p-Cl-Phe, counterselection plates contained 20% sucrose.
Flanking segments of genomic DNA from upstream and downstream of the gene of interest were
amplified by PCR and introduced into pJH086 via isothermal assembly (31). Deletion alleles were in-
frame and retained a variable number of codons at the beginning and end of each gene to avoid
perturbing the expression of adjacent genes. Table S2 contains the specific details of each deletion
allele. All mutant or complemented strains were constructed independently at least twice and ana-
lyzed to ensure that their phenotypes were concordant.

Construction of plasmids. All recombinant plasmids were constructed using Gibson assembly (31)
and sequencing of the full insert was performed to confirm absence of errors. Ectopic expression of
GpsB (wild-type and mutants) in E. faecalis OG1 was accomplished using the enterococcal expression
plasmid pJRG9 under the control of the constitutive P23s promoter. The native ribosome binding site
for GpsB was included. Expression of wild-type and mutant GpsB in E. coli for protein purification was
accomplished using the IPTG (isopropyl b-D-1-thiogalactopyranoside)-inducible expression vector
pET28a-His-smt3, which encodes a His6-SUMO fusion.

Antibiotic susceptibility assays. MICs were determined using a broth microdilution method.
Briefly, bacteria from stationary-phase cultures were inoculated into wells containing 2-fold serial dilu-
tions of antibiotics in MHB (including 10 mg/mL chloramphenicol when required for maintenance of
plasmids) at a normalized optical density at 600 nm (OD600) of 4 � 1025 (;1 � 105 CFU). Plates were
incubated in a Bioscreen C plate reader at 37°C for 24 h with brief shaking before each measurement.
The OD600 was determined every 15 min, and the lowest concentration of antibiotic that prevented
growth was recorded as the MIC.

Whole-cell lysate preparation. Stationary-phase cultures of bacteria were diluted to OD600 = 0.01 in
MHB supplemented with 10 mg/mL chloramphenicol (for plasmid maintenance) and grown to exponen-
tial-phase at 37°C. Cells were treated with or without 128 mg/mL ceftriaxone for 20 min at 37°C before
harvesting by adding an equal amount of ice-cold ethanol/acetone (1:1). The cells were collected by cen-
trifugation, washed with water, and resuspended in lysozyme solution (10 mM Tris, 20% sucrose, 50 mM
NaCl [pH = 8.0]). After normalizing based on OD600 measurements, the cells were treated with 10 mg/mL
lysozyme for 30 min at 37°C and mixed with 5� Laemmli buffer. Cell lysates used for GpsB immunoblot
analysis were additionally boiled for 5 min, but lysates used for Phos-tag analysis were not.

GpsB immunoblot analysis. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) at 200 V for 45 min followed by transfer to polyvinylidene fluoride (PVDF) mem-
branes using a Transblot Turbo system at 25 V for 7 min. After transfer, membranes were blocked in 3% milk
for 1 h at room temperature. Membranes were probed with custom primary antiserum to detect GpsB, fol-
lowed by horseradish peroxidase-conjugated secondary antibody, before developing with Super-Signal
(Thermo Fisher Scientific, Waltham, MA) using a ChemiDoc Touch imaging system (Bio-Rad, Hercules, CA).

Phos-tag SDS-PAGE and IreK/MltG immunoblot analysis. Immunoblot analysis for IreK and MltG
Phos-tag SDS-PAGE were performed as previously described for GpsB standard immunoblot analysis
with for the following alterations. Proteins were separated on SDS-PAGE gels supplemented with 50 mM
Phos-tag and 100 mM Zn(NO3)2. Electrophoresis conditions were 200 V for 50 min (IreK Phos-tag gels) or
150 V for 1 h (MltG Phos-tag gels). Following electrophoresis, all Phos-tag gels were soaked in 5 mM
EDTA 3 times for 10 min each. Proteins were transferred to nitrocellulose membranes using a Transblot
Turbo system at 25 V for 7 to 14 min. Membranes were probed with custom primary antisera to detect
IreK or MltG. Samples for specific pairwise comparisons of interest were always on the same membranes
to minimize differences introduced between membranes during immunoblotting.

