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While �-lactam antibiotics are a critical part of the antimicrobial arsenal, they are frequently compromised by various resistance
mechanisms, including changes in penicillin binding proteins of the bacterial cell wall. Genetic deletion of the penicillin binding
protein and serine/threonine kinase-associated protein (PASTA) kinase in methicillin-resistant Staphylococcus aureus (MRSA)
has been shown to restore �-lactam susceptibility. However, the mechanism remains unclear, and whether pharmacologic inhi-
bition would have the same effect is unknown. In this study, we found that deletion or pharmacologic inhibition of the PASTA
kinase in Listeria monocytogenes by the nonselective kinase inhibitor staurosporine results in enhanced susceptibility to both
aminopenicillin and cephalosporin antibiotics. Resistance to vancomycin, another class of cell wall synthesis inhibitors, or anti-
biotics that inhibit protein synthesis was unaffected by staurosporine treatment. Phosphorylation assays with purified kinases
revealed that staurosporine selectively inhibited the PASTA kinase of L. monocytogenes (PrkA). Importantly, staurosporine did
not inhibit a L. monocytogenes kinase without a PASTA domain (Lmo0618) or the PASTA kinase from MRSA (Stk1). Finally,
inhibition of PrkA with a more selective kinase inhibitor, AZD5438, similarly led to sensitization of L. monocytogenes to �-lac-
tam antibiotics. Overall, these results suggest that pharmacologic targeting of PASTA kinases can increase the efficacy of �-lac-
tam antibiotics.

Listeria monocytogenes is a common environmental Gram-pos-
itive bacterium that upon ingestion can cause the serious dis-

ease listeriosis (1). Listeriosis is normally contracted from inges-
tion of contaminated food by at-risk populations, which include
the elderly, the immunocompromised, and pregnant women (2,
3). Disease symptoms can range from mild gastroenteritis to
severe meningitis and spontaneous miscarriage (4). Current ther-
apy calls for high-dose aminopenicillins combined with gentami-
cin (5). Although L. monocytogenes is highly susceptible to this
treatment in vitro, the fatality rate from confirmed cases of listeri-
osis remains high, sometimes reaching �30%, suggesting an in-
creased need for better therapeutic strategies (6, 7).

�-Lactam antibiotics have been a critical part of treatment for
Gram-positive bacterial infections since they were discovered (8).
Unfortunately, due to the increasing frequency of antibiotic resis-
tance, �-lactams are no longer effective against many pathogens,
including certain penicillin-resistant streptococci and enterococci
and, most notoriously, methicillin-resistant Staphylococcus aureus
(MRSA) (9). MRSA strains, including community-associated
strains such as USA300, contain the mecA gene, which encodes
penicillin binding protein 2A (PBP2A), a PBP that confers resis-
tance to all approved �-lactams with the exception of ceftaroline
(10, 11). This increase in the development of antibiotic resistance,
particularly to �-lactams, has resulted in a need for new strategies
for antimicrobial therapy.

S. aureus and many other important pathogens, including L.
monocytogenes, Mycobacterium tuberculosis, and Enterococcus
faecalis, express a bipartite membrane-associated eukaryote-like
serine/threonine kinase (eSTK) that has one or more extracellular
repeats of a homologous family of PBPs (12). This family of pro-
teins is known as the penicillin binding protein and serine/threo-
nine kinase-associated protein (PASTA) kinases (12). PASTA ki-
nases have extracellular penicillin binding domains that were

previously shown to bind fragments of peptidoglycan, likely gen-
erated by cell wall damage or remodeling, and an intracellular
serine/threonine kinase domain similar to those found in eukary-
otic cells (13). While the substrates and function of the PASTA
kinases are incompletely defined, they appear to have various
functions in different organisms, ranging from playing a role in
biofilm formation (Streptococcus mutans) to being essential in
some organisms (M. tuberculosis) (14, 15). As such, pharmaco-
logic inhibition of PASTA kinases has been preliminarily pursued
as a novel antimicrobial therapeutic strategy against the M. tuber-
culosis kinase PknB (16–18). Deletion of Stk1, the PASTA kinase in
S. aureus, reverses the methicillin-resistant phenotype in MRSA
(19, 20). In addition, deletion of the PASTA kinase in E. faecalis,
PrkC, led to a �100-fold sensitization to certain �-lactam antibi-
otics (21).

Here, we test the hypothesis that pharmacologic inhibition of
the PASTA kinase leads to increased �-lactam susceptibility in the
Gram-positive pathogen L. monocytogenes. Using a conditional
knockout strategy, we demonstrate that the PASTA kinase in L.
monocytogenes (PrkA) is essential for resistance to �-lactam anti-
biotics. We demonstrate that L. monocytogenes is resistant to treat-
ment with the nonspecific kinase inhibitor staurosporine but that
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combination therapy with �-lactam antibiotics and staurosporine
leads to an �100-fold increase in susceptibility to the �-lactam
antibiotic. Importantly, the synergistic effect was observed only
with �-lactams and not with other cell-wall-acting antibiotics
such as vancomycin or non-cell-wall-active antibiotics such as
kanamycin. We furthermore show that staurosporine inhibits au-
tophosphorylation of the L. monocytogenes PASTA kinase as well
as substrate-level phosphorylation, while the S. aureus kinase is
resistant to staurosporine treatment. Finally, we demonstrate that
inhibition of PrkA using a more selective kinase inhibitor,
AZD5438, similarly results in sensitization of L. monocytogenes to
�-lactam antibiotics. Taken together, this work suggests that
pharmacologic inhibition of PASTA kinases, in combination with
�-lactam treatment, is a novel and viable antibiotic development
strategy.

MATERIALS AND METHODS
Antibiotics. Ampicillin (AMP), ceftriaxone (CRO), cephalexin (LEX),
and vancomycin (VAN) were purchased from Sigma-Aldrich (St. Louis,
MO) and resuspended according to the manufacturer’s protocols. Kana-
mycin (KAN) was purchased from Fisher Scientific (Waltham, MA) and
resuspended according to the manufacturer’s protocols.

Bacterial strains and growth. All L. monocytogenes strains used and
generated in this study were derived from the 10403s background. Con-
ditional deletion of prkA was achieved by first placing the gene under the
control of a theophylline-controlled riboswitch (22). Briefly, promoterless
prkA was amplified and fused to a T5 promoter and theophylline riboswitch E
(22), using splice overlap extension (SOE) PCR (23) (MLR50 to MLR53)
(Table 1). The SOE product was then ligated into an erythromycin-resis-
tant derivative of the phage integration vector pPL2 (24), facilitating sin-
gle-copy, theophylline-inducible expression from the chromosome in L.
monocytogenes to create strain prkAtheo. Subsequently, clean deletion of
prkA was achieved in this strain background in the presence of theophyl-
line through pKSV7-mediated allelic exchange, as previously described
(BK38 to BK41) (Table 1) (25). Staphylococcus aureus strain USA300 LAC
was used both as a source of PASTA kinase DNA for cloning as well as in
antibiotic treatment assays. Escherichia coli strains XL-1Blue and Rosetta
BL21 were used for subcloning and protein expression, respectively.
When needed, erythromycin (Sigma-Aldrich) was used at a final concen-
tration of 2 �g/ml, chloramphenicol (Sigma-Aldrich) was used at 10 �g/
ml, and kanamycin (Sigma-Aldrich) was used at 20 �g/ml.