Copurification. Stationary-phase cultures of E. faecalis cells harboring the vector alone or plasmid overex-
pressing IreK-His6 were diluted to OD600 = 0.01 in MHB supplemented with 10 mg/mL chloramphenicol and
grown to exponential-phase at 37°C. The cells were treated with 1% formaldehyde for 10 min at room tem-
perature and then with 0.5 M glycine for 5 min at room temperature. Cells were lysed by treatment with
15 mg/mL lysozyme for 30 min at 37°C followed by bead beating 30 s on, 30 s off six times each at room
temperature. The lysates were incubated with binding-buffer-equilibrated Ni-charged resin for 1 h at room
temperature. The resin was washed with binding buffer (50 mM Tris, 300 mM NaCl, 5 mM imidazole
[pH = 8.0]) and IreK-His6 was recovered from the resin with elution buffer (50 mM Tris, 300 mM NaCl,
500 mM imidazole [pH = 8.0]). All eluates were boiled for at least 30 min. The input and elution fractions
were subjected to SDS-PAGE and immunoblotting was performed using custom primary antisera to detect
IreK or GpsB.

Protein purification. Recombinant His6-SUMO-GpsB (wild-type, 8A mutant, and DP114-F36 mutant),
wild type His6-IreK-n (intracellular domain only), a catalytically impaired His6-IreK-n K41R mutant, and
His6-SUMO-IreP were each purified from E. coli BL21(DE3) or Nico21(DE3) cells. Stationary-phase cultures
were diluted 1:50 into LB media supplemented with 50 mg/mL kanamycin (for plasmid maintenance)
and grown for 3 h at 37°C, then induced with either 1 mM IPTG for 1 h at 37°C or 0.4 mM IPTG at 16°C
overnight. Cells were pelleted by centrifugation at 17,000 � g for 10 min at 4°C and resuspended in
binding buffer (50 mM Tris, 300 mM NaCl, 5 mM imidazole [pH = 7.5]), then lysed using a French press.
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The lysates were then centrifuged at 4,200 � g for at least 25 min at 4°C and passed through a 0.2-mM
filter to remove cellular debris. Filtered lysates were applied to binding-buffer-equilibrated Ni-charged
resin. The protein-bound resin was washed with wash buffer (50 mM Tris, 300 mM NaCl, 20 mM imidaz-
ole [pH = 7.5]) and bound His6-tagged proteins were subsequently recovered using elution buffer
(50 mM Tris, 300 mM NaCl, 500 mM imidazole [pH = 7.5]). The elution fractions containing the His6-IreK-n
proteins were each dialyzed against 1 L of 50 mM Tris, 25 mM NaCl [pH = 7.5] for 1 h, then overnight at
4°C in 1 L fresh buffer. The elution fractions containing His6-SUMO proteins (GpsB WT, GpsB 8A mutant,
GpsB DP114-F36 mutant, or IreP) were dialyzed for 1 h at 4°C against 1 L 50 mM Tris, 150 mM NaCl
[pH = 7.5], then His-GB1-Ulp1 protease and 0.1% b-mercaptoethanol were added to the dialysis bag and
dialyzed overnight at 4°C in 1 L fresh buffer. After dialysis and Ulp1 cleavage, proteins were applied to
binding-buffer-equilibrated Ni-charged resin, and cleaved (untagged) GpsB or IreP were collected in the
flowthrough and wash fractions as verified by SDS-PAGE and GelCode Blue staining. Untagged proteins
were subjected to size exclusion chromatography using a HiLoad Superdex 200-pg 16/600 column (Cytiva,
Marlborough, MA) with running buffer (50 mM Tris, 25 mM NaCl [pH = 7.5]) at a flow rate of 1 mL/min.
Fractions containing untagged protein were concentrated using an Amicon Ultra 15-mL 3 kDa-cutoff
concentrator.