Broth growth curves. For in vitro growth experiments, L. monocyto-
genes strains were grown in brain heart infusion (BHI) medium at 30°C
overnight to stationary phase without shaking. Complementation strains

were grown in BHI medium supplemented with 2 mM theophylline at
30°C overnight without shaking to stationary phase. Methicillin-resistant
S. aureus (strain USA300) was grown in tryptic soy broth (TSB) at 37°C
overnight with gyratory shaking (250 rpm) to stationary phase. Station-
ary-phase cultures grown overnight were back-diluted 1:50 (L. monocyto-
genes) or 1:100 (S. aureus). Growth was measured at an optical density at
600 nm (OD600) at 15-min intervals over the course of 12 h in a 96-well
plate format using an Eon microplate spectrophotometer or Synergy HT
microplate spectrophotometer (BioTek Instruments, Inc., Winooski,
VT). All growth experiments were repeated at least three times. For all in
vitro growth assays, staurosporine (Calbiochem, Billerica, MA) was used
at a final concentration of 10 �M, AZD5438 (Selleck Chemicals, Houston,
TX) was used at 50 �M, and antibiotics were used at the concentrations
specified in the figure legends.

For minimal medium experiments, cultures were grown in BHI me-
dium at 30°C overnight to stationary phase without shaking. Cultures
were washed three times in phosphate-buffered saline (PBS) and back-
diluted 1:50 into improved minimal medium with glucose as the primary
carbon source (26).

Lmo0618, PrkA, and SaStk1 protein expression and purification.
Using L. monocytogenes or S. aureus genomic DNA as the template, prkA,
lmo0618, and S. aureus stk1 (Sastk1) kinase domains were amplified
(JDS50 –SA-STPK-R) (Table 1) and ligated into the expression vector
pGEX-2T to construct a glutathione S-transferase (GST) fusion protein.
The plasmids were transformed into E. coli Rosetta BL21 cells, and protein
expression was analyzed by SDS-PAGE. The bacteria were pelleted by
centrifugation, resuspended in 15 ml of lysis buffer (1� PBS, 1% Triton
X-100, 2 �g/ml aprotinin, 1 �g/ml leupeptin, 25 �g/ml phenylmethylsul-
fonyl fluoride [PMSF]), and lysed with a cell disruptor (Branson, Dan-
bury, CT). Cell debris was pelleted by centrifugation for 15 min. The
supernatant was incubated with a slurry of glutathione-Sepharose 4B
beads (GE Healthcare Life Sciences, Pittsburgh, PA) and 1� PBS (50:50,
vol/vol) for 1 h at 4°C with gentle agitation. Following incubation, beads
were pelleted by centrifugation, washed with 5 ml cold 1� PBS, and re-
suspended in 5 ml 1� PBS. The bound protein was eluted by using dis-
posable chromatography columns (Thermo Scientific, Rockford, IL) and
an elution buffer containing 50 mM Tris (pH 8.0) and 20 mM reduced
glutathione. The fractions were assessed for purity via SDS-PAGE, frac-
tions with an estimated �95% purity were concentrated via centrifuga-
tion, and glutathione was removed and exchanged with 1� PBS by using
a buffer exchange unit (Amicon, Billerica, MA).

In vitro protein phosphorylation. Phosphorylation assays were per-
formed by mixing 1 �g of PrkA, Lmo0618, or SaStk1 in a 10-�l reaction
mixture containing 50 mM Tris-HCl (pH 7.4), 1 mM dithiothreitol
(DTT), 5 mM MnCl2, 250 �M ATP, and 1 �Ci of [�-32P]ATP, followed by

TABLE 1 Primers used in this study

Primer Sequence (5=–3=)a Reference

MLR50 (prkAribo A) GGCCGGGCCCGGAAATCATAAAAAATTTATTTGC This study
MLR51 (prkAribo B) CTTAATCGCTTACCAATCATCATCTTGTTGTTACCTCCTTAGCA This study
MLR52 (prkAribo C) TGCTAAGGAGGTAACAACAAGATGATGATTGGTAAGCGATTAAG This study
MLR53 (prkAribo D) GGCCCTCGAGTAATTTGGATAAGGGACTGTAC This study
BK38 (prkA KO A) ATATTATCTAGAGTACCATTGACAAGGAAGAAAATGAAACG This study
BK39 (prkA KO B) GCACATTTCCTCCGTTCTATTTTTAATTTGGAATCATCATGAAGCATCCCTCCCTTTCTG This study
BK40 (prkA KO C) CAGAAAGGGAGGGATGCTTCATGATGATTCCAAATTAAAAATAGAACGGAGGAAATGTGC This study
BK41 (prkA KO D) TATAATTCTAGAACGTCAATATGGATGTAATCTGCACCG This study
JDS50 (PrkA KD F) ATATTATGGATCCATGATGATTGGTAAGCGATTAAGCGATCGAT This study
JDS54 (PrkA KD R) ATTATACAATTGTTTCTTTTTCTTGCTCATTTTTTTCTTTTTCTTATCTTTTTTCTC This study
JDS52 (Lmo0618 KD F) ATATTATGGATCCATGGGAGAAATGACACTTGCTTTTATAGAAGAACA This study
JDS55 (Lmo0618 KD R) ATTATACAATTGGCCCTCTGTTGGTGGGCTGAAT This study
SA-STPK-F (Stk1 KD F) TAGGATCCATGATAGGTAAAATAATAAATGAAC This study
SA-STPK-R (Stk1 KD R) TATAGAATTCTTATCGTGTTGATTTCTTTTTAGGTTTTG This study
a Boldface type indicates restriction sites.
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incubation at room temperature overnight. To investigate substrate-level
phosphorylation, �10 �g of myelin basic protein (MBP; Novatein Bio-
sciences, Woburn, MA) was added to the reaction mixture described
above and incubated at room temperature overnight. The reactions were
terminated by the addition of 5� SDS loading buffer to the mixture.
Samples were fractionated by SDS-PAGE, fixed, dried, and analyzed by
autoradiography. Quantification was performed by using the Typhoon
imager (GE Healthcare, Little Chalfont, Buckinghamshire, United King-
dom) and ImageQuant software using local average background subtrac-
tion.

Confocal microscopy. Cultures of wild-type L. monocytogenes grown
overnight were back-diluted and grown for 6 h in the presence or absence
of antibiotic and/or staurosporine. Following 6 h of growth, bacteria were
harvested, fixed in 4% paraformaldehyde, and washed three times in PBS,
and wet mounts of each strain were imaged. Single z-stack fluorescence
images were taken by laser scanning confocal microscopy (Fluoview FV-
1000; Olympus, Center Valley, PA) using a PLAPO correction 1.45-nu-
merical-aperture (NA)/60� lens with an additional 6� optical zoom.
During image acquisition, fluorescent channel (488 nm) and differential
interference contrast (DIC) images were acquired by one-way sequential
line scanning using a 105-�m pinhole.

RESULTS
L. monocytogenes prkA mutants are hypersusceptible to �-lac-
tam antibiotics. In many Gram-positive pathogens, deletion of
the PASTA kinase leads to hypersusceptibility to �-lactam antibi-
otics (19–21). Repeated attempts to delete the homologous pro-
tein in L. monocytogenes were unsuccessful (Daniel Portnoy and
Michelle Reniere, personal communication). Therefore, we
adapted, for the first time, a theophylline-inducible riboswitch
system for use in L. monocytogenes for the purpose of creating a
conditional prkA deletion mutant (22). Construction of the prkA
deletion mutant resulted in the expected ratios of wild-type to
mutant recombinant bacteria only when theophylline was present
during the allelic exchange process. As predicted, compared to
wild-type L. monocytogenes, �prkA mutants were hypersuscepti-
ble to a variety of �-lactam antibiotics while showing little to no
increased susceptibility to cell-wall-acting non-�-lactams or non-
cell-wall-acting antibiotics (Fig. 1, black versus red lines). Suscep-
tibility to �-lactam antibiotics was rescued by the addition of 2
mM theophylline to induce translation of prkA expressed in trans
(Fig. 1, blue lines). Taken together, these data suggest that, similar
to what has been observed for other Gram-positive organisms, the
L. monocytogenes �prkA mutants are selectively susceptible to
�-lactam antibiotics.