In vitro enzyme assays. All kinase (phosphorylation) and phosphatase (dephosphorylation) assays
were performed the same way unless otherwise indicated below for each reaction type. Purified proteins
were pre-incubated in 50 mM Tris [pH = 7.5], 25 mM NaCl, and 5 mM MgCl2 (kinase assays) or 1 mM
MnCl2 (phosphatase assays) for 5 min at 37°C. Next, 2 mM ATP (kinase assays) or 0.1 mM IreP (phospha-
tase assays) was added to initiate the reactions after which samples were removed at intervals. The reac-
tions were quenched by the addition of 5 � SDS-PAGE Laemmli buffer and boiled for 5 min. The samples
were subjected to SDS-PAGE at 200 V for 40 to 45 min. The gels were stained with Pro-Q Diamond
Phosphoprotein Gel Stain (Invitrogen) followed by SYPRO Ruby Protein Gel Stain (Invitrogen) according
to the manufacturer’s instructions to visualize phosphorylated protein and total protein, respectively.
Gels were imaged using an Amersham Typhoon 5 (Cytiva, Marlborough, MA).

a) GpsB phosphorylation by His6-IreK-n. Purified wild-type GpsB, GpsB 8A mutant, and GpsB
DP114-F136 mutant (14.2 mM) were incubated at 37°C in the presence or absence of
recombinant wild-type His6-IreK-n (0.33 mM) or a catalytically impaired His6-IreK-n K41R mutant
(0.33mM).

b) His6-IreK-n autophosphorylation. Purified wild-type His6-IreK-n was dephosphorylated by
purified IreP and then repurified before use in these assays. Dephosphorylated His6-IreK-n (1
mM) was incubated at 37°C in the presence or absence of wild-type GpsB, GpsB 8A mutant, or
GpsB DP114-F136 mutant (10mM).

c) His6-IreK-n dephosphorylation by IreP. Phosphorylated, purified His6-IreK-n (10 mM) was pre-
incubated in the presence or absence of wild-type GpsB (100 mM) at room temperature for 20
minutes. Reactions were performed at room temperature.

Image processing and statistical analysis

a) Phos-tag SDS-PAGE immunoblot analysis. Band intensities of Phos-tag blots were quantified
using the rectangle function on ImageLab. Total IreK was determined by taking the intensity of
the entire IreK signal and phosphorylated IreK was determined by taking the intensity of the
upper bands. Total MltG was determined by combining the intensities of the upper band
(phosphorylated MltG) and the lower band (nonphosphorylated MltG). Data were exported to
Microsoft Excel, where all calculations and graphing was performed. The percentage of
phosphorylated IreK or MltG (% IreK-P or % MltG-P) was determined by calculating the ratio of
phosphorylated IreK or MltG to total IreK or MltG. The ratios from at least 3 biological replicates
were averaged and graphed using Microsoft Excel. Standard deviations and statistical analyses
(Student’s t test [two-tailed, heteroscedastic]) were also performed using Microsoft Excel
functions.

b) In vitro assay analysis. Band intensities of Pro-Q Diamond-stained and SYPRO Ruby-stained gel
images were quantified using AzureSpot software. Lanes were defined manually, and background
subtraction was defined using the rolling ball function. Bands were detected manually and
intensity values were exported to Microsoft Excel, where all calculations and graphing was
performed. The ratio of phosphorylated protein to total protein of interest was determined and
graphed over time. To determine relative initial rates, we identified the time interval exhibiting a
linear rate for each reaction type, and determined the slope from the best fit line. To determine
the x-fold change in rates for each reaction compared to the control reaction, the ratio of the rate
of each test reaction to the rate of the control reaction was calculated. The mean x-fold change in
rate for at least 2 independent experiments was determined and graphed. Standard deviations
and statistical analyses (Student’s t test [two-tailed, heteroscedastic]) were also performed using
Microsoft Excel functions.
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