Staurosporine sensitizes L. monocytogenes to �-lactam anti-
biotics. Deletion of the PASTA kinase in L. monocytogenes (Fig. 1),
S. aureus, or E. faecalis leads to an increased susceptibility to �-lac-
tam antibiotics (19–21). To test the hypothesis that pharmaco-
logic inhibition of bacterial serine/threonine kinases could result
in a synergistic sensitization to antibiotics, we incubated L. mono-
cytogenes with or without the nonselective kinase inhibitor stau-
rosporine in the presence of various antibiotics. Staurosporine
treatment alone had a minimal effect on L. monocytogenes growth
(Fig. 2A to E; see also Fig. S1 in the supplemental material). Sim-
ilarly, subinhibitory concentrations of antibiotic had no effect on
L. monocytogenes growth (Fig. 2A to E). However, treatment of L.
monocytogenes with subinhibitory concentrations of �-lactam an-
tibiotics (ampicillin, cephalexin, and ceftriaxone) in the presence
of 10 �M staurosporine led to a 10- to 100-fold increase in sus-
ceptibility (Fig. 2A to C, black lines versus red lines) and signifi-
cant chaining of combination-treated bacteria (see Fig. S1 in the

supplemental material). Importantly, as was previously shown for
S. aureus and E. faecalis kinase deletion mutants, susceptibility to
other cell-wall-acting antibiotics such as vancomycin, or ribo-
some inhibitors such as kanamycin, was unaffected (Fig. 2D and
E). Additionally, similar to the deletion of PrkC in E. faecalis,
treatment of wild-type L. monocytogenes with staurosporine re-
sulted in a minor growth defect in chemically defined, minimal
media but not in rich media (see Fig. S2 in the supplemental ma-
terial) (21). Finally, while staurosporine had potent effects on the
susceptibility of L. monocytogenes to �-lactam antibiotics, S. au-
reus susceptibility to ceftriaxone or other �-lactam or non-�-lac-
tam antibiotics was unaffected (Fig. 2F and data not shown).
Taken together, these data suggest that pharmacologic kinase in-
hibition by staurosporine in L. monocytogenes specifically sensi-
tizes bacteria to �-lactam antibiotics.

Staurosporine selectively prevents L. monocytogenes PrkA
phosphorylation. L. monocytogenes, like many Gram-positive
pathogens, encodes two predicted serine/threonine kinases, one
with an extracellular PASTA domain (PrkA) and one without
(Lmo0618) (27). To determine if staurosporine, a broad-spec-
trum kinase inhibitor (28), can selectively inhibit either or both of
these kinases, the catalytic domains of both kinases were cloned
into a GST bacterial expression vector, purified, and assayed for
activity in the presence or absence of increasing concentrations of
staurosporine. Both PrkA as well as Lmo0618 have kinase activity,
as evidenced by both autophosphorylation as well as phosphory-
lation of the nonspecific substrate myelin basic protein (MBP)
(Fig. 3). However, only PrkA, and not Lmo0618, was inhibited by
staurosporine at the levels of both autophosphorylation as well as
substrate phosphorylation in a staurosporine concentration-de-
pendent manner. As predicted by a staurosporine dose-dependent
effect on PrkA, inhibition of growth at a fixed ceftriaxone concen-
tration (1.25 �g/ml) was also staurosporine dose dependent, dem-
onstrating at least minor growth inhibition at doses of staurospor-
ine as low as 1.25 �M (see Fig. S3 in the supplemental material).
Consistent with what we observed in antibiotic sensitization as-
says, the purified PASTA kinase from S. aureus was also resistant
to staurosporine treatment. Taken together, these data suggest
that staurosporine specifically inhibits PrkA, the PASTA kinase in
L. monocytogenes, leading to sensitization to �-lactam antibiotics.

Staurosporine activity is dependent on the presence of PrkA.
Biochemical phosphorylation assays suggested that staurosporine
acts on PrkA but not on Lmo0618, the non-PASTA-containing
kinase. To test the hypothesis that the activity of staurosporine is
dependent on PrkA inhibition, we tested whether or not �prkA
mutants demonstrate increased sensitivity to �-lactam antibiotics
in the presence of staurosporine. As previously demonstrated,
�prkA mutants are hypersusceptible to �-lactam antibiotics (Fig.
4A, red lines); however, whereas wild-type L. monocytogenes be-
came at least 10-fold more susceptible to ceftriaxone in the pres-
ence of 5 �M staurosporine, the sensitivity of �prkA mutants did
not change appreciably in the presence of staurosporine (Fig. 4B,
red lines). These data, taken together with the biochemical inhi-
bition data, further suggest that staurosporine sensitizes wild-type
L. monocytogenes to �-lactam antibiotics through the inhibition of
the PASTA kinase PrkA.

AZD5438 sensitizes L. monocytogenes to �-lactam treatment
via inhibition of PrkA. Although staurosporine shows specificity
for L. monocytogenes PrkA relative to Lmo0618 or SaStk1, it has no
therapeutic potential due to its nonselective nature and its pro-
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FIG 1 �prkA mutants are hypersusceptible to �-lactam antibiotics. Cultures of wild-type (wt), �prk, or complemented �prkA L. monocytogenes bacteria grown
overnight were back-diluted and treated with 10-fold serial dilutions of ampicillin (A), ceftriaxone (B), cephalexin (C) vancomycin (D), or kanamycin (E).
Antibiotic concentrations are in �g/ml. Growth was analyzed for 12 h at 15-min intervals. Data are representative of at least 3 independent repeat experiments.
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miscuity as an inhibitor of eukaryotic kinases. To determine if
more selective kinase inhibitors could function to sensitize L.
monocytogenes to �-lactam antibiotics, we screened a small library
of kinase inhibitors for �-lactam-dependent inhibition of L.
monocytogenes growth. We identified one compound, AZD5438
(a cyclin-dependent kinase [CDK] inhibitor [29]), capable of in-
hibiting L. monocytogenes growth in a �-lactam-synergism-de-
pendent manner (Fig. 5A). Furthermore, AZD5438 acted syner-
gistically with �-lactam antibiotics against L. monocytogenes but

not S. aureus (data not shown). To determine if the mechanism of
action is similar to that of staurosporine, we analyzed the abil-
ity of AZD5438 to inhibit PrkA and Lmo0618 activities in a
biochemical phosphorylation assay. Similarly to staurospor-
ine, we observed that AZD5438 specifically inhibits PrkA while
not inhibiting Lmo0618 (Fig. 5B). A higher-resolution dose-re-
sponse curve shows both autophosphorylation and substrate
phosphorylation being inhibited in a dose-dependent manner in
parallel (Fig. 5C). Taken together, these data suggest that both

FIG 2 Staurosporine sensitizes L. monocytogenes to �-lactam antibiotics. (A to E) Cultures of wild-type L. monocytogenes grown overnight were back-diluted and
treated with 10-fold serial dilutions of ampicillin (A), ceftriaxone (B), cephalexin (C), vancomycin (D), or kanamycin (E) in the presence or absence of 10 �M
staurosporine (str). (F) Cultures of S. aureus grown overnight were back-diluted and treated with ceftriaxone in the presence or absence of 10 �M staurosporine.
Antibiotic concentrations are in �g/ml. Growth was analyzed for 12 h at 15-min intervals. Data are representative of at least 3 independent repeat experiments.
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nonselective (staurosporine) and specific (AZD5438) kinase in-
hibitors can synergistically act to sensitize L. monocytogenes but
not MRSA to �-lactam antibiotic treatment in a manner depen-
dent upon the bacterium’s PASTA kinase.

DISCUSSION

The 518 human kinases share common structural features, with
�30% similarity across the �250-amino-acid catalytic domain
(30). Despite this structural similarity, pharmacologic selectivity
has been achieved and resulted in the widespread use of kinase
inhibitors for cancer as well as other conditions (31). Until re-
cently, prokaryotic phosphorylation was thought to be mediated
largely by kinases specific to histidine and aspartyl residues (so-
called two-component regulators) (32, 33). These histidine ki-
nases have very little sequence homology to eukaryotic kinases
(34). Histidine kinases typically phosphorylate a single target, the
second component of the two-component signaling system,
which is usually a DNA binding response regulator (35). However,
it is now clear that eukaryote-like serine/threonine kinases (eSTKs)
frequently occur in both Gram-positive and -negative prokaryotes
(13). The PASTA kinases, however, appear to be specific to Gram-
positive bacteria (Firmicutes and Actinobacteria) (13). Similar to
eukaryotic serine/threonine kinases, bacterial eSTKs have many
targets, and in L. monocytogenes, PrkA has already been shown to
phosphorylate or interact with 62 unique substrates (36). These
substrates imply a role for PrkA in carbohydrate metabolism, pro-
tein synthesis, cell wall synthesis, and division. Indeed, pharma-
cologic inhibition of PrkA in L. monocytogenes leads to chaining
and septation defects in the presence of subinhibitory concentra-
tions of �-lactam antibiotics (see Fig. S1 in the supplemental ma-
terial). While most bacteria have only a few eSTKs (four or less)
Streptomycetes and mycobacterial genomes can have 10 or more
(13). The PASTA kinase in M. tuberculosis, PknB, is essential; how-
ever, in other pathogens such as S. aureus, the PASTA kinase
(Stk1) is not an essential gene, and deletion mutants have only
minor defects in the absence of specific stresses such as �-lactam
antibiotics. These phenotypes demonstrate that while there are
clearly some shared functions, there are likely to be species-spe-
cific differences as well (14, 19, 37). The specific targets down-
stream of PrkA that mediate resistance to �-lactam antibiotics are
a current area of research in the laboratory.

Staurosporine is a relatively nonselective kinase inhibitor (28).
Despite the broad activity of staurosporine against human kinases,
and the similarity of bacterial eSTKs to human kinases, we dem-
onstrated selective inhibition of some (PrkA) but not other
(Lmo0618 and Stk1) bacterial kinases. Others have reported that
staurosporine can inhibit the PASTA kinases of Staphylococcus
epidermidis (38) and E. faecalis (39) in biochemical assays at high
concentrations. Importantly, although staurosporine is a nonse-
lective kinase inhibitor, it does not increase the �-lactam suscep-
tibility of MRSA (Fig. 2F) or directly inhibit Stk1 (Fig. 3), suggest-
ing that selectivity of bacterial kinase inhibition is possible.
Furthermore, we observed additional evidence of kinase-specific

FIG 3 Staurosporine inhibits in vitro PrkA phosphorylation in a dose-depen-
dent manner. Autophosphorylation (arrow) and myelin basic protein (MBP)
phosphorylation (asterisk) activities were assayed for PrkA (lanes 1 to 5),
Lmo0618 (lanes 6 to 9), and SaStk1 (lanes 10 and 11) in the presence or absence
of 1 �M, 10 �M, or 100 �M staurosporine. MW, molecular weight (in thou-
sands).

FIG 4 The activity of staurosporine is dependent on PrkA. (A) Cultures of
wild-type or �prkA L. monocytogenes bacteria grown overnight were back-
diluted and treated with 10-fold serial dilutions of ceftriaxone. (B) Cultures of
wild-type or �prkA L. monocytogenes bacteria grown overnight were back-
diluted and treated with 10-fold serial dilutions of ceftriaxone in the presence
of 5 �M staurosporine. Antibiotic concentrations are in �g/ml. Growth was
analyzed for 12 h at 15-min intervals. Data are representative of at least 3
independent repeat experiments.
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selectivity with a different inhibitor, AZD5438. While AZD5438 is
not as potent of an inhibitor of PrkA as it is of the human kinases
that it was optimized to inhibit (CDK-2) (29), AZD5438 does
inhibit PrkA at concentrations at which no effect is seen on
Lmo0618. The specific residues that confer inhibitor specificity to
bacterial eSTKs remain to be defined. These differences are likely
in the ATP binding pocket of the kinase domain and unrelated to
the presence, absence, or number of repeats of the extracellular
penicillin binding domain of the PASTA kinases. Understanding
how inhibitor specificity is conferred is an important step in the
rational design of inhibitors that will have specificity for bacterial
PASTA kinases while avoiding nonspecific inhibition of host ki-
nases.

The penicillin binding domain of the PASTA kinases likely acts
as a receptor for peptidoglycan fragments generated through cell
wall damage or remodeling. For M. tuberculosis, it was demon-
strated that there was specificity for the second and third residues
of the stem peptide as well as the presence of an N-acetylmuramic
acid sugar moiety of peptidoglycan fragments to facilitate binding
and signaling through the PASTA domain of PknB (40). Presum-
ably, binding of cell wall fragments transmits a signal to the kinase
through a conformational change that allows the regulation of
substrates involved in cell wall remodeling and homeostasis. In
the case of L. monocytogenes, these include cell shape-determining
proteins (MreB) and the peptidoglycan synthesis proteins GlmU
and MurG (36). For other organisms, the PASTA kinases have

FIG 5 The CDK inhibitor AZD5438 also sensitizes L. monocytogenes to �-lactam treatment through inhibition of PrkA. (A) Cultures of wild-type L. monocy-
togenes grown overnight were back-diluted and treated with 10-fold serial dilutions of ceftriaxone in the presence or absence of 50 �M AZD5438. Antibiotic
concentrations are in �g/ml. Growth was analyzed for 12 h at 15-min intervals. (B) Autophosphorylation (arrow) and myelin basic protein (MBP) phosphor-
ylation (asterisk) activities were assayed for PrkA (lanes 1 to 5) and Lmo0618 (lanes 6 to 9) in the presence or absence of 1 �M, 10 �M, or 100 �M AZD5438. (C)
Autophosphorylation (arrow) and MBP phosphorylation (asterisk) activities were assayed for PrkA in the presence or absence of 2-fold serial dilutions of
AZD5438. Quantification was performed by using a Typhoon imager and ImageQuant software. Data are representative of at least 3 independent repeat
experiments. A.U., arbitrary units.
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been suggested to regulate cell wall homeostasis through the phos-
phorylation of PBPs and autolysins (41, 42). An understanding of
how cell wall damage is recognized by the PASTA domain and
what specific responses this triggers will lead us to a mechanistic
understanding of how the PASTA kinases work to maintain cell
wall homeostasis and how this affects �-lactam susceptibility.

In summary, PrkA but not Lmo0618 is sensitive to staurospor-
ine inhibition. The result of this selective inhibition is the sensiti-
zation of L. monocytogenes to cell wall stress, similar to the pheno-
type seen with PASTA kinase deletions in S. aureus and E. faecalis.
While antibiotic resistance in the model pathogen L. monocyto-
genes is not a burgeoning issue, we believe that these data act as a
proof of principle that specificity in the targeting of bacterial
PASTA eSTKs is possible. Prior to our work, pharmacologic in-
hibitors that target the M. tuberculosis kinase PknB have also been
identified, although their development as potential therapeutic
agents is still a work in progress (16–18). Inhibitors of other bac-
terial PASTA kinases that work in a �-lactam-synergistic manner
remain to be identified. However, our results suggest that the gen-
eration of kinase inhibitors with specificity for bacterial PASTA
kinases is a potentially viable approach to the development of
novel antimicrobials that will work in combination therapy with
�-lactam antibiotics. Importantly, we propose that these inhibi-
tors should work synergistically with �-lactam antibiotics inde-
pendent of the resistance phenotype of the organisms that they
target, as demonstrated by the resensitization of MRSA to �-lac-
tams upon deletion of its homologous PASTA eSTK (19, 20). A
full analysis of the PASTA kinase phosphorylation substrates will
lead to a mechanistic understanding of how kinase inhibition
leads to increased �-lactam susceptibility. In addition, a system-
atic understanding of the biochemical and biophysical interac-
tions between kinase inhibitors and the PASTA kinases will facil-
itate the rational design of inhibitors with specificity for bacterial
kinases and with limited cross-reactivity with host serine/threo-
nine kinases.
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